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Abstract 
Semiconductor microchips are high value per mass products whose 

fabrication requires many of the resources available in low-Earth orbit. It is 

hypothesized that orbital fabrication of silicon microchip devices may be more 

economically attractive than traditional Earth-based fabrication based upon the 

inherent advantages of the space environment: vacuum, cleanliness, and microgravity. 

This thesis examines the feasibility of fabricating semiconductor devices in 

near-Earth orbit through the use of process and economic models. The semiconductor 

fabrication processes are represented in a detailed, step-by-step, numerical model 

which uses mass flow, thermodynamics and other operational calculations to create 

models of important process operational parameters. Wherever possible, these 

calculations are verified either with measurements or published literature data on 

existing systems. Advantages of this approach are the ability to easily add new 

processes and to determine energy, consumable, time, and equipment requirements 

for each process step. As a confirmation of accuracy, the process flow for a standard 

12 level CMOS device is modeled and the generated results are comparable to 

published literature values. 

Handling of 37 gram, 200 rnrn diameter by 0.5 mrn thick silicon wafers cannot 

be accomplished in a high vacuum environment with the vacuum suction method 

used on Earth. A system for the transport and fixturing of wafers in the orbital 

environment, in which non-contact forces are exerted on the wafer in six degrees of 

freedom through magnetic levitation, is modeled in this thesis. 

It is found that by developing new, dry processes that are vacuum compatible, 

fabricating semiconductor devices in orbit is both technically and economically 

feasible. The outcome is a synergistic, orbital-based methodology for micro- 



I 

fabrication capable of building and delivering commercially marketable 

microfabricated structures. The base case modeled, production of 5,000 ASIC wafers 

per month, indicates that orbital fabrication is 103% more expensive than existing 

commercial facilities. However, optimization of process parameters and consumable 

requirements is shown to decrease the cost of orbital fabrication dramatically. 

Modeling indicates that the cost of orbital fabrication can be decreased to 58% that of 

an advanced, fbture Earth-based facility when trends of increasing process equipment 

costs and decreasing orbital transport costs are considered. 
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Foreword 
This thesis is intended for two types of readers: those with a background in 

semiconductor fabrication who wish to explore the feasibility of producing 

semiconductor devices in orbit, and those with an aerospace background who wish to 

examine the possibility of implementing semiconductor processes in space. Thus, 

some of the material in this thesis is of an introductory nature, intended to provide the 

reader with basic concepts, in advance of the detailed work that follows. 



Chapter 1 

Introduction 

1 General 
This thesis is a first-pass feasibility analysis of fabricating semiconductor 

devices in near-Earth orbit. It is intended to find the obvious advantages and 

disadvantages of such manufacturing, as well as detecting current problems and 

determining possible solutions. 

Both technical and economic factors are examined to determine the viability 

of a space-based semiconductor fabrication facility. It is postulated that orbital 

fabrication of silicon devices may be more economically attractive than traditional 

Earth-based fabrication based upon the inherent advantages of the space environment. 

However, thus far, space-based manufacturing has not proven competitive due to the 

high cost of material transport. It is hypothesized that the best case for space-based 

manufacturing can be made when the intrinsic processing cost is high and the mass of 

material low. Such is the case for semiconductor fabrication where fabricated 40 

gram silicon wafers can reach values in excess of $5,000'. 

This chapter will introduce the twin topics of semiconductor fabrication and 

space-based manufacturing; subsequent chapters will cover these subjects in detail. 

The chapter will conclude with an outline of the remainder of the thesis chapters. 

Background 
The electronics industry is the world's largest manufacturer with $222 billion 

forecast for 2001 l .  The equipment utilized in semiconductor fabrication is expensive, 

' all amounts shown in US dollars (USD) 
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requiring large capital investments up to $2 billion per new facility. This large capital 

requirement leads to ongoing operational costs due to equipment depreciation, 

forming a significant fraction of semiconductor wafer processing costs. 

Starting material for microfabrication is usually a silicon wafer, a flat thin disk 

or other substrate, typically 150 to 300 mm in diameter by 0.5 to 0.6 mm thick. 

Microfabricated devices are created by the deposition and patterning of typically 

between 4 and 30 layers of thin films on these substrates. Smaller feature geometries 

and advances in state-of-the-art wafer fabrication techniques are leading to greater 

use of high vacuum processes and to requirements for improved cleanliness in wafer 

fabrication facilities, both of which increase fabrication costs. 

Traditionally, semiconductor fabrication has been performed in dedicated, 

specialized facilities. These facilities provide clean environments for the wafer 

fabrication, process equipment, as well as support equipment and administrative 

facilities. The capital cost of modern fabrication facilities is now approaching $2 

billion and growing at 20% per year. 

The high cost of such facilities is prompting a review of the processes 

traditionally employed in wafer fabrication. The large, single clean room is giving 

way to equipment that integrates a built-in clean environment, and batch processing is 

being replaced by clusters of single wafer processing equipment2. In addition, 

increasingly stringent environmental regulations are causing the use of water for 

wafer cleaning to be curtailed, while concerns over global warming and pollution are 

restricting the use of many types of consumables3. 

Many semiconductor fabrication processes operate in a rarified vacuum 

environment, with gas pressures significantly below that of the atmosphere4. A space 

environment, such as that found in orbit around the Earth, can provide the high 

vacuum, clean environment needed for semiconductor fabrication. The ambient 

vacuum in low Earth orbit exceeds nearly all of the routine requirements for 
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semiconductor wafer processing and the low particle count provides an exceptionally 

clean environment for wafer fabrication and storage. Much of the support equipment, 

such as vacuum pumping systems, required for terrestrial fabrication is not required 

for space-based fabrication. Similarly, the inherently clean nature of the environment 

reduces the need for cleaning steps between separate wafer fabrication processes. 

Wafer fabrication in a vacuum environment, such as found in Earth orbit, is 

inherently clean but requires changes in some basic processes. Liquid chemical- 

based cleaning processes, such as commonly employed in traditional semiconductor 

fabrication facilities, can not be used in a vacuum environment and must be replaced 

by vacuum-based, dry processes such as ion milling and plasma etching. The use of 

vacuum pickups and gravity assist for wafer handling and transport can not be used in 

space and an alternative magnetic levitation system, based upon inducing wafer eddy 

currents, is being researched. Spin-on coatings of volatile, organic photoresist, used 

in optical lithography for pattern definition on the wafer, can not be used in a vacuum 

environment, but sputter deposited coatings of inorganic materials for vacuum based, 

high resolution, thermal lithography appear to be a feasible alternative. Furthermore, 

the mass of material used for wafer fabrication must be minimized in orbital 

processing. 

This thesis creates a computer model that enables the researcher to look at 

various proposed process flows for semiconductor fabrication, both on Earth and in 

space, and calculate such important parameters as consumable material masses, 

power, time, equipment, and costs. Proposed vacuum-based, dry process flows are 

developed specifically for space-based processing. Using this model, semiconductor 

fabrication flows are modeled for several devices (e.g. a 12 level, 2 metal CMOS) 

with both current Earth-based and space-based procedures. This model is providing 

supporting details in a preliminary exploration of a space-based semiconductor 

processing facility by Boeing that is being done in conjunction with this work. 
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Wafers must be moved from prbcess to process during fabrication. As part of 

this thesis research, a system has been developed to allow the handling of large 

silicon wafers in a low gravity, vacuum environment using magnetically induced 

eddy currents. In this system, a pre-processing step is used to create circuit loops on 

the back side of the wafer. A time varying external magnetic field, applied by 

electromagnets embedded in wafer pickup and transport devices, is used to induce 

eddy currents in the circuit loops on the wafer. The strength and direction of these 

eddy currents is in direct relation to the rate of change and intensity of the external 

magnetic field. The eddy currents generate a counter magnetic field that is phase 

shifted with respect to the external field. The two magnetic fields cause a force to be 

exerted on the wafer at the location of the circuit loop. Control of the intensity and 

rate of change of the external magnetic field allow both attractive and repulsive forces 

to be generated. The use of multiple circuit loops located on the backside of the 

wafer allow for forces generated at individual circuit loops to be combined to create 

translational and rotational forces on the wafer, allowing six degrees of freedom of 

movement. Such a system can be used for both wafer transport between processes 

and fixturing of the wafer within process equipment. 

Silicides are an excellent candidate for use as conductors to form the eddy 

current circuit loops on the back side of silicon wafers. Most silicides are low 

resistance conductors that are unaffected by the high temperatures found in 

downstream wafer processing steps. These silicides can be formed using a variety of 

processes such as laser induced chemical vapor deposition and sputtering with 

annealing and, once formed, do not affect the properties of the wafer for subsequent 

processing. A laser induced chemical vapor deposition system may be able 

simultaneously deposit and anneal tungsten silicides to form thick conductors. Such a 

system would have the ability to direct-write the circuit patterns on the wafer in a 

single pre-processing step and would be compatible with a low gravity, high vacuum 
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environment. The detailed laser depdsition work, however, is beyond the scope of 

this thesis and will be carried on in a subsequent doctoral thesis continuing this work. 

In current Earth-based fabrication facilities the depreciation of capital 

equipment accounts for a large fraction of the total wafer production cost. Projected 

equipment first costs for semiconductor fabrication in orbit may be lower than Earth- 

based equipment costs as many support systems such as vacuum pumps and 

associated systems are not required and many of the processes require less equipment 

in space. However, the transportation and installation costs for space-based 

equipment are significantly higher than those on Earth due to the high cost of 

launching equipment and supplies into orbit. These higher installed equipment costs 

lead to higher depreciation and higher operating costs for semiconductor fabrication 

in space. 

The National Aeronautics and Space Administration (NASA) has determined 

that the infrastructure for transportation to and from Earth orbit must be improved if 

commercial utilization of space for production purposes is to take place. There are a 

number of initiatives aimed at reducing both the launch costs and the turnaround 

times. This is expected to directly reduce the projected cost of wafer fabrication in 

orbit. This thesis does a preliminary analysis of the implications of these previously 

seldom studied transportation needs, combined with the process modeling estimates 

on consumables and equipment, to create a first pass economic analysis of the 

operating costs of a space-based semiconductor fabrication facility. 

The mode of transportation to and from an orbital semiconductor fabrication 

facility directly affects the wafer production costs. Semiconductor fabrication is 

relatively unique in that the mass and volume of the finished products is small 

compared with the product value. The amount of raw materials required to produce 

the finished products is also small, However, for many wafer customers, such as 

those producing devices using application specific integrated circuits, turnaround time 
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fkom design to finished wafer is criti~al. Thus, a semiconductor fabrication facility 

that has the capability to accept customer designs in electronic format and create the 

finished wafer from stockpiled materials will have differing transportation 

requirements to and from orbit. In such a situation, infrequent, high mass payload 

launches of raw materials, equipment, and return capsules from Earth to orbit and 

frequent, low mass payload, returns from orbit to Earth may be required. 

Orbital transportation costs are projected to decrease while the cost of vacuum 

and cleaning equipment per processed wafer continues to increase. 

1.3 Thesis Scope 
This thesis studies the orbital fabrication of silicon semiconductor devices. 

Problems in traditional semiconductor wafer processing are identified and solutions 

presented. Concepts for alternative processes and equipment suited for a high 

vacuum, low gravity environment are developed. Wafer transport and fixturing is 

examined in detail and a system is developed that is based upon magnetic levitation 

of the wafer itself This magnetic levitation system is modeled numerically and two 

main variants explored. An analytic economic model is constructed for both 

terrestrial and space-based semiconductor fabrication to account for capital, material, 

transport, infrastructure, and operating costs so that meaningful comparisons can be 

made. 

Thesis Outline 
Chapter 2 presents an overview of semiconductor processing in traditional, 

Earth-based fabrication facilities. 

Chapter 3 describes space-based processing in an orbital facility and briefly 

covers issues related to all space-based production processes. The chapter continues 



Chapter I .  Introduction 7 

on to focus on semiconductor fabdcation in space and identifies many of the 

advantages and disadvantages of fabricating silicon wafers in Earth orbit. 

Chapter 4 describes a scheme for transport and fixturing of silicon wafers 

using magnetic levitation. The basic theory is reviewed and a numerical model 

developed. The results of that model are examined for two cases: fixturing of the 

wafer to an end effector, and non-contact wafer transport and fixturing using a two- 

dimensional linear motor. 

Chapter 5 models many of the common processes found in semiconductor 

fabrication. For each process, the equipment and operating requirements are defined 

and competing process methodologies, such as single wafer versus batch processing, 

are implemented. These process models form the basis for process comparison 

between terrestrial and space-based semiconductor fabrication. 

Chapter 6 examines the optimization of both terrestrial and space-based 

fabrication equipment and facilities under identical conditions. The key assumptions 

used in performing the optimization are presented and sample cases examined. The 

concept of functional breakdown for both equipment and facility is explained and the 

relationship between mass, volume, and first cost is considered. 

Chapter 7 completes the work of the two prior chapters by presenting the 

results of process simulation models for a terrestrial semiconductor fabrication 

facility and an orbital semiconductor fabrication facility. The results of the models 

include process time, consumable use, and energy use for the process flow, as well as 

the equipment and facility requirements. 

Chapter 8 develops an economic model for terrestrial and space-based 

semiconductor fabrication based upon the preceding requirements. The components 

of operating cost are reviewed and incorporated in the final economic model. The 

output of the model is the operating cost per wafer during the life of the facility. 
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These costs are subdivided into capital, shipping, depreciation, and operating costs so 

that comparisons can be performed. 

Chapter 9 presents the results of the operating cost model developed in 

Chapter 8. Comparisons between Earth-based and space-based processing are 

conducted and the concept of operating cost ratio is introduced. 

Chapter 10 examines issues surrounding the required infrastructure for routine 

space-based semiconductor fabrication. The impact of launch availability and the 

transportation mode is considered, as is servicing and support of an orbital production 

facility. The issue of transportation insurance is examined and found to be related to 

risk and market maturity. The requirement for new processing equipment that is 

more than an evolutionary extension of existing equipment and the cost of developing 

that equipment is evaluated. 

Chapter 11 presents the conclusions and suggests hrther work. 



Chapter 2 

Semiconductor Processing 

2.1 Introduction 
This chapter will briefly summarize the basic processes used in the fabrication 

of semiconductor devices on silicon wafers. 

Semiconductor fabrication, commonly referred to as microfabrication, 

involves the repeated application of process steps to a semiconductor wafer, generally 

silicon. The main types of processes used in commercial fabrication facilities will be 

presented along with the types of electronic devices produced by such processes. 

The chapter will conclude with an overview of a commercial semiconductor 

fabrication facility including a hnctional breakdown of the main components. 

2.2 Background 

Electronic devices are commonly fabricated on thin wafers (200 mm by 0.5 

mm thick disks typically) of semiconductor material in specialized facilities. Many 

electronic devices can be fabricated at the same time on a single wafer. Silicon is the 

most common material used to fabricate such devices and a global industry has 

developed to support the fabrication of silicon semiconductor devices. The most 

widespread device technology is silicon-based complementary metal oxide 

semiconductor (CMOS) and this is forecast to continue for the foreseeable hture5. 

A silicon device is constructed from many thin layers of material, each with 

particular characteristics, that are deposited or formed on the silicon wafer. These 

layers form the conductors, gates, n and p doped regions, and insulators that make up 

the electronic device. A two transistor CMOS inverter, typical of the basic unit of the 
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types of devices constructed, is shown in Figure 2.1. Finished devices currently 

contain 10 to 100's of millions of transistors. 

P DOPED REGION 7 
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Figure 2.1 - Cross-section of CMOS Inverter 

Each step in the construction of a silicon device is done by a specific process 

in sequence. Processes are performed by specialized pieces of equipment in 

dedicated semiconductor fabrication facilities and may be done in parallel for many 

wafers, or individually for a single wafer. The type of electronic device desired 

determines the number and types of processes used to construct the device. 

There are three phases to the production of semiconductor devices: 

manufacture of the wafer itself, fabrication of the electronic device on the wafer, and 

packaging of the device into carriers suitable for electronic assembly. The central 

phase is commonly referred to as semiconductor fabrication. 
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2.3 Processes I 

All types of electronic devices are fabricated on silicon wafers using the same 

basic processes: 

Material Deposition 

Patterning 

Material Removal 

Doping 

Heating 

In addition to the basic process, all wafers undergo ancillary processes: 

Interprocess Transportation 

Cleaning 

Testing/lnspection 

Together, these eight processes are applied in sequence to produce the 

finished wafer. Each process may be repeated with variations many times in 

fabricating a wafer. For example, an advanced 0.25 pm logic chip is produced on 40 

different workstations using 21 5 steps6. 

Figure 2.2 shows the typical sequence of steps to deposit and pattern a single 

layer on a wafer. Complex devices, such as microprocessors, may be fabricated from 

up to 30 individual layers. 
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Figure 2.2 - Microfabrication Processes: Deposition and Patterning 

2.3.1 Material Deposition 

Deposition of thin films is the basis upon which all semiconductor devices are 

based and, as shown in Figure 2.2, is usually the first step in creating a new layer. 

These thin films are used to form conductors, insulators, or masks. The materials that 

make up the films are deposited on the substrate through a number of methods to 

ensure that the films have the desired characteristics. Chemical vapor deposition 

(CVD) is the most widely used method to deposit many materials in current 

fabrication facilities. Sputter deposition is commonly used to deposit metal 

conductors, although evaporation processes are also used to a lesser extent for metal 
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deposition. Thick silicon oxides, used as insulators, are grown on silicon through a 

thermal deposition process. 

2.3.1.1 Chenzical Vapor Deposition 

Chemical vapor deposition is able to fill small, high aspect ratio gaps as well 

as uniformly coat a surface with a wide variety of films7. In the chemical vapor 

deposition process, the material to be deposited is contained within a carrier fluid 

(usually a gas) that is flowed over the wafer substrate. An energy source (heat, 

microwaves) forces a chemical reaction at the wafer surface causing the material to 

be deposited. The material is deposited on the substrate as the carrier gas flows past 

the substrate surface which is often heated to promote the deposition of the thin film 

material. 

Low pressure chemical vapor deposition (LPCVD) is a popular method for 

CVD and is used for depositing a wide range of materials, particularly for 

polycrystalline silicon and dielectrics. The LPCVD system uses low pressures (0.1 to 

1.0 torr) to reduce gas phase nucleation. The uniformity of the deposited material is 

highly dependent on the uniformity of the gas flow. 

Plasma enhanced chemical vapor deposition (PECVD) uses microwaves to 

create a plasma in a moderate vacuum (1 - 100 mtorr) with a chemical atmosphere. 

This plasma breaks the CVD reactant into fragments that can react at substantially 

reduced temperatures. PECVD is a reduced pressure CVD, since the plasma can be 

sustained only in a low pressure environment. The three basic PECVD systems are 

cold wall parallel plate reactors, hot wall batch systems, and cold wall systems8 and, 

to deposit high quality films at low temperatures, remote plasmas have recently been 

introduced. A typical PECVD system can operate at throughputs of up to 65 wafers 

per hou?. 
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2.3.1.2 Sputter Deposition , 

In the sputter deposition process, accelerated ions are used to knock atoms and 

molecules from a source containing the material to be deposited. These free atoms 

and molecules are deposited by impingement on the target wafer, forming the thin 

film. Sputter deposition is most widely used to deposit metal thin films on 

semiconductor wafers and is the primary method currently utilized in the silicon 

industry. Its primary alternative is evaporation. Sputtering has better step coverage 

than plain evaporation and creates less damage than electron beam evaporation. 

2.3.1.3 Evaporation 

Used to deposit thin metal films, evaporation has been largely supplanted by 

sputter deposition in the semiconductor industry. Evaporated metal films have 

difficulty with step coverage on devices with small feature sizes. Evaporation 

processes require a good vacuum. 

2.3.1.4 Oxide Growth 

One of the reasons that silicon has become the preferred material for most 

semiconductor devices, is the ease at which oxides can be grown to form insulators. 

Silicon oxide (SOz) is readily formed when silicon reacts with oxygen. A thin layer 

is spontaneously formed at the silicon substrate surface immediately upon exposure to 

oxygen, and the thickness, density, and uniformity of this layer can be closely 

controlled by the time, temperature, and composition of the gas containing the 

oxygen. Dense silicon oxides are traditionally formed in a furnace at temperatures of 

1000 to 1 150 O C  using a gas mixture of nitrogen, oxygen, and steam. 
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2.3.2 Patterning , 

Patterning is used to define the pattern of the top surface of the wafer. 

Lithographic systems are almost universally used for patterning in existing 

commercial silicon wafer fabrication processes. 

The patterns produced are used for removal of deposited materials and to form 

masks for subsequent processes such as doping. 

2.3.2.1 Optical Lithography with Conventional Photoresist 

Almost all existing patterning systems use a photo sensitive liquid polymer 

(photoresist) that is applied to the surface of the wafer. The thin coating (1 pm 

typical) of photoresist is dried and exposed to a light source (such as ultraviolet) 

through a predefined mask as shown in Figure 2.2. The photoresist is transformed by 

the light in such a manner so that when the wafer and photoresist coating are placed 

in a chemical developer solution, selected portions of the photoresist are removed. 

Depending on the type of photoresist, the removed portions are either those that have 

been exposed to the light, or those that have not been exposed to the light. To 

provide the high resolution images necessary for small feature size, the masks must 

be carefblly constructed and are usually at a larger scale than the final image to 

minimize diffraction effects. A special machine, called a step and repeat lithographic 

aligner, is used to expose the same mask in multiple locations on a single wafer, at 

throughput rates of 50 to 70 wafers per hour1'. 

2.3.2.2 Electron Beam Direct Write 

Usually used to generate the high precision masks, the electron beam direct 

write process creates a pattern by directing high energy electrons (25 - 50 ~EV'') at 

the photoresist. Interactions between the electrons and the photoresist transform the 

photoresist so that selected portions can be removed in a developer solution. The 
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advantage of the electron beam direct write process is the high pattern accuracy that 

can be achieved. The main disadvantage is the slow speed with which the pattern is 

formed. Whereas the optical lithography process forms an entire pattern at a single 

time, the electron beam direct write process requires scanning of the electron beam 

over the pattern area to form the features. 

2.3.2.3 X-Ray Lithography 

The x-ray lithography process uses high energy photons (0.1 - 10 ~ E V ' ~ )  to 

interact with the photoresist so that selected portions can be removed in a developer 

solution. The very short wavelength of the beam allows very high accuracy in pattern 

transfer from the mask as diffraction effects are insignificant. The generation of x- 

rays and the fabrication of x-ray masks in the x-ray lithographic process is much more 

difficult than in either the optical lithographic or electron beam direct write process. 

A number of groups are working on resolving these issues with the goal of making x- 

ray lithography a viable commercial process for semiconductor fabrication. 

2.3.2.4 Thermal Lithography with Dry Resist 

A promising new technique for patterning involves the use of thermal 

lithography with a dry (non-polymer), thermally activated resist13. In such a process, 

a bi-layer resist material is deposited on the surface of the wafer using sputter 

deposition. This resist is then patterned by a combination of thermal exposure and 

etching to creating an inorganic pattern on the wafer. Following conventional 

deposition, etching, or doping, the resist is removed by plasma cleaning and ion 

milling. 
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2.3.3 Material Removal 
, 

Much of the material deposited as thin films must be removed in order to 

create the desired feature geometry, as shown in Figure 2.2. Materials such as metals 

and polysilicon are removed to define conductors. Materials such as silicon oxide, 

when used to create mask layers, are removed to define the mask for subsequent 

processes such as doping. Materials including nitrides and oxides are removed to 

form insulators and gates. 

The methods by which material is removed from the wafer vary depending on 

the geometry feature size, the amount of material to be removed, the thickness of the 

material, and the level of uniformity and anisotropy required. The four common 

methods are wet etching, plasma etching, ion milling, and reactive ion etching (RIE). 

2.3.3.1 Wet Etching 

Wet etching uses chemical reactions between liquid reactants and the wafer 

surface to remove material. It is the most common method used in semiconductor 

processing today. In a wet etch process, the liquid reactant reacts with the material at 

the surface of the wafer to form a product that is soluble in the liquid. The 

temperature of the solution, the molar strength of the reactants in solution, and the 

length of time over which the wafer is immersed in the solution all affect the amount 

and uniformity of material removed. 

Wet etching may be used for isotropic material removal (uniform removal in 

all directions) or anisotropic material removal (more material is removed from some 

directions than others) depending on the etchant and the substrate film. Advantages 

of wet etching include high selectivity between the material to be etched and other 

materials on the wafer, and minimal substrate damage. However, wet etching does 

pose problems for uniformity, anisotropy, and process control. 
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2.3.3.2 Plasma Etching 
I 

Plasma etching is dry process. In this process, the etching occurs in a plasma 

environment through chemical reactions between the plasma and the wafer surface. 

Plasma etching requires a vacuum chamber and a radio frequency (RF) generator, 

making it more complex and expensive than wet etching. The high energy plasma 

species used in plasma etching are less discriminating in their reactions and 

selectivity is reduced over wet etching. However, a reactive plasma can be generated 

from many inert gases and avoids the need for volumes of dangerous reactors of 

liquid chemicals. The primary advantage of plasma is that it is able to provide 

anisotropic etching, necessary as feature size shrinks. 

2.3.3.3 Reactive Ion Etching 

Reactive ion etching uses a process in which ions assist a plasma etching 

process. Chlorine, fluorine, and bromine chemistries are typically used in the RIE 

process due to the high selectivity between doped and undoped areas. In the RE 

process, ions impinging near vertically on the wafer surface are used to dope the 

surface so that the plasma chemistry can etch the doped areas. Very little doping 

occurs on vertical sidewalls, leading to highly anisotropic etching. Reactive ion 

etching provides both high selectivity and high anisotropy but requires highly 

corrosive precursor gases and precise process control. 

2.3.3.4 Ion Milling 

Similar to reverse sputtering, ion milling is a low temperature process for 

etching a variety of materials. In this process an ion beam is used to knock atoms and 

molecules from the wafer surface. These free atoms and molecules are deposited by 

impingement on a disposable target. 
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Ion milling offers two advantages that make it popular in certain applications: 

directionality and applicability. It is able to provide near vertical ion beams and it is 

able to pattern materials that for which there are no available etchants. However, ion 

milling has poor selectivity and requires a medium vacuum. 

2.3.4 Doping 

Semiconductors are so named because they are able to function as conductors 

or insulators based upon the concentration of charge carriers. Doping is the process 

of creating an excess of positive or negative majority carriers in a semiconductor. In 

commercial silicon fabrication processes, ion implantation has become the standard 

method by which the n and p doped regions are formed. 

In the ion implantation process, a beam of ions is accelerated through an 

electrostatic field and scanned over the surface of the wafer. These ions penetrate 

into the surface of the wafer and, depending on ion type, dope the exposed surface of 

the semiconductor either positively or negatively. The dose of ions can be closely 

controlled through monitoring of the ion current, and ion beams with energy levels of 

10 - 200 ~ E V ' ~  are common. Medium current implanters (0.5 - 1.7 mA) are 

generally single wafer machines, while high current implanters (10 mA or more) are 

most often batch processing systems15. 

Ion implantation allows fine control over the doping distribution of the 

substrate. It does require relatively expensive equipment and a high vacuum level16, 

but provides precise control over the doping process. Despite the fact that ion 

implantation does damage to the silicon lattice that must be corrected through 

subsequent annealing, this process has nevertheless become the predominant method 

of doping silicon. 
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2.3.5 Thermal Processes 

Many of the above processes require elevated temperatures for best results. 

Examples include growth of silicon oxide and some CVD processes. In addition, 

annealing of the wafer substrate at high temperatures is often required to correct 

damage in the crystal lattice, to promote growth of grain size in deposited materials 

such as polysilicon, and to convert materials such as silicides to a low resistivity 

phase. 

Two types of thermal processes are commonly used to provide these elevated 

temperatures: furnaces and rapid thermal annealing. 

2.3.5.1 Furnace Processes 

A furnace process heats the wafer through a combination of conduction and 

convection. In this process, a batch of wafers is placed in an elongated furnace tube, 

constructed from a high temperature ceramic such as quartz. The temperature and 

atmosphere in the tube is controlled such that the wafer is exposed to a precise 

temperature profile with time. The quartz tube is heated externally and heat transfer 

to the wafer occurs primarily through conduction, with secondary effects from the 

convection of gases that flow longitudinally through the furnace tube. Advantages of 

furnace processing include the ability to simultaneously process batches of wafers 

and the low cost of the equipment. Disadvantages include the length of time required 

to heat and cool the wafer and the lack of control over uniformity of temperature 

profile across the wafer. 

2.3.5.2 Rapid Thermal Processes 

A rapid thermal process achieves heat transfer to the wafer primarily through 

direct radiation. In such a process, a single wafer is exposed to a radiant source, such 

as a flash lamp, for a brief period of time. The energy from the radiant source is 
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primarily absorbed by the wafer with an attendant rise in wafer temperature. Rapid 
1 

thermal processes are used for annealing of wafers to remove implant damage as well 

as some CVD processes. A characteristic of rapid thermal processing is the short 

time required for the complete thermal cycle. Rapid thermal processing occurs in 

discrete chambers on single wafers and is not suited to batch processing. 

2.3.6 Wafer Transport 

Each of the above processes occurs in discrete pieces of equipment at different 

locations in the fabrication facility. Whether wafers are processed individually 

(single wafer processing) or in batches, the wafers need to be transported from place 

to place within the plant. Such interprocess transportation is provided by a variety of 

systems. 

Batch processes have traditionally used wafer cassettes for storage and manual 

transportation of the cassette from process to process. Newer fabrication facilities use 

automated systems of robotic transfer vehicles or overhead rails for cassette 

transfer1'. A number of groups are exploring the use of magnetic levitation or 

suspension for carrier transport. 

Single wafer processing is becoming more common as fabrication facilities 

strive to reduce costs and cycle times. In single wafer processing environments, 

single wafer tools are often co-located in a single work station to provide a cluster 

tool. Wafer transport between individual tools within a cluster tool is accomplished 

by robotic pick and place arms. Wafer transport between cluster tools is 

accomplished using either batch or single wafer carriers. 

In order to provide increased automation in new fabrication facilities, a 

number of standards have emerged that specifL wafer carrier physical, mechanical, 

and electrical specifications so that common carrier transport systems can be 

developed. 
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2.3.7 Cleaning 
I 

The success of individual processes utilized in semiconductor fabrication is 

highly dependent on the cleanliness of the wafer surface and the materials used in the 

process. Even though wafer fabrication occurs under stringent conditions of 

cleanliness in a clean room, the wafer surface is still routinely contaminated during 

processing, transport, and storage. Dust particles in the air may lodge on the wafer 

surface, oxide spontaneously grows on exposed silicon, and organics and metals may 

be transferred to the wafer surface during processing or transport. To overcome these 

problems, many processes are immediately preceded by a cleaning step. 

Cleaning with liquid-based chemicals is the prevalent method currently used. 

Plasma is used primarily for removing exposed photoresist after patterning and for 

cleaning of contacts prior to bonding. Ion milling (reverse sputtering) is being 

investigated as an alternative to wet cleans. 

2.3.7 1 Wet Cleaning 

The traditional cleaning process used in silicon semiconductor fabrication was 

developed by Radio Corporation of America (RCA) in 1965''. The RCA clean has 

become the standard clean for most silicon fabrication processes because it is a batch 

process that is repeatable, easily performed, and provides a surface that is clear of 

organics, metallic particles, and oxides. However, the RCA clean does consume a 

vast quantity of de-ionized (DI) water and produces large amounts of chemical waste 

which must be treated. 

Wet cleaning processes are not easily integrated with cluster tools, their cost- 

of-ownership is often high due to the escalating cost of used chemical disposal, and 

there are concerns that it will be difficult to get liquids in to and out of increasingly 

fine geometries1g. In addition, environmental restrictions on water use and the cost of 
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waste treatment are forcing the semiconductor industry to seek alternative cleaning 

methods2072'. 

2.3.7.2 Plasma Cleaning 

Plasma cleaning is a dry process in which a plasma is used to clean the wafer 

surface. The cleaning can occur through either a physical process as the plasma ions 

impinge on the wafer surface with sufficient energy to knock off surface atoms and 

molecules or through a chemical process where the plasma ions react at the wafer 

surface to form gaseous products. Plasma cleaning occurs at low temperatures and 

the plasma cleaning process is readily controllable through environment pressure, RF 

energy, gas used to form the plasma, and time. One of the most common applications 

for plasma cleaning is to remove used photoresist fiom the surface of the wafer after 

patterning using atomic oxygen plasma. The plasma cleaning process is also used to 

clean the interior of CVD reactor chambers, sputter chambers, and other pieces of 

equipment. 

2.3.7.3 Sputter Cleaning 

Sputter cleaning is commonly used at the start of a sputter deposition process 

to remove any surface contamination on the wafer prior to sputter depositing a thin 

film. This dry process can be extended as a cleaning process in general, in which 

case it is referred to as ion milling. The advantage of sputter cleaning is that it is a 

low temperature process that occurs in a moderate vacuum. It removes all surface 

contamination uniformly through impingement of ions at the surface of the wafer. It 

is a physical process with little waste. However, sputter cleaning is not a batch 

process and is much slower than the wet cleaning processes commonly employed. 
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High yields in semiconductor fabrication depend upon monitoring the 

individual processes and rapidly correcting variationsz2. Such monitoring occurs by 

monitoring process parameters, production wafers, and test wafers. 

Process parameters are monitored in real-time through sensors connected to a 

the diagnosticlmonitoring equipment. Production wafers are inspected at several 

stages in the fabrication process to ensure that only good wafers proceed to 

subsequent processing steps. In some cases, such as DRAM memory, defects are 

detected and corrected during such inspections. Test wafers are wafers that are run 

through a process to assess process variability. Such wafers may contain test 

structures that are used to determine geometry variances and electrical characteristics. 

Inspection of wafers ofien involves the use of scanning electron microscopes 

and other test equipment. Interprocess testing of wafers adds additional 

transportation and cleaning steps to the basic process flow. 

After fabrication, the finished wafers are cut using a diamond saw (diced) into 

"chips". The finished integrated circuit is then functionally tested, and the working 

chips are packaged. 

2.3.9 Typical Process Flow Description 

As described above, a semiconductor device is fabricated through the repeated 

use of separate process steps. Each device type uses a different sequence of process 

steps, referred to as the process flow. 

Table 2.1 shows a description of the major steps used to fabricate a simple 

complementary metal oxide semiconductor (CMOS) devicez3z4. This device has 

eight levels and requires eight masks. 
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Table 2.1 - Steps in Fabricating Typical CMOS Device 
Step Process Step Process 

1 Clean wafer. 28 Develop photoresist. 
Grow think oxide. 
Apply photoresist. 
Pattern P-Well. (Mask #1) 
Develop photoresist. 
Deposit and diffuse p-type impurities. 
Strip photoresist. 
Strip thin oxide. 
Grow thin oxide. 
Apply layer of silicon nitride. 
Apply photoresist. 
Pattern silicon nitride (active area 
definition). (Mask #2) 
Develop photoresist. 
Etch silicon nitride. 
Strip photoresist. 
Grow field oxide. 
strip silicon oxide. 
strip thin oxide. 
Grow gate oxide. 
Polysilicon deposition. 
Apply photoresist. 
Pattern polysilicon. (Mask #3) 
Develop photoresist. 
Etch polysilicon. 
Strip photoresist. 
Apply photoresist. 
Pattern P-channel drains and sources 
and P+ guard rings (p well ohmic 

P+ Implant. 
Strip photoresist. 
Apply photoresist. 
Pattern N-channel drains and sources and 
N+ guard rings (top ohmic contact to 
substrate). (Mask #5) 
Develop photoresist. 
N+ Implant. 
Strip photoresist. 
Strip thin oxide. 
Grow oxide. 
Apply photoresist. 
Pattern contact openings. (Mask #6) 
Develop photoresist. 
Etch oxide. 
Strip photoresist. 
Apply metal. 
Apply photoresist. 
Pattern metal. (Mask #7) 
Develop photoresist. 
Etch metal. 
Strip photoresist. 
Apply passivation. 
Apply photoresist. 
Pattern pad openings. (Mask #8) 
Develop photoresist. 
Etch passivation. 
Strip photoresist. 

contacts). (Mask #4)- ~ssemble, package and test. 

2.4 Processing Methodologies 
The eight processes described in Section 2.3 Processes may be applied to 

either batches of wafers or to individual wafers. Batch processing is used in the 

majority of semiconductor fabrication facilities. It has been the standard method used 

for wafer processing from the start of the semiconductor industry. However, the use 

of larger wafers (200 and 300 mm) and more stringent cleanliness requirements, have 

produced difficulties in extending batch processing concepts to meet future 

semiconductor industry needs. Single wafer processing equipment has now been 
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developed to provide rapid processing of single wafers under extremely controlled 

conditions. The increased availability' of single wafer processing equipment has led 

to a revolution in the configuration of semiconductor fabrication facilities where 

many such single wafer processing modules are now co-located. Such cluster tools 

simplifjr wafer transport and may even be used to provide mini environments with 

tighter control over particles than the general clean room environment. 

2.4.1.1 Batch Processing 

Batch processing is used to process a number of wafers in parallel in a single 

piece of equipment. Such batches are contained within a wafer carrier that is loaded 

onto the process equipment. In some equipment, such as hrnaces, the wafers are 

kept in the carrier throughout the process. In other equipment, such as a photoresist 

processing system which pre-bakes, applies resist, and bakes wafers, the wafers are 

automatically unloaded from the wafer carrier for sequential processing through the 

machine and then automatically reloaded in the carrier. 

The use of batch processing greatly speeds the process time per wafer and 

provides a uniform method of tracking wafers through processes. However, it does 

not allow fine control over individual wafers and is not well suited to many new 

processes such as rapid thermal annealing. 

2.4.2 Single Wafer Processing 

The current trend is towards single wafer processing, and it is expected that 

fbture semiconductor fabrication facilities will be largely composed of highly reliable 

cluster tools processing one wafer at a time2526. 

Single wafer processing is used to process individual wafers. Increased 

process time per wafer is offset by the improved control and repeatability of the 

process. Single wafer process modules are significantly smaller than comparable 
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batch processing equipment as they need only accommodate one wafer at a time. 

This allows for more rapid pumpdbwn cycles when vacuum environments are 

desired. It also reduces the amount of reactant needed for CVD applications. Finally, 

thermal processing is greatly speeded up by the small chamber size. 

2.4.3 Cluster Tools 

Co-location of several single wafer process modules is used to create a cluster 

tool which is capable of performing a variety of processes. In such a cluster tool, an 

automated interprocess wafer transfer system is used to move the wafer from module 

to module27. The programmability of the cluster tool allows it to vary the sequence of 

processes to which the wafer is subjected. Thus, a single cluster tool may be used to 

perform a variety of process flows2'. Optimization of the cluster design and wafer 

visitation schedule can dramatically improve throughput, increasing the performance- 

cost ratio of cluster tools in comparison to other types of 

2.4.4 Mini Environments 

The development of cluster tools allows the creation of mini environments. 

Such a mini environment is a clean room within a clean room3' and is intended to 

minimize the introduction of contaminants to the wafer. The standard clean room 

within which the equipment is located must accommodate people (dressed in 

cleanroom garb) as well as equipment. The cost of providing increasingly stringent 

requirements for particle size and count to such a large space is very expensive. By 

creating smaller sub clean rooms with mini environments, very clean environments 

can be obtained in the cluster tool for wafer processing, where it is required, while 

allow relaxed tolerances for the outer clean room in general. Such mini environments 

can include operation at desired vacuum levels so that process module pumpdown 
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times are eliminated of reduced. Minilenvironments can speed overall process times 

and improve process cleanliness. 

2.5 Devices 

There are many types of electronic devices that can be fabricated on silicon 

wafers. Three of the most common high end devices are microprocessor units 

(MPU), dynamic random access memory (DRAM), and application specific 

integrated circuits (ASIC). These three device types define the envelope for 

semiconductor fabrication. Microprocessors require many levels of wiring 

interconnect and many process steps to fabricate. DRAM'S are the most densely 

populated devices, comprised of many repeated patterns. ASIC's are designed for 

particular applications and require rapid production turnaround times for their 

customers. All three device types can be fabricated by the same types of processes. 

Table 2.2 - Device Characteristics 
Characteristic Value 

Chip size (mm2) 340 - 800 

Maximum number of wiring levels 32 7 

Maximum number of Masks ~ e v e l s ~ ~  24 

Minimum feature size (nrn) 31 140 - 230 
Minimum turnaround time (weeks) 6 
Process CMOS 
Value Der finished wafer (200 mm)34 $800 - $40,000 

High end devices are often fabricated on the largest size silicon wafer 

available in order to maximize yield and reduce costs. As device size increases, so 

does wafer size. The 100 mm diameter wafers used for many years have now almost 

universally been replaced by 200 mm diameter wafers, and larger wafers are 

beginning to appear in use. Table 2.2 shows typical characteristics for these device 

types. 
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2.5.1 MPU 
L 

Microprocessors are found in a wide range of electronic equipment from 

personal computers to automobiles to toasters. The versatility of the microprocessor 

unit has led to it being embedded in many appliances, replacing discrete digital logic 

or mechanical systems for control. The microprocessor is essentially a logic device 

that is characterized by a large number of internally interconnected wiring levels. 

The complexity of an MPU is determined by number of transistors and the speed at 

which it operates. Present commercially available MPU's have 28 million transistors 

and operate at speeds up to 933 MHz35. 

2.5.2 DRAM 

Dynamic random access memory is a semiconductor device that is fabricated 

in very high volumes, primarily for consumer applications. Device standardization 

and price competition have resulted in DRAM'S being considered a commodity in the 

global semiconductor market. This has driven a need for low cost, high yield 

production. DRAM fabrication is critically dependent upon high density packing of 

memory cells and production line defect correction with lasers. The complexity of a 

DRAM is determined by the number of memory storage bits per chip. Current 

DRAM'S have up to 1.07 gigabits per chip3'. 

DRAM chip sizes are comparable to MPU chip sizes, although they have far 

fewer interconnect levels. 

2.5.3 ASIC 

Application specific integrated circuits are utilized in many electronic devices 

to provide the logic interface between system components, reducing the number of 

discrete components required. They are also used to provide custom hnctions and a 
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high degree of integration between system components. As such, they are designed 

for specific applications, generally for specific equipment by the customer. In 

contrast with mass produced MPU and DRAM devices where the customer develops 

the electronic system around the device specifications, ASIC customers design the 

ASIC device to fit their electronic system requirements. This customer driven design 

approach places a high premium upon rapid device production once the design is 

defined. Typical production turnaround times for ASIC's are 6 weeks36. 

ASIC's can have chip sizes that exceed MPUYs or DRAM's by a factor of 

two. The customer specific nature of ASIC devices leads to the highest value per 

finished wafer of all device types. 

2.5.4 Wafer Size 

The number of devices that can be fabricated on a single wafer is dependent 

upon the chip size of the device and the size of the wafer. The size of wafer used in 

most semiconductor fabrication facilities at present is 200 mrn in diameter. Some 

new production facilities are built to accommodate 300 mm diameter wafers, and it is 

expected that 450 mm diameter wafers will be introduced around 201 137. 

Unfortunately, process equipment suited for one size of wafer is not suited to 

any other size. Thus, a new process line is required when a fabrication facility moves 

to a new, larger wafer size. Common practice is to use older process equipment to 

fabricate less profitable devices on smaller wafers, and to utilize new equipment to 

fabricate high end devices such as MPU's, DRAM'S, and ASIC's on larger wafers. 

The typical lifetime of the tools used in a facility is 7 to 10 years38, roughly 

corresponding to the period between changes in wafer size. 
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2.6 Facilities and Equipment 
The size and cost of the semiconductor fabrication facility is dependent upon 

the processes used, the size of the wafers, and the production volume. The largest 

fabrication facilities are now costing about $2 billion to construct and are capable of 

producing 30,000 200 mm diameter wafers per month39 or 25,000 300 mm diameter 

wafers per month. 

Table 2.3 presents the characteristics of an advanced semiconductor 

fabrication facility located in North America. The facility contains characteristics 

that are common to many fabrication facilities including a large, Class 1 cleanroom 

(less than one 0.5 micron diameter particle per cubic foot), extensive water and 

chemical treatment facilities, and high construction costs. 

A semiconductor fabrication facility is comprised of a clean production area, 

administrative and office space, fabrication equipment, and support equipment. 

Current large fabrication facilities have approximately 10-20% of the total floor area 

as a clean room devoted to production40. The remainder of the area is devoted to 

administration, testing, and R&D (-72%), and heating, ventilation, and air 

conditioning (HVAC) equipment, water, and chemical treatment (-10%)~'. 

Traditional production processes are carried out in a large clean room. The 

room is kept free of particulates by filtered air flowing vertically downward in a 

laminar sheet over the process equipment. This air is completely exchanged every 6 

to 7 seconds on average41 by large fans 

The fabrication processes require supplies of extremely pure gases, chemicals, 

and de-ionized water42. A water treatment plant and central distribution center for 

consumables contribute to the plant costs. Increasingly stringent environment 

regulations are adding requirements for additional chemical and wastewater treatment 

equipment to semiconductor fabrication facilities. 
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Table 2.3 - Typical Commercid Fabrication Facility ~haracteristics~~ 

Characteristic Description 

Product o 64-Megabit DRAM chips on 200mm wafers 

Initial geometry .35 micron 

Fab capacity 1000 wafer starts per day at full production 

Fabricator 600,000 square feet on three levels, with 154,000 square feet (two 75,000 
square foot manufacturing lines, Mod 1 and Mod 2 ) under filter - Class 1 

Additional site Dedicated central utility plant 
facilities 

80,000 square feet 

Water treatment plant 

Chemical distribution center 

Building 130- 600,000 square feet total space, with approximately 150,000 
square feet in use housing administrative offices, final test areas and a 
university lab 

Projected total $1.7 billion (fabricator and utility plant construction, 
investment tools and modification of existing building and facilities) 

Chronology Joint venture announced in August 1995 

Ground broken, November 1995 

Facility ready for tool installation, January 1997 

Initial tool installation in Mod 1 completed, July 1997 

First integrated wafer lots, July 1997 

Initial commercial wafer lots, Fourth Quarter 1997 

The cost of constructing fabrication facilities is rising rapidly. Much of the 

expense comes from building a isolated manufacturing space inside of a large clean 

room area4). Inside this manufacturing space can be hundreds of pieces of 

equipment, each costing up to $4 million. It is estimated that 65-75% of the facility 

costs are for equipment4). 
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This chapter has presented an overview of the fabrication of semiconductor 

devices on silicon wafers in commercial facilities. 

Semiconductor fabrication is the manufacture of electronic devices, and 

several types of devices were described together with their primary production 

characteristics. It was shown that the same types of processes could be used to 

fabricate most common devices including MPU's, DRAM'S, and ASIC's. 

Key processes and equipment used for patterning, deposition, etching, and 

doping were described. It was shown that fabrication occurred inside a cleanroom 

which contained all processing equipment. The other functions of a semiconductor 

fabrication plant were explained and the high cost of new semiconductor fabrication 

facilities was highlighted. 

This chapter has covered how current semiconductor fabrication is carried out 

on Earth. The next chapter will start the investigation of how the microfabrication 

process is changed for the space environment. 



Chapter 3 

Space-Based Processing 

3.1 Introduction 
This chapter will describe the advantages and disadvantages associated with 

performing semiconductor fabrication in a space-based, near-Earth environment such 

as low Earth orbit (LEO). 

It will be shown that many of the characteristics of the space environment 

surrounding Earth provide advantages for typical semiconductor processes in 

commercial use on Earth. However, implementing all the current standard 

microfabrication processes in such an environment is shown to be difficult. Three 

main problems are identified and potential solutions presented. 

Manufacturing, whether on Earth or in space, has certain logistic 

requirements. These requirements will be presented for space-based facilities. It will 

be shown that transportation, accommodation, disposition, and energy must be taken 

into account when comparing space-based to Earth-based semiconductor fabrication. 

Finally, the chapter will conclude by defining the scope of processing that is 

best suited for space-based semiconductor fabrication. This scope will then be used 

as the basis for comparison between Earth-based and space-based processing in the 

remainder of this thesis. 

3.2 Background 
Manufacturing semiconductor devices in orbit around the Earth offers 

advantages that may reduce the capital and operational costs of semiconductor 

fabrication: 
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I 

a good native vacuum level 

a clean environment with few particles 

availability of atomic oxygen 

The clean, vacuum environment eliminates much of the facility equipment 

required to maintain the clean room environment on Earth and also reduces the need 

for inert gases and other consumables. Fast moving atomic oxygen, which comprises 

much of the near Earth environment, has been shown during a series of space flight 

experiments to be very effective at removing organics and capable of growing thick 

oxides on silicon44. 

Table 3.1 shows some of the key characteristics of the environment around a 

satellite in near Earth orbit (see Section 3.3 for details). 

Table 3.1 - Properties of Near-Earth Satellite Environment 

Property LEO (-300 km) 

Native Vacuum Level to lo-* 
Possible Wake Vacuum Level 10- l~  to 10-l4 ton4' 
Ambient Population 0 -lo9 particles/cm3 46 
Ambient Population H -10' particles/cm3 46 
Ambient Population He -lo7 particles/cm3 " 
Energy of Atomic Oxygen on Ram Edge 5 eg5 
Atomic Oxygen Flux on Ram Edge l0I4 particles/cm2 47 

Solar radiation 1371 w/m2 48 

Gravity Level Microgravity 

3.3 Advantages of Orbital Manufacturing 
Low Earth orbit (LEO) offers a unique environment for manufacturing. The 

near lack of gravity, high vacuum, and fast moving particles can be used to advantage 

by an orbiting space fabrication facility49. 
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The prospect of space industrialization based upon processes utilizing the 

unique environment of space have been extensively debated. However, in almost all 

instances, it was found that processes in which microgravity was required could be 

duplicated on Earth for much less expenditure50951. Thus, crystal growth and other 

initially attractive processes have not been commercialized in space. However, 

semiconductor fabrication in orbit would make use of several native environmental 

factors in addition to rnicrogravity which, together, could contribute to an attractive 

economic scenario for space manufacturing. 

3.3.1 Free Vacuum 

The native vacuum in low Earth orbit (-300 krn) is lu7 to torr. This 

vacuum level exceeds process requirements for many semiconductor fabrication 

processes. The large available volume of such vacuum offers a semi-infinite 

pumping speed for non-vacuum processes, limited only by the piping system. 

The vacuum level can readily be improved to 10-l2 - 10-l4 torr in the wake 

behind a properly designed orbiting satellite moving at high velocity. Such a wake 

shield has been demonstrated on several space shuttle missions and has achieved 

vacuum levels of 10-l2 torr during molecular epitaxial growth processes 52,45,53,54 

Table 3.2 - Process Vacuum Requirements 

Process Process Vacuum LEO Vacuum 
Process Type Level Req'd (torr) Sufficient 
LPCVD Deposition 1 x  10' J 
PECVD Deposition 6 x  109 J 
Plasma Etch Removal 6  x  10" J 

Ion Implantation Doping 1 x  J 

Ion Milling Removal 1 lo-' J 
Sputter Deposition Deposition 1 x 10" J 
Evaporation Deposition 1 lo5 J 
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It can be seen from Table 3.2lthat the vacuum available in LEO is sufficient 

for all common semiconductor fabrication processes. Prior to processing, equipment 

is typically pumped to a base vacuum level of lo9 to 10"' torr in order to reduce 

~ontarnination~~. LEO vacuum is sufficient for this application also. 

3.3.2 Clean Environment 

The particle count in orbit is much lower than in the best filtered air clean 

room. In fact, it has been shown that because of the high airflow rates in 

contemporary clean rooms, air handling systems are actually very efficient 

transporters of chemical ~ontamination~~. 

If the entire semiconductor fabrication process could be conducted in the 

native vacuum, then less particle contamination would occur and there is the 

possibility for reducing the number of cleaning steps between processes. 

Additionally, it has been shown that particle size is linked to minimum feature 

size, indicating that the cleaner environment of space could aid in achieving small 

device geometries. The log-log plot of particle size versus particle quantity in Figure 

3.1 shows that the near-Earth space environment exceeds the cleanliness of existing 

Class 1 cleanrooms by a factor of 1000. 

In the most advanced fabrication facilities currently in use, wafers are stored 

in a hermetically sealed container between processes in order to reduce particle 

contamination". Storage in the same vacuum environment as used for processing 

would eliminate the hermetic container. 

A common cleaning step prior to processing is to remove silicon oxide that 

spontaneously forms on the surface of silicon when exposed to air. Such a cleaning 

step is not required when the wafer is stored and processed in a vacuum. 
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Figure 3.1 - Cleanliness of Space and Cleanroom Environments 

3.3.3 Atomic Oxygen 

The absorption of ultraviolet light from the Sun results in the dissociation of 

oxygen in the upper atmosphere46. In LEO, there is suacient atomic oxygen to use 

as a consumable. 

Atomic oxygen is often used for plasma cleaning of the wafer and can be used 

to remove organics from the surface of the wafer. The high velocity of a satellite in 

orbit results in each collision with an oxygen atom yielding 5 eV of impact energy. 

This energy is near the bonding energy of many molecules and allows chemical 

reactions to occur with a wide range of materials at low ambient temperatures58. 

Experiments in space beginning in the early 1980's have demonstrated that fast 
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atomic oxygen in orbit reacts with a wide range of solids at rates that exceed by an 

order of magnitude that of molecular oxygen or thermal atomic oxygen5*. 

3.3.4 Microgravity 

Applications such as space-based crystal growth rely upon the absence of 

gravity-driven convection currents to grow more perfect crystals. In contrast, the case 

for space-based semiconductor fabrication is primarily based upon the availability of 

free vacuum and the inherent cleanliness of vacuum. However, microgravity can 

provide advantages for space-based semiconductor fabrication. 

Earth-based fabrication facilities are inherently horizontal, with each piece of 

equipment occupying a fixed amount of floor area. Without gravity, an orbital 

fabrication facility would not have this constraint and the process equipment could be 

arranged in unique, three dimensional configurations to minimize volume and mass. 

In addition, the strength of the structure of space-based processing equipment can be 

reduced, determined primarily by the ability to survive launch stresses. 

3.4 Difficulties for Orbital Manufacturing of 
Semiconductors 

All semiconductor fabrication (with the exception of research done during the 

Wake Shield Project) has been done on Earth using the available resources. These 

resources include abundant power, water, and heat as well as an atmosphere of air at 

101.3 kPa (mean sea level pressure) and a gravity of 1 g. As a result, the processes 

developed for commercial semiconductor fabrication have been optimized to take 

advantage of this environment. 

In a high vacuum, microgravity environment, the optimum processes are 

likely to be different from those currently in use on Earth. Three identified 

difficulties with existing processes are the use of liquid organic polymer resists for 
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photolithography, the high use of de-iqnized water and liquid chemicals for cleaning, 

etching, and polishing, and the use of mechanical grips, vacuum pickups, and 

conveyer systems for wafer transport and fixturing. 

3.4.1 Lithography 

Conventional lithography uses a photosensitive liquid polymer to form a thin 

film on the wafer surface. The film is most commonly applied as a liquid to the 

center of a spinning wafer such that centripetal forces cause the liquid to flow 

outwards and evenly coat the entire wafer. Problems with such an approach in a 

microgravity, vacuum environment include clamping of the wafer to the spinning 

fixture and vaporization of the volatile organic liquid. 

On Earth, clamping is accomplished using a vacuum hold in which vacuum is 

applied to the backside of the wafer and atmospheric pressure is applied to the front 

side of the wafer. This pressure difference creates a strong clamping force. In a 

vacuum environment, there is no pressure difference between front and back sides of 

the wafer and alternative clamping methods are required. 

The liquids used as photoresist are not compatible with a vacuum 

environment. Upon exposure to vacuum, the volatile constituents such as solvents 

will vaporize from the resist, leaving unevenly cured polymer that can not be applied 

to the wafer. 

The spin coating process partially relies upon gravity acting perpendicular to 

the spinning wafer to level the film coating. Spin coating in a microgravity 

environment may not produce films with uniform thickness. 

A new, thermal lithographic process has been developed for the printing 

industry5'. Research on the application of this process to semiconductor fabrication is 

currently The thermal resist enhanced optical lithography (TREOL) 
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method utilizes a thermally sensitive resist that allows higher resolution to be 

achieved than with photosensitive resists using the same mask. 

In conventional photoresist processes, the reaction of the photoresist follows 

the law of reciprocity where the total exposure is integrated over time. This means 

that two separate exposures for half the time has the same effect as one exposure for 

the full time. In the TREOL process, the thermal resist does not follow the law of 

reciprocity, rather the resist only reacts when the temperature of the resist is raised 

above a certain threshold. If the resist is heated to just below this threshold and 

allowed to cool, the resist will remain completely unreacted. 

The TREOL process exploits the non-linear reaction of the thermal photoresist 

by exposing the resist through both a mask and a submask. Only the resist that is 

exposed through both the mask and submask reacts. The submask is moved in such a 

manner as to expose adjacent sections of the resist separately. In a rnicrofabrication 

DSW exposure system, the resist is exposed to pulses of UV light that are a few tens 

of nanometers in duration and are spaced hundreds of microseconds apart. This 

allows the resist material to cool before the next exposure. The result is a higher 

resolution image in the resist than can be achieved by photolithographic methods. 

Computer modeling has shown that the TREOL process can double the achievable 

resolution of current optical systems. It has been simulated that a 248 nm DSW 

system with the TREOL process can produce minimum feature sizes of 0.09 microns, 

similar to that achieved with the more expensive 195 nrn DSW's~'. 

The TREOL process can be made vacuum compatible. The thermal resist is 

not an organic liquid, but can be a variety of inorganic materials such as aluminum 

oxide (AlOx) or a bismuth and indium compound (BiIn) that may be applied to the 

wafer by a sputter deposition system. Research work is being conducted at Simon 

Fraser University (SFU) on adapting the TREOL process to semiconductor 
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fabrication. The system being examined is a bi-layer resist wherein the bottom layer 

is a protective layer and the top layer is the thermal resist layer13. 

In this system, a bottom layer of amorphous carbon or other similar material is 

sputter deposited on the wafer, followed by a top layer of a thermal sensitive material 

such as AlOx that is also sputter deposited. The top layer is developed using the 

TREOL process, leaving the bottom layer unaffected. The bottom layer is then 

patterned in oxygen plasma, duplicating the pattern of the top layer. The substrate is 

unaffected by the above processes. This yields a bi-layer resist pattern that can be 

used for subsequent processing such as deposition, etching of the substrate, ion 

implantation, etc. Once all processing for that wafer level has been complete, the bi- 

layer resist is removed by a combination of plasma etching and ion milling. 

This process is compatible with existing DSW equipment, can be performed 

in a vacuum environment, and is not dependant upon gravity. The one disadvantage 

of the AlOx resist process is that it is much less sensitive than current organic resists, 

requiring exposures of 40 rn~ /cm~ compared to 10 rn~lcm~ with regular resists. This 

makes it difficult to use in current exposure systems. However, new classes of 

inorganic thermal resists, such as BiIn, overcome these problems and offer 

advantages such as exposure wavelength independence. Should such resists achieve 

commercial acceptance, it would increase the vacuum requirement for lithographic 

processing. Chapter 6 explores the use of the AlOx thermal resist process in detail 

and develops candidate process flows for vacuum-based thermal lithography. 

Conventional photolithographic processes pose problems for space-based 

semiconductor fabrication, but processes, such as the AlOx process and those being 

developed by SFU, indicate that vacuum-compatible lithographic processes are 

readily possible and may even provide advantages over conventional lithography. 
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3.4.2 Wet Processes 

Abundant, available water has shaped the processes used in semiconductor 

fabrication. Early work in the field centered upon developing a cleaning process that 

yielded repeatable results. The RCA process has become the industry standard and 

modified versions of the process continue to be used today. The process requires 

large amounts of de-ionized water which has been so finely filtered that only very low 

concentrations (less than parts per million) of other contaminants (dissolved ions) 

exist in it. 

It is estimated that wafer cleaning processes account for 2,500 to 5,600 liters 

of water per wafer62. 

Wet processes are also used for material removal. Etching of the wafer 

substrate or thin film in liquid chemicals such as hydrofluoric acid (HF) are common. 

Micromachining, a growing industry based upon semiconductor fabrication 

processes, also relies upon pure liquid chemicals for bulk anisotropic etching of 

silicon. 

Planarization, or smoothing of the top surface of the wafer, is critical to 

achieving uniform metal traces in complex devices. Chemical mechanical polishing 

(CMP) is used to accomplish this step and requires liquid chemicals and DI water. 

All of the processes involving liquids are incompatible with a vacuum 

environment. Upon exposure to a vacuum, the liquids would immediately boil, 

rendering the process useless. Fortunately, there are alternative dry processes for 

cleaning and etching. Indeed, there is a growing effort in existing semiconductor 

fabrication processes to reduce or remove wet process steps due to the high cost of 

supplying DI water and treating waste chemical process streams2'. 
I 

I A dry cleaning process that is commonly in use today is that of plasma 

i 
cleaning. In this process, the wafer is subjected to a plasma induced by either DC or 



Chapter 3. Space-Based Processing 44 

RF means. The energy of the plasma ions is sufficient to break the bonds holding the 

particles to the substrate and, given sufficient exposure, the wafer is cleaned. 

In LEO there is an abundance of fast moving, atomic oxygen. The impact 

energy of an oxygen atom against a satellite is on the order of 5 keV, sufficient to 

break the bonds of many molecules. Exposure of the wafer to atomic oxygen could 

result in a low cost cleaning process that efficiently utilizes the available resources of 

LEO. 

Plasma etching, another dry process, is similar to plasma cleaning. In a 

plasma etching system, the plasma selectively removes certain materials depending 

on the chemistry of the plasma. A plasma etching system may operate at higher 

pressures and lower energies than a plasma cleaning system with mean free paths that 

are less than the chamber dimensions, thus ensuring that the etching process is 

primarily dependent upon the etch chemistry63. 

Ion milling accelerates particles using an electric field to knock molecules 

from the surface of the wafer. This cleaning process is not material selective and 

produces a uniformly clean surface. It also produces little waste and occurs in 

moderate vacuum, but is slower than wet cleaning processes and is primarily suited 

for single wafer processing. 

Wet processes cannot be readily accomplished in a vacuum, but alternative 

dry processes are already in widespread use. Such dry processes can be readily 

adapted to space-based semiconductor fabrication and offer the advantage of greatly 

reduced requirement for consumables. 

3.4.3 Wafer Handling 

In a semiconductor fabrication facility, the wafers must be transported from 

process to process and must be held in place within process equipment. Most new 

semiconductor fabrication facilities use an overhead monorail system to form a 
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material flow loop serving equipment bays within the AS semiconductor 

fabrication is a highly reentrant prockss, this results in substantial material flow 

between bays. 

Wafer cassettes are commonly used to group many wafers (typically 25 per 

cassette) in a secure, often hermetically sealed, environment for transport within the 

semiconductor fabrication facility. The use of wafer cassettes reduces the risk of 

breakage, simplifies transport by automated systems, and reduces particle 

contamination. Wafers must be loaded and unloaded from cassettes at each piece of 

process equipment. Such loading/unloading is often performed automatically by the 

process equipment itself. 

Fixturing of the wafer to the process equipment is accomplished by means of 

vacuum holds or mechanical clamps. Transport of the wafers between processes is 

accomplished by manual transfer of wafer cassettes, overhead transport systems, 

magnetically levitated transport systems, or other automated transport systems. 

Loading and unloading of the wafers from wafer cassettes is performed by manual 

means using vacuum tweezers (pickups) or automated means using robotic or 

mechanical manipulators. Cluster tools, groups of single wafer processing 

equipment, utilize robotic manipulators for transfer of individual wafers from station 

to station within the cluster. 

Wafer handling methods based upon vacuum holds and vacuum tweezers are 

not suitable for a vacuum environment. The holding forces developed by the 

difference between ambient atmospheric pressure and vacuum on the wafer's top and 

bottom surface are absent when vacuum is present on both sides. This poses 

problems for fixturing of wafers to process equipment and manually unloading wafers 

from wafer cassettes. 

Similarly, wafer handling methods that utilize gravity to hold the wafer in 

place during transport are not possible in a microgravity environment. Robotic 
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manipulators that mechanically grip the wafer are possible in a vacuum, microgravity 
I 

environment, although they can induce damage to the wafer itself and scatter 

particles, decreasing the cleanliness of the environment. 

A system that can transport and fixture wafers in a microgravity, vacuum 

environment without resorting to mechanical grips does not presently exist and has 

been identified as a critical link in realizing the 111 potential of space-based 

semiconductor fabrication. As such, much of the work in this thesis centers around 

the development, characterization, and modeling of a wafer transport and fixturing 

system suitable for use in a space-based environment. Chapter 4 describes a scheme 

for the transport and fixturing of silicon wafers using magnetic levitation. 

Logistics of Space-Based Manufacturing 
All space-based manufacturing facilities share a common set of logistic 

requirements: materiel must be transported to and from the facility, raw materials and 

components must be processed to produce finished goods, the facility must be 

assembled and maintained, consumables must be supplied and waste materials 

removed, and processing energy is required and processing heat must be removed. 

These requirements can be grouped into the logistic categories of transportation, 

accommodation, disposition, and energy. 

3.5.1 Transportation 

Transportation requirements include one time transportation activities as well 

as operational transportation activities. 

One-time transportation activities include transporting the manufacturing 

equipment and facility from Earth to its orbital location, transporting the construction 

crew to the facility (if on-site fabrication is required), and transporting the power 
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supply to orbit. These one time transportation activities may be accomplished with a 

single launch, or, as in the case of the International Space Station currently under 

construction, through several launches6'. 

Operational transportation activities are concerned with the scheduled delivery 

of raw materials from Earth to orbit and finished product from orbit to Earth. In 

addition, transportation of maintenance crews and production workers, if required, 

must be provided. The mode of operational transport may be one to one where each 

launch provides raw materials to the facility and returns finished goods to Earth, or 

may be one to many where each launch provides raw materials to the facility, but 

finished goods are returned to Earth asynchronously, in small return capsules. 

Table 3.3 shows the transport logistic hnctions that must be hlfilled. 

Table 3.3 - Transport Logistic ~ u n c t i o n s ~ ~  

Item Earth to Orbit Orbit to Earth 
Manufacturing equipmentlfacility One time 
Power supply One time 
Millwright/construction crew One time One time 
Raw materials Recurring 
Support expendables/consumables/wastes Recurring Recurring 
Finished goods Recurring 
Maintenance crew Recurring Recurring 
Production workers Recurring Recurring 

3.5.2 Accommodation 

The facility must accommodate production equipment, raw materials, work in 

process (WIP), finished goods, spare parts/tool, waste products, and optionally, 

personnel. 

The purpose of the facility is to convert raw materials to finished goods and 

therefore must support the complete manufacturing process. The equipment that must 

be accommodated includes not only the processing equipment, but also intra-facility 
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transportation systems and control/m~nitoringlinspection equipment. Storage of 

readily accessible raw materials must be provided along with intermediate storage of 

partially processed goods. Separate storage for packaged, finished goods is required. 

Maintenance of the facility and production equipment must be intermittently 

performed. Unless accommodation for maintenance crews is provided externally (i.e. 

aboard the space shuttle or a central housing module), some form of accommodation 

must be provided for extended visits. 

Fully automated production facilities do not have to accommodate production 

workers. However, facilities which do employ production workers must either 

provide living quarters for the workers or provide a housing space that is shared 

between several co-located orbital production facilities. 

Table 3.4 shows the accommodation logistic fbnctions that must be fblfilled. 

Table 3.4 - Accommodation Logistic ~ u n c t i o n s ~ ~  
Item TJse 
Manufacturing equipment Continuous 
Millwrinht/construction crew One time 
Raw materials Recurring 
Finished goods Recurring 
Maintenance crew Intermittent 
Waste products Recurring 
Spare partsltools Recurring 

3.5.3 Disposition 

In addition to producing finished goods, all manufacturing facilities produce 

byproducts which must be disposed of. Process wastes are produced by the 

individual processes and include waste chemicals, gases, and material. Support 

wastes are produced by the equipment, the facility, and maintenance, and include 
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used parts, damaged tools, and packaging. Heat waste is produced by the processes 

themselves. 

All orbital manufacturing facilities must have some means of disposing of 

process and support waste products. The traditional method of jettisoning such 

wastes will not fbnction in the ever more crowded space of near Earth orbit. Already, 

there is an effort to reduce and eliminate foreign particles jettisoned from spacecraft 

in order to minimize impact hazards for orbiting bodies. In addition, there are 

preliminary proposals to eliminate deliberate outgassing from such spacecraft66. It 

appears that the space environment is fragile and that environmental protection efforts 

for Earth orbit satellites will increase. 

Heat waste can be dissipated by heat rejection (radiation) into space without 

affecting the orbital environment or other satellites. 

As the cost of injecting material waste into high or escape orbits is large, it is 

likely that the disposition of process and support wastes from orbit to Earth will 

become a transportation logistic requirement for all orbital manufacturing facilities. 

Table 3.5 shows the disposition logistic fbnctions that must be fulfilled. 

Table 3.5 - Disposition Logistic ~ u n c t i o n s ~ ~  

Item Onsite Storage Orbit to Earth Transportation 
Process wastes Recurring Recurring 
Support wastes ~ecurring Recurring 
Heat Waste N/ A N/ A 

3.5.4 Energy 

Energy is required for all production processes. Some processes require heat, 

others require electromagnetic or electrical stimulation. All process equipment 

requires electrical power as does control, monitoring, and data management 
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equipment. The facility itself requires power for housekeeping and environmental 

control as well as attitude and altitude stabilization. 

Table 3.6 - Energy Logistic ~ u n c t i o n s ~ ~  
Item Electricity Chemical Solar 
Process heat J J J 
Process electromagnetics, potentials, emissions J 
Process equipment J 
Process control and data management J 
Housekeeping J 
AttitudetAltitude control J J 

Process heat can be provided by either solar collectors, chemical or nuclear, or 

by electrically powered heaters. Waste process heat from one process may be able to 

be used for other processes, thereby minimizing the heat power requirement. 

Electricity, used for process heating, electromagnetic processes, process 

equipment operation, and facility operation can be produced by chemical, nuclear, or 

solar means. As the requirement for electricity is ongoing, it is likely that it will be 

generated by onsite solar cells in order to minimize ongoing launch costs required to 

supply chemicals or batteries. 

All orbiting satellites require a means of maintaining position and attitude. 

The common method of reaction wheels and thrusters imposes additional 

requirements for energy. Depending on the facility orbit and expected lifetime, 

additional fuel for the thrusters must be provided through resupply flights. It is 

expected that reaction wheels would operate on electrical power. 

Table 3.6 shows the energy logistic fhctions that must be fulfilled. 

3.6 Definition of Space-Based Fabrication Facility 
It is usefbl to define the scope of a space-based facility for semiconductor 

fabrication. Obviously, such a facility must be capable of performing all of the 
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processes needed to fabricate a well defined portion of the finished electronic device. 

As the manufacture of the wafer itself is very energy intensive and requires large 

amounts of material, it is not a good candidate for space-based fabrication at this 

time. Similarly, the final inspection and packaging of the completed device does not 

benefit from space-based fabrication as the packaging is a material intensive, low 

value process. However, the wafer fabrication process, consisting of repeated steps 

of material deposition, patterning, material removal, doping, and heating, is a high 

value, low mass process that has high cleanliness and vacuum requirements. Values 

for completed wafers range from $20,00O/kg for logic devices up to $1,000,000/kg 

for fast-turnaround ASIC devices3'. An orbital facility capable of producing 10,000 

200 mrn diameter wafers per month would require only 500 to 600 kg of raw 

materials per month, depending on device type3'. 

The threshold voltage of MOS transistors in CMOS devices is affected by 

trapped charges in the gate oxide. While it might be thought that the radiation in orbit 

would induce sufficient damage to greatly increase the quantity of trapped charges in 

the gate oxide, it can be shown that, in the absence of an applied electric field, a wafer 

that spends up to one month in LEO would receive less than 10 rads of effective 

radiation damage. This amount of damage in electronics can safely be ignored and is 

reduced even fbrther by a low temperature (450•‹C) anneal on Earth prior to 

packaging, similar to that done for current Earth-based production67. 

The cost of providing the appropriate environment on Earth for wafer 

fabrication is high, leading to large capital and operational costs. This implies that 

the space-based semiconductor fabrication facility should be limited to processing 

pre-manufactured wafers shipped from Earth and that the completed wafers should be 

shipped back to Earth for final inspection and packaging. 
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Depending on the delivery schedule for raw materials and the required device 
I 

turnaround time, the onboard fabrication of masks from blanks may also be a 

desirable process to include in a space-based semiconductor fabrication facility. 

Figure 3.2 shows a summarized process flow for a semiconductor device 

produced in a space-based fabrication facility. 
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Figure 3.2 - Process Flow for Space-Based Microfabrication Facility 
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Conclusions 
This chapter has described advantages of manufacturing in orbit, as well as 

the difficulties in adapting semiconductor processing to such an environment. The 

logistics of an orbital manufacturing facility were examined and the hnctions of a 

space-based semiconductor fabrication facility defined, 

Manufacture of semiconductor devices in low Earth or higher orbit was shown 

to offer many advantages including a clean, native vacuum environment with atomic 

oxygen. The near absence of gravity was shown to provide opportunities for reducing 

processing equipment mass and volume. 

However, present microfabrication processes were shown to be difficult to 

duplicate in the near-Earth space environment. Lithography, processes using liquids, 

and wafer handling were identified as potential problem areas. 

The logistics of a space-based manufacturing facility were examined and it 

was found that transportation, accommodation, disposition, and energy were 

important factors that must be included in any study of the feasibility of space-based 

fabrication. 

Finally, the scope of a space-based semiconductor fabrication facility was 

reviewed. It was determined that the most effective use of space resources (clean, 

vacuum environment) lay in limiting the microfabrication steps to wafer processing 

(patterning, deposition, etching, doping) and performing wafer growth, final testing, 

and packaging in a conventional Earth-based facility. 



Chapter 4 

Wafer Handling Using Electromagnetic 
Levitation 

4.1 Introduction 

This chapter describes a scheme for the transport and fixturing of silicon 

wafers using electromagnetic levitation. The basic theory is reviewed and a 

numerical model is developed. The results of that model are examined for two cases: 

fixturing of the wafer to an end effector, and non-contact wafer transport and 

fixturing using a two-dimensional linear motor. 

It is found that an array of solenoids is able to exert controllable forces on a 

wafer with embedded eddy current conductor loops. The magnitude of the forces are 

found to be suitable for wafer transport in a low or rnicrogravity environment using 

moderate power levels. In one scenario, accelerations of 1.91 rnls2 perpendicular to 

the wafer and 0.16 m/s2 parallel to the wafer are produced for a 200 mm diameter 

wafer using 24 watts of power. 

4.2 Background 
In Section 3.4 Difficulties for Orbital Manufacturing of Semiconductors, three 

items were identified as barriers to manufacturing semiconductor devices in a 

microgravity, vacuum environment: lithography, wet processes, and wafer handling. 

There appear to be viable alternatives for lithography and wet processes in such an 

environment, but no alternatives for wafer handling that do not utilize mechanical 

grips. While semiconductor fabrication is feasible with wafer handling systems using 
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mechanical grips, the potential cleanliness of the vacuum environment is not hlly 
I 

realized due to particulate scatter and mechanical wafer damage caused by the grips. 

Therefore, much of the research in this thesis focuses on the development and 

modeling of a wafer handling system suitable for use in an orbital semiconductor 

fabrication facility. 

As described earlier in Section 3.4.3, wafers must be transported between 

processes and secured during processing. Traditional means of handling wafers, such 

as vacuum holds, mechanical clamps, and gravity-assisted robotic manipulators, are 

not well suited for the microgravity, vacuum environment of an orbital semiconductor 

fabrication facility. Vacuum holds are ineffective in a native vacuum environment. 

Mechanical grips can cause wafer damage and scatter particulates. Gravity assist is 

not available for a non-spinning orbital fabrication facility. 

A system has been developed by the author to accomplish wafer transport and 

fixturing in a microgravity, vacuum environment6'. This system is based upon the 

induction of electric currents in predefined conductors embedded in each wafer. The 

magnetic field produced by those currents reacts with external magnetic fields to 

produce forces on the wafer. Control of both the induced wafer currents and the 

external magnetic fields allows directed forces to be generated at the wafer. Because 

the wafers will exist in a microgravity environment, only very small forces are 

required to maintain position control6'. Similarly, quasi-static displacements can be 

accomplished by imposing small forces. 

Similar systems are used in other applications: a magnetically levitated 

automated contact analytical probe tool7', mag-lev stage for a lithography DSW 

stepper7', and a magnetically levitated wafer carrier72. This system is thought to be 

the first application of directly manipulating a wafer (instead of a wafer carrier) by 

electromagnetic means. 
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Figure 4.1 shows a single wafer with four embedded eddy current conductor 

loops (anticipated to be constructed from refractory metals or silicides) and four 

external solenoid coil assemblies. Forces are generated at each eddy current 

conductor loop and transferred to the wafer 

EDDY CURRENT 
CONDUCTOR LOOP 

200 MM DIAMETER 
WAFER FLOATING 

f OVER FIXTURE 
SURFACE 

FIXTURE SURFACE 

EXTERNAL ASSEMBLY 
OF SOLENOID COILS 

Figure 4.1 - Wafer and Electromagnetic Handling Solenoids 

The electromagnetic wafer handling (EMWH) system is best suited to 

fixturing and transport of individual wafers, rather than wafer batches. The proposed 

orbital processing facility, described later in this thesis, is developed on the basis that 

only single wafer processes are utilized. The advantages of single wafer processing73, 

coupled with the inherently clean vacuum environment, allow batch wafer storage 

means such as cassettes to be eliminated and processing equipment requirements to 

be reduced. 
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4.3 Wafer Handling Design Goals 
The design goal of an EMWH system is to allow the transport and fixturing of 

single wafers within a microgravity, vacuum environment. To meet that goal, such a 

system should be able to provide one or more modes of operation required to 

transport or fixture wafers and should be compatible with all wafer processing 

requirements. 

4.3.1 Modes of Operation 

There are three distinct modes of operation for such a system: wafer holddown 

mode, vertical positioning mode, and horizontal positioning mode. 

4.3.1.1 Wafer Holddown Mode 

In the simplest mode, the EMWH system must be capable of supplying a 

holddown force to the wafer similar in nature to that available from a vacuum clamp. 

In this mode of operation, the EMWH system maintains the wafer in continuous 

contact with a fixture surface using an attractive force. Uses of this mode of 

operation, shown in Figure 4.2, are to hold the wafer to a robotic end effector during 

movement of the robot, to clamp the wafer in position during processing, and for heat 

sinking of the wafer during ion implantation. 

Figure 4.2 - Wafer Holddown Mode 
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4.3.1.2 Vertical Positioning Mode , 

The vertical positioning mode, shown in Figure 4.3, is similar to the wafer 

holddown mode in that it is used for holding the wafer in position during processing. 

However, in this mode the wafer is not in contact with the fixture surface, but is held 

at a controlled distance from the surface. Attractive and repulsive forces generated 

perpendicular to the plane of the wafer are considered as vertical forces and are used 

to control the height of the wafer from the fixture. Centering forces parallel to plane 

of the wafer are considered as horizontal forces and are required to maintain the 

position of the wafer within the fixture. Uses of this mode of operation include 

loadinglunloading of the wafer from a robotic end effector and fixturing of the wafer 

in position during processing when contact with the fixture surface is not desired. 

Figure 4.3 - Vertical Positioning Mode 

4.3.1.3 Horizontal Positioning Mode 

The most complex mode of operation is the horizontal positioning mode 

shown in Figure 4.4. In this mode, the EMWH system produces continuous vertical 

and horizontal forces at the wafer as the wafer moves over a surface with controlled 

position, velocity and height. The primary use of this mode is to transport wafers 

from process to process without the use of an external carrier such as a wafer cassette. 
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Figure 4.4 - Horizontal Positioning Mode 

4.3.2 Wafer Processing Requirements 

In order for the EMWH system to be viable, it must be easily applied to the 

wafer and must not hinder downstream wafer processing. It is noted that processes 

that may be affected by the magnetic fields required will need to be studied in order 

to confirm the viability of the EMWH system in those cases. 

Preprocessing of the wafer to enable control by the EMWH system must be 

possible without impairing the base properties of the silicon wafer. 

All processes required to fabricate semiconductor devices must be compatible 

with the wafer after preprocessing and transport by the EMWH system. The EMWH 

preprocessing must not be affected by deposition of new material, patterning of 

layers, removal of material, doping, cleaning, and heating of the wafer. 

Research is being conducted at Simon Fraser University on a direct-write 

method of forming thick, silicide conductors on the back side of wafers using laser- 

induced chemical vapor deposition. It is hypothesized that successfbl application of 

this technique will lead to a preprocessing method of forming eddy current 

conductors that meets the above wafer processing requirements. The deposition of 
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these silicide rings is beyond the scope of this thesis and will be done in fbture 

research. 

Simulation Models 
The following sections detail the development of basic models to determine 

the feasibility of EMWH for orbital semiconductor fabrication. 

The goal of modeling the EMWH system in this thesis is to determine whether 

such a system is possible, and if so, can it be applied to wafer handling in a 

microgravity, vacuum environment. Many of the fine details of such a system have 

been neglected in this "first pass" system modeling as they are not necessary to meet 

the goal. However, implementation of such a system would require that a more 

sophisticated model be developed. 

Table 4.1 - Key Modeling Assumptions 

Item Assumption 
Wafer 
Wafer Diameter 200 or 300 mm 
Wafer Thickness 0.0005 m (0.5 mm) 
Wafer Mass 3 6 g o r 8 8 g  

Wafer Holddown Mode 
Maximum Vertical Acceleration 1 m/s2 

Vertical Positioning Mode 
Nominal Positioning Height 0.001 m (1 mm) 
Maximum Vertical Acceleration at Nominal Height 0.1 m/s2 
Horizontal Positioning Mode 
Nominal Positioning Height for Wafer Transport 0.001 m (1 mm) 
Maximum Vertical Acceleration at Nominal Height 0.1 m/s2 
Maximum Horizontal Acceleration at Nominal Height 0.1 m/s2 

Although all of the models described below assume a feedback EMWH 

system, only the actuation of the wafer (the generation of forces at the wafer) is 

modeled. The incorporation of control and position sensing, not an insignificant 

problem, is only briefly described. 
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All modeling has been done using a combination of custom programming and 

spreadsheets. The program listing is available in Appendix A. The key assumptions 

used in developing the models are listed in Table 4.1. 

4.4.1 Basic Magnetic Equations 

The system models build upon basic magnetic equations. Equations common 

to all models are described briefly below. 

The magnetic field B in a material with permeability p due to magnetic field 

H is defined (in MKS units) by74 

The magnetization M in a linear isotropic media with magnetic susceptibility 

x in a magnetic field H is defined by74 

The force F exerted on a particle with charge q moving in direction v in a 

magnetic field of strength B is described by75 

For a conductor with current i flowing along length 1 in a magnetic field of 

strength B, the force F exerted on the conductor is described by 
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I 

Figure 4.5 - Force on a Conductor 

When the magnetic field B is perpendicular to the conductor, the magnitude of 

the force F can be calculated by 

In all cases, the direction of F is perpendicular to both the conductor and the 

magnetic field B. 

The magnetic flux @B measures the number of magnetic lines that pass 

through a surface S enclosed by a conductor and is defined by76 

A conductor experiences an induced emf 8 in the presence of a changing 

magnetic flux according to Faraday's law of induction76 
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In a closed loop conductor, the induced emf E gives rise to a current i based on 

the resistance R and inductance L of the conductor as defined by 

Each point PO in a conductor carrying current i contributes dB to the magnetic 

field at a point PI. Letting r define a distance vector from Po to PI, dB is calculated 

by the Biot Savart law7' 

For a circular current loop of radius a, shown in Figure 4.6, the magnitude of 

the radial and axial components of the magnetic field, B, and Bz, can be calculated by 

integrating (4.9) around the current loop. 

Figure 4.6 - Current Loop Coordinate System 

For points (r, z) that lie along the z axis, the result is78 

B, (z) = 0 
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, and 

However, for points not on the z axis, the calculation of radial and axial 

components of the magnetic field B is more complex79 

and 

Uin equations (4.8) and (4.9) is defined by7' 

Equations (4.12) and (4.13) for the magnetic field components are utilized in 

place of other available equation forms which commonly involve elliptic integralss0 

due to the ease with which they can be calculated numerically. 

4.5 Single Solenoid Model 
The first model examined for the EMWH system is composed of four circular 

current loops embedded in the wafer and four external solenoids attached to a fixture. 
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Four circular current loops were chosen so that the forces exerted on the wafer due to 

the EMWH system could be evenly distributed and because the size of the current 

loops was such that they could be included, if needed, in lieu of devices on the wafer. 

These loops may be located in the outer, unused sections of the wafer or on the 

backside of the wafer. 

Figure 4.7 - Wafer with Embedded Conductor Loops 

Each of the identical circular current loops forms a 0.005 m (5 rnm) radius 

circle that is concentric with the external solenoids. The conductors are composed of 

deposited refractory metals (i.e. tungsten) or silicides, so as to be compatible with 

downstream thermal processes. 

As all four conductor/solenoid assemblies are identical, only a single 

assembly is modeled. Figure 4.8 shows a detail view of a single current loop and 

solenoid assembly. 
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TOP VIEW 

SECTION VIEW 

Figure 4.8 - Single Conductor Loop and Solenoid Assembly 

Key assumptions and limiting criteria for this model are shown in Table 4.2. 

Table 4.2 - Single Solenoid Model Key Assumptions and Limiting Criteria 

Symbol Description Value 
b circuit diameter of conductor loop on wafer 0.005 m (5 mm) 

Re circuit resistance of conductor loop on wafer 1 ohm 
g, maximum induced EMF in wafer 1 volt 
f maximum solenoid current waveform frequency 10 kHz - - 
Po permeability of vacuum environment 47t x 10'~ W m  

The maximum EMF is limited to 1 volt in order to avoid inducing voltages in 

semiconductor devices during wafer transport that exceed device ratings. The 

frequency of alternating current in the external solenoid is limited to restrict the dildt 

slope to achievable values. 

It is predicted that attractive and repulsive forces can be generated on the 

circular conductor loop embedded in the wafer by the varying magnetic field of the 



Chapter 4. Wafer Handling Using Electromagnetic Levitation 67 

external solenoid. A lagging phase shih in the eddy current induced in the conductor 

loop due to conductor loop inductance is expected to cause a time averaged force 

perpendicular to the conductor loop to be generated for the appropriate solenoid 

current waveform. 

4.5.1 Model Development 

The multiturn solenoid, shown in Figure 4.9, is modeled as a series of circular 

current loops each separated by distance d using equations (4.12) and (4.13). The 

solenoid is comprised of N turns of conductor wire of diameter d that are wound 

around a ferromagnetic core of susceptibility X. 

- r 

CORE 

N TURNS 

Figure 4.9 - Multiturn Solenoid with Core 

The external magnetic field B, is the sum of the magnetic field Bo due to the 

current loops alone and the magnetic field B, due to the magnetization of the 

ferromagnetic core 

B, = B, -tB, = &(H, + H,) 
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The radial and axial components of the magnetic field BO due to the solenoid 
I 

without the ferromagnetic core are calculated by 

Bor (r ,  r )  = zN-l n=O B, ( r ,  z + nd) 

BOz (r ,  Z )  = xN-' n=O B, (r ,  z + nd) (4.17) 

To simplifl the calculation of the external magnetic field B, of the solenoid 

with the ferromagnetic core, it is possible to replace it with a distributed, fictitious 

magnetic charge of _+qm that is assumed to lie at each end of the solenoid on the z 

axis. 

The magnetic charge over a closed surface is zero and the magnetic charge q,,, 

for a surface S is calculated bys1 

For a long solenoid, the normal component M, of magnetization M only 

occurs at the ends of the solenoid and the magnetic charge dq, for each piece of 

surface area dA on the end is calculated bys1 

dq, = -M,& (4.19) 

The normal component M, of M at the ends of the long solenoid is 

approximated as 
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using equations (4. I), (4.2) and (4.17) and the total magnetic charge qm at each end is 

calculated by 

A single, fictitious magnetic charge dqm in space at point Po gives rise to a 

magnetic field dBm at a point PI. Letting r define a distance vector from Po to PI, the 

magnetic field for each solenoid end Bmend is calculated byX2 

and the magnetic field B, due to the magnetization of the ferromagnetic core is the 

sum of the magnetic field Bmend for each end of the solenoid 

The final magnetic field due to the solenoid is the sum of Bo and Bm. 

Appendix A contains a program listing of the fknctions BrMultiLongCore and 

BzMultiLongCore defined using equations (4.15) to (4.24) to model the radial and 

axial components of the external B, field of a long solenoid with a ferromagnetic 

core. 
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4.5.2 Simulation Parameters , 

The reference solenoid used has the characteristics shown in Table 4.3. 

Table 4.3 - Reference Solenoid Characteristics 

Symbol Description Value 
N number of turns 25 
d conductor diameter 0.0004 m (0.4 mm) 
1 length 0.01 m (10 mm) 
a radius 0.001 m (1 mm) 
R, resistance 0.0196 ohms 
X magnetic susceptibility 2000 

A magnetic susceptibility of 2000 was chosen so as to be readily achievable 

with a low cost core. For comparison, the magnetic susceptibility of ferrite is 1000, 

and of transformer iron is 4 0 0 0 ~ ~ .  

The radial component Bsr and axial component B, of the solenoid magnetic 

field Bs at heights z = 0.0005 m to 0.003 m for a current is of 16 amps is shown in 

Figure 4.10 to Figure 4.13 for the solenoid with a ferromagnetic core (X = 2000) and 

without a ferromagnetic core (X = 0). 

Figure 4.10 - Radial B Field for Reference Solenoid with ~ 2 0 0 0  
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Figure 4.11 - Axial B Field for Reference Solenoid with ~ 2 0 0 0  

0 0.002 0.004 0.006 0.008 0.01 

r (ml 

Figure 4.12 - Radial B Field for Reference Solenoid with ~0 

Figure 4.13 - Axial B Field for Reference Solenoid with ~0 
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To determine the force F produced by induced current i, in the conductor loop 

due to the external magnetic field B,, a complete cycle with periodp is modeled. The 

solenoid current is is varied with time according to a predefined waveform. The 

induced current at each point in time is calculated from equation (4.8) and the 

instantaneous axial force Fz is calculated from equation (4.5). The average axial force 

is calculated by 

The instantaneous solenoid power P, required to produce current i, is 

calculated by 

. 2  di, Ps = 1, R, + L, - 
dt 

Assuming that the inductive power requirement is balanced by external 

capacitors, the average power consumption over a complete cycle is calculated by 

The reference cycle used has the characteristics shown in Table 4.4. 

Table 4.4 - Reference Cycle Characteristics 

Symbol Description Value 
f cycle frequency 10 lcHz 
p cycle period 1 

i,, maximum solenoid current 16 amps 
(diddt),, maximum rate of change of current 320000 ampsls 
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4.5.3 Simulation Results , 

For a wafer ring centered on the coil with an axial displacement z = 0.001 my 

using the modeling process described above with the reference cycle shown, Figure 

4.14 to Figure 4.17 shows the applied solenoid current is, the induced eddy current i,, 

the instantaneous axial force Fz, and the instantaneous power requirement P,. 

0 45 90 135 180 225 270 315 360 

Cycle Phase (degrees) 

Figure 4.14 - Solenoid Current for 
Single Solenoid Model 

Cycle Phase (degrees) 

Figure 4.16 - Axial Force for Single 
Solenoid Model 

0 45 90 135 180 225 270 315 360 

Cycle Phase (degrees) 

Figure 4.15 - Eddy Current for Single - 
solenoid Model 

6 

0 45 90 135 180 225 270 315 360 

Cycle Phase (degrees) 

Figure 4.17 - Solenoid Power for Single 
Solenoid Model 
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The results of this simulation fo; a single solenoid are shown in Table 4.5. 

Table 4.5 - Single Solenoid Simulation Results 

Symbol Description - Value 
F, average axial force 3.33 x 10'~' N 

average power consumed 1.81 watts 

The low average axial force is due to the very small phase shift developed 

between the external magnetic field B, and the induced eddy current i,. The time 

constant of the wafer conductor loop is only 1.82 x lo-' seconds, well below that of 

the applied current waveform. The application of a much higher frequency waveform 

would create a larger phase difference, and hence a larger force, but would result in 

dildt slopes for the solenoid that are impractical to achieve. 

4.6 Circular Solenoid Array Model 
The next model examined for the EMWH system is again composed of four 

circular conductor loops embedded in the wafer and four external solenoid assemblies 

attached to a fixture. The circular conductor loops are identical to those described in 

Section 4.5 Single Solenoid Model. The external solenoid assemblies are different. 

As all four conductor/solenoid assemblies are identical, only a single assembly, 

shown in Figure 4.18, is modeled. 

The key assumptions and limiting criteria for this model are the same as those 

for the Single Solenoid Model and are shown in Table 4.2. 
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Figure 4.18 - Circular Solenoid Array Assembly 

It was not possible to generate large axial forces using the Single Solenoid 

Model due to the small phase difference between the applied and induced currents. 

As the force is a function of the induced current and the external magnetic field, it is 

reasoned that a solenoid assembly comprised of two or more separately controllable 

solenoids can be used to induce an eddy current while providing a strong magnetic 

field at the wafer conductor loop. One such configuration is comprised of a central 

solenoid and a circular array of solenoids surrounding the central solenoid, and is 

shown in Figure 4.18. 

In this model, the current in the central solenoid is independently controlled 

&om the current in the outer circle of solenoids. In the base case, the same current 

waveform is applied to all outer solenoids. 
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It is predicted that attractive and repulsive forces can be generated on the 

circular conductor loop embedded in the wafer by independently varying the 

magnetic field of the central and outer external solenoids. 

4.6.1 Model Development 

Each multiturn solenoid in the circular solenoid array is modeled as a series of 

circular current loops each separated by distance G? The solenoid is comprised of N 

turns of conductor wire of diameter d that are wound around a ferromagnetic core of 

susceptibility X. 

The magnetic field B, for the solenoid circle is the sum of the magnetic fields 

B, for each individual solenoid 

The external magnetic field B, of each solenoid can be calculated by equation 

(4.24). However, use of equation (4.24) for each solenoid is computationally 

intensive. A less complex model, based on a magnetic dipole, has been developed. 

The dipole model of the solenoid is based upon the fictitious magnetic charge 

q, that was described in Section 4.5.1. 

From equation (4.15) it is shown that the external magnetic field B, is 

comprised of the magnetic field Bo that is due to the solenoid alone without a core, 

and the magnetic field B, that is due to magnetization of the core. 

With a lumped magnetic charge q,,,d replacing the distributed magnetic 

charge in equation (4.22), the magnetic field Bmend due to the magnetic charge is 

calculated by 
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The magnetic field BO can be approximated by a lumped magnetic charge 

qmoend on each end of the solenoid. This approximation is exact for the far field, but 

has errors near the end of the solenoid. The magnetic field BDend due to the magnetic 

charge on a single solenoid end is calculated by 

The magnetic charge qmoend is assumed to arise from a uniform axial magnetic 

field Bb across the end of the solenoid 

The approximation of the magnetic field B, is the sum of the magnetic fields 

produced by the lumped magnetic charges on each end of the solenoid 

The accuracy of the magnetic field B, calculated using the dipole model 

versus that calculated using the solenoid model can be determined by the error 

fraction cs of the axial and radial components of the magnetic field. Equations (4.33) 

and (4.34) show how the error fraction 8, is calculated. 
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Figure 4.19 shows the error fraction of the radial and axial components of Bs 

calculated with the dipole model for the reference solenoid at z = 0.001 m. It is seen 

that the error asymptotically approaches zero at large radial distances from the 

solenoid. At typical radial distances used in the model (0.002 m), the error in the 

calculated magnetic field is approximately lo%, leading to similar size errors in the 

final calculated forces. This level of error is considered to be acceptable in this "first 

pass" model of the EMWH system in order to show the feasibility of the concept. 

Later models will require more accurate magnetic field calculations. 

Figure 4.19 - Error Fraction of Magnetic Field 
Strength Calculated by Dipole Model 
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Appendix A contains a progrqm listing of the hnctions BrDipoleCircle and 

BzDipoleCircle defined using equations (4.28) to (4.32) to model the radial and axial 

components of the external B, field of a circular solenoid array. 

4.6.2 Simulation Parameters 

Table 4.6 shows the characteristics of the center solenoid in the circular 

solenoid array. 

Table 4.6 - Center Solenoid Characteristics 

Symbol Description Value 
N number of turns 25 
d conductor diameter 0.0004 m (0.4 mm) 
I length 0.01 m (10 mm) 
a radius 0.001 m (1 mm) 
R, resistance 0.0196 ohms 
X magnetic susceptibility 2000 

Each solenoid in the outer solenoid circle has the characteristics shown in 

Table 4.7. 

Table 4.7 - Outer Solenoid Characteristics 

Symbol Description Value 
N number of turns 50 
d conductor diameter 0.0002 m (0.2 mm) 
I length 0.01 m (10 mm) 
a radius 0.001 m (1 mm) 
R, resistance 0.163 ohms 
X magnetic susceptibility 2000 

The characteristics of the reference circular solenoid array are shown in Table 

Table 4.8 - Reference Circular Solenoid Array Characteristics 

Symbol Description Value 
j number of outer solenoids 22 
c radius of solenoid circle 0.007 m (7 mm) 
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The radial component B, and axial component B, of the reference circular 

solenoid array magnetic field Bc for an inner solenoid current iSi of 0 amps and an 

outer solenoid current i,, of 4 amps for each solenoid in the circle is shown in Figure 

4.20 and Figure 4.21. 

0 0.002 0.004 0.006 0.008 0.01 

r (m) 

Figure 4.20 - Radial Bc Field for Reference Circular Solenoid Array 
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Figure 4.21 - Axial Bc Field for Reference Circular Solenoid Array 

4.6.3 Simulation Results 

The solenoids are driven with 10 kHz waveforms. The center solenoid current 

is out of phase with the outer solenoid current. For a centered wafer with an axial 
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displacement z = 0.001 m, using proce'ss described above, Figure 4.22 to Figure 4.25 

shows the applied inner solenoid current is,, applied outer solenoid current is,, the 

induced eddy current i,, the instantaneous axial force Fz, and the instantaneous total 

power requirement PC. 

Cycle Phase (degrees) 

Figure 4.22 - Solenoid Current for 
Circular Solenoid Array 

Cycle Phase (degrees) 

Figure 4.24 - Axial Force for Circular 
Solenoid Array 
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Figure 4.23 - Eddy Current for Circular 
Solenoid Array 
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Figure 4.25 - Power for Circular 
Solenoid Array 



Chapter 4. Wafer Handling Uszng Electromagnetic Levitation 82 

The results of this simulation for a single circular solenoid array are shown in 

Table 4.9 and indicate that the circular solenoid array is capable of providing a 

significant axial force to the conductor loop in the wafer. 

Table 4.9 - Circular Solenoid Array Simulation Results 

Symbol Description Value 
average axial force -0.055 N 

average power consumed 25.9 watts 

For a centered wafer (r = 0 m), Figure 4.26 and Figure 4.27 show calculated 

variations in average axial forces and power consumption <. 

Figure 4.26 - Axial Force Variation with Figure 4.27 - Axial Force Variation with 
Axial Distance Power Consumption 

It is seen that the direction of axial force reverses as the conducting loop is 

brought very close to the solenoid and that the maximum force occurs at 

approximately z = 0.0005 m. 
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Figure 4.27 shows the linear relationship between applied solenoid power and 
I 

axial force for a specific position of the conducting loop. For the specific conditions 

shown (z = 0.001 m), the force developed per unit power is -0.00225 N/W. As the 

axial distance between the conducting loop and the circular solenoid array is 

decreased, the force developed per unit power is increased. 

Figure 4.28 and Figure 4.29 show the average axial force and the average 

radial force exerted on the conductor loop in the wafer for a range of 

displacements r and z. 

Figure 4.28 - Axial Force due to Figure 4.29 - Radial Force due to 
Circular Solenoid Array Circular Solenoid Array 

It is seen that for the current waveform shown in Figure 4.22, the average 

axial force is negative, indicating that the wafer is attracted to the solenoid 

assembly. With this same waveform, the average radial force E ,  for positive 

displacements of r, is negative. The negative radial force provides a centering action 

on the wafer. 
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However, in order to maintain the wafer at constant distance z from the 
I 

solenoid assembly in the presence of external axial disturbances, both positive and 

negative axial forces are required. Positive axial forces are generated by shifting 

the phase of the outer solenoid current i, by 180'. 

0 45 90 135 180 225 270 315 360 

Cycle Phase (degrees) 

Figure 4.30 - Phase Shifted Solenoid Current 
for Circular Solenoid Array 

For a conductor loop that is at a distance of z = 0.001 m from the solenoid 

assembly and offset from the center of the solenoid assembly by r = 0.001 m, the 

simulation results produced by the reference waveform in Figure 4.22 and the 180" 

phase shifted waveform of Figure 4.30 are shown in Table 4.10. 

Table 4.10 - Circular Solenoid Array Simulation Results for z = 0.001, r = 0.001 

Symbol Description Ref. Waveform Phase Shifted Waveform 
average axial force -0.062 N 0.062 N 
average radial force -0.022 N 0.022 N 
average power consumed 25.9 W 25.9 W 
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It is seen that the magnitude of the forces remains the same for the reference 

waveform and the phase shifted waveform, but the direction of the forces is reversed. 

It is also seen that waveforms that produce positive axial forces also generate positive 

radial forces and that waveforms that create negative axial forces also cause negative 

radial forces. Thus, assuming that the external axial disturbance on the wafer requires 

equal applications of positive and negative axial forces to maintain a specified axial 

distance, the net radial force applied to the wafer is zero. 

4.7 Recto-linear Solenoid Array Model 
The final model examined for the EMWH system is again composed of four 

circular conductor loops embedded in the wafer and four external solenoid assemblies 

attached to a fixture. The circular conductor loops are identical to those described in 

Section 4.5 Single Solenoid Model. The external solenoid assemblies are rectangular 

solenoid arrays. As all four conductorlsolenoid assemblies are identical, only a single 

assembly is modeled. 

The key assumptions and limiting criteria for this model are the same as those 

for the Single Solenoid Model and are shown in Table 4.2. 

While significant axial forces could be generated using the Circular Solenoid 

Array Model, it was not possible to generate net radial forces. The radial forces 

produced in the model were a result of wafer radial offset only, and alternated 

between positive and negative radial forces depending on the applied current 

waveforms. 

It is theorized that individual control of the current waveform in each outer 

solenoid could be used to achieve net radial forces on the wafer conductor loop, 

independent of wafer offset. It is also reasoned that with individual solenoid control, 

the solenoid array, previously circular, can be generalized to a recto-linear array 
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without loss of force control. One such configuration is comprised of an array of 25 

identical solenoids and is shown in Figure 4.3 1. 

2 MM DIA. SOLENOID 
.IRON CORE 
25 TURNS 
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WAFER EDDY CURRENT LOOP 
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Figure 4.31 - Recto-Linear Solenoid Array Assembly 

4.7.1 Model Development 

As with the circular solenoid array model, each multiturn solenoid in the 

recto-linear solenoid array is modeled as a series of circular current loops each 

separated by distance d. The solenoid is comprised of N turns of conductor wire of 

diameter d that are wound around a ferromagnetic core of susceptibility X. 
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The magnetic field BI for the linear solenoid array is the sum of the magnetic 

fields Bs for each individual solenoid 

The external magnetic field Bs of each solenoid can be calculated by equation 

(4.32) using the magnetic dipole model developed in Section 4.6.1. 

Appendix A contains a program listing of the fhction BSolenoid defined 

using equations (4.28) to (4.32) and (4.35) to model the radial and axial components 

of the external B1 field of a recto-linear solenoid array. 

The external magnetic field generates forces on the wafer eddy current loop 

that can be resolved into forces acting through the center of the eddy current loop and 

torques that cause a moment about the center of the eddy current loop. 

CURRENT LOOP --\ TF 

Figure 4.32 - Forces and Torques on Current Loop 

Letting Fp designate the instantaneous force at a point on the eddy current 

loop due to the external magnetic field B1 and the current i,, the total instantaneous 

force P (with components Fx, Fy, and Fz) acting through the center of the eddy current 

loop is calculated by integrating Fp around the loop 
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However, the action of a force Fp acting through a point that is not at the 

center of the eddy current loop causes a torque T. 

Designating F,,, F,,, and Fv as the components of Fp acting through a point 

(x, y, z) fiom the origin of the eddy current loop, the components of the instantaneous 

torque T are determined bys4 

Restating equations (4.37) to (4.39) in terms of eddy current loop radius b, 

replacing the summation with integration, and assuming that the eddy current loop 

lies in the x-y plane yields 

b 
T, = -j ( F ~ ~  C O S ~  - F, sin e)1e 

2n @ 

b 
- f ( F ~ ~  sin e)de T, = 2* 0 
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The average forces and torques are calculated by integrating over the period p 

of a complete current waveform cycle 

4.7.2 Simulation Parameters 

All solenoids in the reference recto-linear solenoid array have the 

characteristics shown in Table 4.1 1. 
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Table 4.11 -Recto-linear Solenoid Characteristics 

Symbol Description Value 
N number of turns 25 
d conductor diameter 0.0004 m (0.4 mm) 
I length 0.01 m (10 mm) 
a radius 0.001 m (1 mm) 
R, resistance 0.0196 ohms 
X magnetic susceptibility 2000 

The solenoids were grouped into three categories: Internal, External, and 

Unused. Current waveforms iSi and is, were applied to the Internal and External 

(outer) solenoids respectively. No current waveform was applied to the Unused 

solenoids. 

Figure 4.33 below shows the solenoid array.with the Internal and External 

solenoids marked. 

Figure 4.33 - Internal and External Solenoids 

4.7.3 Simulation Results 

The solenoids are driven with 10 kHz waveforms. The internal solenoid 

current is out of phase with the external solenoid current. For a centered wafer with 

an axial displacement z = 0.001 m, Figure 4.34 to Figure 4.37 show the applied inner 
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solenoid current id, applied outer solenbid current i,, the induced eddy current i,, the 

instantaneous axial force Fz, and the instantaneous total power requirement Pl for the 

reference recto-linear solenoid array. 

Cycle Phase (degrees) 

Figure 4.34 - Solenoid Current for 
Recto-linear Solenoid Array 

Cycle Phase (degrees) 

Figure 4.36 - Axial Force for Recto- 
linear Solenoid Array 

0. 45 90 135 180 225 270 315 360 

Cycle Phase (degrees) 

Figure 4.35 - Eddy Current for Recto- 
linear Solenoid Array 

0 45 90 135 180 225 270 315 360 

Cycle Phase (degrees) 

Figure 4.37 - Power for Recto-linear 
Solenoid Array 

The results of this simulation for a single solenoid array are shown in Table 

4.12. 
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Table 4.12 - Recto-linear Solenoid Array Simulation Results 

Symbol Description Value 
average force in x direction 0.00 N 

- 
F, average force in y direction 0.00 N 

average axial force in z direction -0.0205 N 

Fv average torque in x-y plane 0.00 N 
Fn average torque in x-z plane 0.00 N 

FF average torque in y-z plane 0.00 N 

average power consumed 6.7 watts 

The results indicate that the recto-linear solenoid array is capable of providing 

a significant axial force to the conductor loop in the wafer. 

For a centered wafer (x = y = 0), Figure 4.38 and Figure 4.39 show calculated 

variations in average axial forces and power consumption z.  

Figure 4.38 - Axial Force as a Function Figure 4.39 - Axial Force as a Function 
of Distance of Power Consumption 

Figure 4.39 shows the linear relationship between applied solenoid power and 

axial force for z = 0.001 m. For the specific conditions shown, the force developed 

per unit power is -0.00299 NNir. As the axial distance z between the conducting loop 
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and the circular solenoid array is decreased, the force developed per unit power is 

increased. 
I 

Figure 4.40 and Figure 4.41 show the average forces , q, and the 

average torques Fv, z, exerted on the conductor loop in the wafer for a range of 

displacements x for z = 0.001 m. 

Figure 4.40 -Force on Wafer Conductor Figure 4.41 - Torque on Wafer 
Loop Conductor Loop 

It is seen that for the current waveform shown in Figure 4.34, the average 

axial force is negative and varies between -0.020 and -0.026 N for the range of x 

displacements shown. The negative axial force indicates that the wafer is attracted to 

the solenoid assembly. With this same current waveform, the average radial force 

, for positive displa~ements of x, is negative. This negative radial force provides a 

centering action on the wafer. 

While torques T.' and T, remain zero with increasing displacement x, torque 

T, is seen to reach a maximum at x = 0.0012 m. 

As with the circular solenoid array, in order to maintain the wafer at constant 

distance z from the solenoid assembly in the presence of external axial disturbances, 
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I 

both positive and negative axial forces are required. Positive axial forces are 

generated by shifting the phase of the outer solenoid current i ,  by 180". 

For a conductor loop that is at a distance of z = 0.001 m from the solenoid 

assembly and offset from the center of the solenoid assembly by x = 0.001 m, 

y = 0.000 m, Table 4.13 summarizes the simulation results produced by the reference 

waveform in Figure 4.34 and the 180" phase shifted waveform. 

Table 4.13 - Recto-Linear Solenoid Array Simulation Results for 
z = 0.001 m, x = 0.001 m 

Reference Phase Shifted 
Symbol Description Waveform Waveform 

average force in x direction -0.0072 N 0.0072 N 

average force in y direction 0.00 N 0.00 N 

average axial force in z direction -0.023 N 0.023 N 

Fv average torque in x-y plane 0.00 N-m 0.00 N-m 

Fs average torque in x-z plane - 2 . 4 ~  ~ O - ~ N - m  2 . 4 ~  1oe5N-m 

average torque in y-z plane 0.00 N-m 0.00 N-m 

average power consumed 6.7 W 6.7 W 

It is seen that the magnitude of the forces and torques remains the same for the 

reference waveform and the phase shifted waveform, but the direction of the forces 

and torques is reversed. It is also seen that waveforms that produce positive axial 

forces also generate positive horizontal forces and that waveforms that create 

negative axial forces also cause negative horizontal forces. Thus, assuming that the 

external axial disturbance on the wafer requires equal applications of positive and 

negative axial forces to maintain a specified axial distance, the net horizontal force 

applied to the wafer is zero. 

It is possible to generate net horizontal forces using the recto-linear solenoid 

array by turning off the current waveform in selected external solenoids or by 

otherwise causing an imbalance in the external magnetic field. 
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The simplest method to cause such an imbalance is by disabling an External 

solenoid, thereby converting it to an Unused solenoid, as shown in Figure 4.42. 

0 @ DISABLED 

Figure 4.42 - Disabled External Solenoid 

Figure 4.43 and Figure 4.44 show the average forces c, q, and the 

average torques T'. , Fn, qz exerted on the conductor loop in the wafer for a range of 

displacements x for z = 0.001 m using the imbalanced solenoid array shown in Figure 

Figure 4.43 - Force on Wafer 
Conductor Loop 

Figure 4.44 - Torque on Wafer 
Conductor Loop 
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It is seen that, for a centered wafer at z = 0.001 m, disabling of a single 

external solenoid produces a horizontal force of 0.0015 N in the x direction while 

only reducing the axial force by 10%. Disabling additional external solenoids can 

increase the horizontal force produced. 

4.8 Discussion of Magnetic Levitation Model Results 
Of the three models examined, the Circular Solenoid Array Model and the 

Recto-Linear Solenoid Array Model appear suitable for use in a space-based wafer 

handling system. As described in Section 4.5, each wafer has four identical 

conducting loops situated over solenoid array assemblies. 

Two sizes of silicon wafers are in common use in commercial semiconductor 

fabrication facilities: 200 and 300 mm. A 200 rnrn diameter wafer is 0.5 mm thick 

and has a mass of 36 to 37 grams while a 300 mm diameter wafer is also 

approximately 0.5 mm thick with a mass of 88 grams. 

The acceleration a on a wafer with mass m created by an applied force F is 

calculated by Newton's Second ~ a w ~ '  

For a power consumption of 24 watts, the magnitude of the average forces and 

accelerations attainable on a centered wafer (x = 0.000 m, y = 0.000 m) with the two 

solenoid array models using the appropriate reference waveforms are summarized in 

Table 4.14 and Table 4.15. 
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Table 4.14 - Summary for Circular Solenoid Array Model 
Symbol Description 

I 

200 mm Wafer 300 mm Wafer 
clamping force (z = 0.0005 m) 0.063 N 0.063 N 

- 
a, clamping acceleration (z = 0.0005 m) 1.74 m/s2 0.72 m/s2 
E axial force (z = 0.001 m) 0.054 N 0.054 N 
- 
a, axial acceleration (z = 0.001 m) 1.50 m/s2 0.62 m/s2 

radial force (z = 0.00 1 m) 0.000 N 0.000 N 
5, radial acceleration (z = 0.001 m) 0.00 m/s2 0.00 m/s2 

Table 4.15 - Summary for Recto-Linear Solenoid Array Model 

Symbol Description ZOO mm Wafer 300 mm Wafer 
clamping force (z = 0.0005 m) 0.058 N 0.058 N 

Si; clamping acceleration (z = 0.0005 m) 1.6 1 m/s2 0.72 m/s2 

E axial force (z = 0.001 m) 0.069 N 0.069 N 
- 
a, axial acceleration (z = 0.001 m) 1.91 m/s2 0.85 m/s2 

radial force (z = 0.001 m) 0.0056 N 0.0056 N 
- 
a, radial acceleration (z = 0.001 m) 0.16 m/s2 0.069 m/s2 

In Section 4.2 Design Goals, three modes of operation were described: the 

wafer holddown mode requires a clamping force only; the vertical positioning mode 

requires axial and centering forces; and the horizontal positioning mode requires axial 

and horizontal forces. Table 4.16 lists the applicability of the three simulation models 

to the desired modes of operation. 

Table 4.16 -Applicability of Simulation Models to Modes of Operation 

Wafer Vertical Horizontal 
Holddown Positioning Positioning - - 

Model Mode Mode Mode 
Single Solenoid x x x 
Circular Solenoid Array J x x 
Recto-linear Solenoid Array J J J 

Two means of transporting wafers using electromagnetic levitation have been 

described. Both means meet the stated design goals. While the recto-linear solenoid 
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array model provides the widest range of choices for modes of operation, it is also the 

most difficult to control, requiring individualized current waveforms for the solenoids 

in the array. The circular solenoid array, with two fixed current waveforms, provides 

a simple means of clamping wafers to end effectors and fixtures. Such a clamped 

wafer can then be transported between process equipment or secured for individual 

processing. 

Use of a 2D Linear Motor for Wafer Transport 

The recto-linear solenoid array examined in Section 4.7 can be used to 

generate axial and horizontal forces on a wafer eddy current loop. Such a solenoid 

array can be extended into a larger, two dimensional array of equally spaced 

solenoids. 

Figure 4.45 - Two Dimensional Linear Motor 
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I 

In this larger array, only the solenoids near the wafer conducting loop would 

be utilized to generate forces. By selectively disabling external solenoids, as 

described in Section 4.7.3, horizontal forces can be generated to move the wafer in 

the x-y plane. The wafer will move in the x-y plane until a new point of equilibrium 

of x and y forces and d is achieved or until the wafer is decelerated by opposing 

horizontal forces. With position sensing and feedback, a two dimensional linear 

motor can be created which is capable of precisely positioning wafers in the 

horizontal x-y plane. Figure 4.45 shows a single wafer current loop on such a two 

dimensional solenoid array. 

4.9.1 Applications 

A two dimensional linear motor could be used for several different 

applications in a space-based semiconductor fabrication facility: intraprocess, 

interprocess, and storage. 

Intraprocess applications include holddown and fixturing of the wafer, in 

place spinning of the wafer by the simultaneous control of horizontal forces on the 

four conducting loops embedded in the wafer, loadinglunloading of the wafer from 

process equipment, and precise horizontal stepping of the wafer for lithographic and 

ion implantation applications. 

Interprocess applications include all wafer transport between processes. The 

use of the 2D linear motor operating in a vacuum would eliminate the need for 

intermediate cassette containers for transport of wafer batches as all wafers would be 

individually transported and routed. 

Storage applications include intermediate storage for work in progress (WIP) 

and final storagelparking for wafers awaiting packaging for shipment. 
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Figure 4.46 shows the author's concept of an integrated electromagnetic wafer 

transport system based upon the 2D linear motor. 

r MASK 

SPUTTER 
CHAMBER 

Figure 4.46 - Integrated Electromagnetic M rafer Transport System 

4.9.2 Control 

Wafer position and velocity feedback is required to enable the 2D linear motor 

concept to be applied to wafer handling as envisioned above. While the detailed 

investigation of the control of the 2D linear motor is beyond the scope of this thesis, a 

brief summary of the topic is described below. 

I A feedback control system has three components: the actuators, the sensors, 

and the controller. 

The actuator for the 2D linear motor is the recto-linear solenoid array that is 

used to exert forces on the wafer. The magnitude and direction of those forces can be 

varied by applying the appropriate current waveforms to the individual solenoids. 
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I 

Each solenoid must have the frequency, ramp rate, and magnitude of current 

controlled. 

The sensors used in the 2D linear motor include position and velocity sensors. 

One method of position sensing may be to use non-active solenoids embedded in the 

transport surface to sense the magnetic field produced by the eddy currents in the 

wafer conducting loops. The phase shift between the applied magnetic field of the 

solenoid and the induced magnetic field of the conductor loop may enable a solenoid 

sensor to discriminate between the two. Alternatively, Hall-effect sensors can be 

used to sense flux densitys6 or more conventional optical position and velocity 

sensors may be distributed across the transport surface. 

The controller in such a wafer transport system must track the actual position 

and velocity of each wafer as it is transported across the transport surface and 

compare it to the desired position and velocity. Any deviations from the desired track 

is corrected by adjusting the current waveforms in the appropriate solenoids in 

accordance with an internal control model that takes into account the wafer and 

actuator characteristics. The complexity of the control problem is illustrated by the 

fact that a single transport surface may be 2 m x 10 m and contain 1.6 million 

individual solenoids on a 3.5 mm square spacing. Several wafers may simultaneously 

be in transport or be fixtured. It is envisioned that the control problem may be broken 

down into smaller portions by subdividing the transport surface into regions, each 

with its own local microcontrollerS7 responsible for local wafers. Coordination would 

be provided by a central controller. Alternatively, neural network techniques 

employed for control of unstable magnetic levitation systemss8 may be applied. 

4.9.3 Fabrication 

The construction of a traqsport surface containing 1.6 million individual 

solenoids is a challenge. It is theorized that some of the automated fabrication 
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techniques currently utilized for the production of LCD pixel arrays may be employed 
I 

to produce the transport surface. Fabrication of the solenoids from layers of 

deposited conductors may be feasible. Such active substrate techniques may offer the 

ability to co-deposit the power driver and control circuits needed for each solenoid as 

the solenoids themselves are produced. 

4.10 Conclusions 

This chapter has described a scheme for the transport and fixturing of silicon 

wafers using electromagnetic levitation. Two detailed numerical models have been 

developed and evaluated for use in an orbital semiconductor fabrication facility. The 

circular solenoid array model was shown to be suited for clamping applications. The 

more complex recto-linear solenoid array model was shown be suited for clamping, 

vertical positioning, and horizontal transport applications. Both models were shown 

to be able to provide sufficient forces at reasonable power consumption levels for use 

with both 200 mm and 300 mm diameter silicon wafers in space. One configuration 

was able to provide accelerations of -1.91 mls2 perpendicular to the wafer and 0.16 

m/s2 parallel to the wafer for a 200 mm diameter wafer using 24 watts of power. 

The chapter concluded with a brief description of the issues surrounding the 

control system required for a two dimensional linear motor based upon the recto- 

linear solenoid array. Further work in this area is required in order to prove the 

concept of an electromagnetic wafer handling system. In particular, a more detailed 

numerical model of the solenoid assembly is required to develop the appropriate 

control laws for the control system. 



Chapter 5 

Semiconductor Fabrication Process 
Modeling 

5.1 Introduction 
This chapter describes the modeling of semiconductor fabrication processes 

on Earth and in space with emphasis on the equipment, consumable, and power 

requirements. The basic processes are identified and a numerical model of each is 

developed. A detailed process flow for a typical 12 level bi-metal CMOS 

semiconductor device is specified and used as the basis for simulation of the 

fabrication process. 

A numerical model of the entire fabrication process is developed based on 

the submodeled individual processes and the specified process flow. The output of 

this model is a detailed listing of the process time, consumable, energy, and 

equipment requirements for each process step. The purpose of this process model is 

to enable the impact of changes in the process flow on these variables to be readily 

observed. 

Using the reference process flow CMOS12-STD, the production parameters 

per mask level of process time, consumable mass, and energy are found to be: 1.09 

days, 65 kg, and 4.7 kW-h. These results compare favourably with industry averages 

and indicate the overall viability of the model. 

5.2 Background 
In Section 2.3 Processes, eight types of processes used to fabricate 

semiconductors were identified: material deposition, patterning, material removal, 
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doping, heating, interprocess transportation, cleaning, testinglinspection. All of the 

processes, except testinglinspection, are modeled by this simulation. 

Semiconductor fabrication is the repeated, sequential application of individual 

processes to a wafer to build and define the structures of the finished electronic 

device. Each process may occur in a single piece of equipment or in several pieces of 

equipment. Each process may be applied to a single wafer or to several wafers in a 

batch. 

A process may be a single step or a series of smaller steps. In order to provide 

a fine-grained model, all processes have been broken down into single steps which 

can be represented by simple processes: deposition, patterning, etching, doping, 

heating, transportation, or cleaning. 

The sequence and timing of processes form a recipe called the process flow. 

Different process flows are used to create different types of devices and the exact 

process flow used for a given production lot is a fkction of both the capabilities 

(equipment and personnel) of the fabrication facility and the type of device. 

In order to simulate the entire semiconductor fabrication process, several 

levels of modeling are required. At the base level are process definitions which 

spec$ the types of process (deposition, etching, cleaning), the consumables needed 

for each process, the process' parameters (temperature, pressure, batch size), and the 

effects of the processes (deposition rate for thin films, etch rate for material removal). 

As individual processes may be performed in different types of equipment, equipment 

definitions are also specified. Each equipment definition describes the mass, volume, 

cost, and power requirements as well as the type of wafer for which it is suited. 

Process parameters, including temperatures, pressures, times, batch sizes, process 

types, and equipment types are specified at an intermediate level of modeling. The 

process definitions, equipment definitions, and process input parameters are 

combined through software fknctions to create a single process model. 
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In order to allow rapid chaqges and simplifL development, all process 

modeling is implemented using spreadsheets. Each process and each piece of 

equipment is defined as a separate worksheet. Process input parameters are specified 

on a single line of the process flow spreadsheet and are used as arguments to purpose- 

written software which calculates the process simulation. The resulting process 

outputs for a single process, such as time, consumables, and energy, are displayed on 

the same line of the process flow spreadsheet as the input parameters. Appendix B 

contains the program listing for the process flow modeling software. 

The fabrication of an entire wafer is simulated by multiple process lines on the 

process flow spreadsheet. Post-processing of the spreadsheet allows extraction of key 

process parameters such as equipment requirements, total processing time, 

consumable requirements by individual type, and power requirements, 

The goal of the simulation is to compare the effects of semiconductor 

fabrication in space with fabrication on Earth. A key advantage of space-based 

semiconductor fabrication is the presence of a native vacuum suitable for the majority 

of fabrication processes. In order to provide an accurate comparison, detailed models 

of vacuum pumps and the vacuum systems employed in semiconductor fabrication 

equipment have been developed. These models allow the cost, volume, mass, and 

power requirements of Earth-based equipment employing vacuum to be accurately 

estimated. 

Process Definitions 
As described above, each process model starts with the definition of the 

process. A typical process definition, for the thermal oxidation of silicon dioxide, is 

shown in Table 5.1. 
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Table 5.1 - ~ ~ ~ i c a l  Process Definition 

Field Tag Field Value Field Units 
ProcessName GROW-SI02 
ProcessType DEPOSIT 

DepositMatlName Si02 
Temperature 1373 deg K 
Pressure 1.01E+05 Pa 
Basepressure 1.01E+05 Pa 
DepositionRate 3.47222E-11 m/s 
Power 0 W 
Batchsize 120 
Wafersize 200 mm 

Matl 1 Name N2 
Matl lType GAS 
MatllMassFlow 3.7269E-05 kg/s 
Matl 1VolumeRatio 

Matl2Name 0 2  
Matl2Type GAS 
Matl2Massflow 5.324 14E-06 kgls 
Matl2VolumeRatio 

The process definition includes the process name and process type as well as 

consumable material requirements. Each process also defines process specific 
I 

i 
parameters such as temperature, pressure, base pressure (the pressure to which the 

! processing chamber must be pumped down to prior to being raised to the process 

pressure), deposition or etch rate, and process power required. 
I 

Table 5.2 shows the eight types of processes that are defined for the parameter 

ProcessType. 
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Table 5.2 -$Types of Processes 
Process Type 
DEPOSIT 
ETCH 
PATTERNTRANSFER 
DOPE 
THERMAL 
CLEAN 
TRANSPORT 
PRESSURECHANGE 

Description 
thin film deposition 
material removal 
exposure for lithographic pattern transfer 
application of dopants 
heating 
cleaning 
transportation of wafer between processes 

pumpdown or venting of process chamber 

The PRESSURECHANGE process was added to the seven previously 

described process types so that the effects of pressure changes due to pumping down 

vacuum chambers could be accurately modeled. 

A single process definition only describes one step of a multi-step process. 

The complete process may require many different process definitions. For example, 

Table 5.3 shows that the complete process flow for the thermal oxidation of silicon to 

form silicon dioxide can be described by four separate steps: three transport steps and 

one deposition step. 

Table 5.3 - Process Flow for Thermal Oxidation 
- -- 

Process Step Process Name Process Equipment Process Type 

Transport to furnace INTERPROCESSTRANSPORT INTERPROCESSCONVEYOR TRANSPORT 
- CASSETTE. 

Load into furnace INTRAPROCESSTRANSPORT FURNACE-BATCH TRANSPORT 
BATCH - 

Grow thermal oxide GROW-SIO2 FURNACE-BATCH DEPOSIT 

Unload from furnace INTRAPROCESSTRANSPORT FURNACE-BATCH TRANSPORT 
BATCH 

Process definitions for 65 different processes are shown in Appendix C. 

These processes are shown in Table 5.4 to Table 5.1 1. 
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Table 5.4 - Deposition Processes 

Process Name Description 
APCVD-PSG atmospheric pressure chemical vapor deposition of phosphosilicate glass 

(dielectric) 
DEPOSIT-RESIST deposition of photoresist 
GROW-SIO2 thermal (dry) oxidation of silicon to form silicon dioxide 
GRO W-SIO2-SPACE thermal (dry) oxidation of silicon to form silicon dioxide in space 
GROW-SI02-WET thermal (wet) oxidation of silicon to form silicon dioxide 
GROW-SI02-WET-SPACE thermal (wet) oxidation of silicon to form silicon dioxide in space 
PECVD-CARBON plasma enhanced chemical vapor deposition of amorphous carbon 
PECVD-CARBON-SPACE plasma enhanced chemical vapor deposition of amorphous carbon in 

space 
PECVDPOLY SI plasma enhanced chemical vapor deposition of polysilicon 
PECVD-POLYSI-SPACE plasma enhanced chemical vapor deposition of polysilicon in space 
PECVD-SI3N4 plasma enhanced chemical vapor deposition of silicon nitride 
PECVD-SI3NQSPACE plasma enhanced chemical vapor deposition of silicon nitride in space 
PECVD-SI02 plasma enhanced chemical vapor deposition of silicon dioxide 
PECVD-SI02-SPACE plasma enhanced chemical vapor deposition of silicon dioxide in space 
SPUTTER-& sputter deposition of aluminum 
SPUTTER-AL-SPACE sputter deposition of aluminum in space 
SPUTTER-LOX sputter deposition of aluminum oxide 
SPUTTER-&OX-SPACE sputter deposition of aluminum oxide in space 

Table 5.5 - Etch Processes 

Process Name Description 
DEVELOP-RESIST develop photoresist 
HF-DIP dip wafer in hydrofluoric acid 
ION-MILL ion milling 
PLASMAETCH-AL plasma etching of aluminum 
PLASMAETCH-AL-SPACE plasma etching of aluminum in space 
PLASMAETCH-ORGANICS plasma etching of organic films 
PLASMAETCH-ORGANICS-SPACE plasma etching of organic films in space 
PLASMAETCH-POLYSI plasma etching of polysilicon 
PLASMAETCH-POLYSI-SPACE plasma etching of polysilicon in space 
PLASMAETCH-RESIST plasma etching of photoresist 
PLASMAETCH-SI3N4 plasma etching of photoresist in space 
PLASMAETCH-S102 plasma etching of silicon dioxide 
PLASMAETCH-SI02-SPACE plasma etching of silicon dioxide in space 
STRIP-RESIST total removal (stripping) of photoresist 
STRIPTRIPSI02 total removal (stripping) of silicon dioxide 
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Table 5.6 - Pattern Transfer (Lithographic) Processes 

Process Name Description 
PATTERN_LITHO lithographic pattern transfer 
PATTERN-LITHO-DSW lithographic pattern transfer in direct step and write exposure system 
PATTERN-LI-DSW-193 lithographic pattern transfer in direct step and write exposure system 

using 193 nm UV 

Table 5.7 - Doping Processes 
Process Name Description 
ION-IMPLANT-N-100keV implant N type dopant using 100 kEv 
ION-IMPLANTANTNNIOOkeVNSPACE implant N type dopant using 100 kEv in space 
ION-IMPLANT-N- 1 5OkeV implant N type dopant using 150 kEv 
ION-IMPLANT-N-150keV-SPACE implant N type dopant using 100 kEv in space 
ION-IMPLANT-P- 16keV implant P type dopant using 16 kEv 
ION-IMPLANT-P-16keV-SPACE implant P type dopant using 16 kEv in space 
ION-IMPLANT-P- 1 80keV implant P type dopant using 180 kEv 
ION-IMPLANT-P-180keV-SPACE implant P type dopant using 180 kEv in space 
ION-IMPLANT-P-30keV implant P type dopant using 30 kEv 
ION-IMPLANT-P-30keV-SPACE implant P type dopant using 30 kEv in space 
ION-IMPLANT-P-45 keV implant P type dopant using 45 kEv 
ION-IMPLANT-P-45keV-SPACE implant P type dopant using 45 kEv in space 

Table 5.8 - Thermal Processes 

Process Name Description 
ANNEALAL anneal aluminum 
ANNEA~AL-SPACE anneal aluminum in space 
ANNEAL-IMPLANT anneal implant damage 
ANNEAL-IMPLANT-SPACE anneal implant damage in space 
DIFFUSE-IMPLANT diffuse implanted dopant 
DIFFUSE-IMPLANT-SPACE diffuse implanted dopant in space 
HARDBAKE hardbake organic photoresist 
REFLOW-OXIDE reflow deposited oxide 
REFLOW-OXZDE-SPACE reflow deposited oxide in space 
SOFTBAKE sofibake organic photoresist 

Table 5.9 - Cleaning Processes 

Process Name Description 
RCA-SC1 RCA Standard Clean 1 
RCA SC2 RCA Standard Clean 2 
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Table 5.10 - Transport Processes 

Process Name Description 
INTERPROCESSTRANSPORT-CASSETTE transport cassette of wafers between separate process 

equipment 
INTRAPROCESSTRANSPORT-BATCH transport batch of wafers within single piece of process 

equipment 
INTRAPROCESSTRANSPORT-WAFER transport single wafer witlun single piece of process 

equipment 

Table 5.11 - Pressure Change Processes 

Process Name Descri~~tion 
VACUUMPUMPDOWN pumpdown vacuum chamber 
VACUUMPUMPUP pump up vacuum chamber 

Equipment Definitions 
A process step does not occur in isolation, but in concert with a specific piece 

of equipment. All of the salient characteristics of each piece of equipment are 

specified in an equipment definition. A typical equipment definition, for a batch 

hrnace used for the thermal oxidation of silicon, is shown in Table 5.12. 

Table 5.12 - Typical Equipment Definition 

Field Tag Field Value Field Units Field Description 
EquipmentName FURNACE-BATCH 
EquipmentType THERMAL 

Mass 500 kg mass of equipment 
Volume 2.88 mA3 total volume of equipment 
ChamberVolume 2 mA3 volume of chamber that is pumped down 
Cost 500000 $USD cost of equipment 
RatedPower 5000 W rated power of equipment 
Wafersize 200 mm size of wafer for which equipment is designed 

The equipment definition includes the equipment name and equipment type as 

well as physical dimensions, cost and power. The seven types of equipment defined 

for the parameter EquipmentType use the same names as the types of processes 
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shown in Table 5.2 with the exception of PRESSURECHANGE which is not a 

separate equipment type. 

Equipment definitions have been made for 13 different pieces of equipment. 

These definitions are shown in Table 5.13  and are for equipment used in existing 

commercial semiconductor fabrication facilities on Earth. Characteristics of space- 

based equipment and advanced Earth-based equipment are derived from the above 

equipment definitions through a method of functional decomposition whereby the 

mass, volume, power, and cost of each fhction of the equipment is assigned and a 

weighted composite is created. This method is described in detail in Section 6.6. 

Table 5.13 - Equipment Definitions 

Equipment Name Equipment Type Description 
PHOTORESIST-SY STEM DEPOSIT system for depositing organic photoresist 
PLASMA-CVD-SYSTEM DEPOSIT system for plasma enhanced chemical vapor 

deposition 
SPUTTER-SY STEM DEPOSIT system for sputter deposition 
LITHO-DSW PATTERNTRANSFER direct step on wafer lithographic system 
LITHO-D S W- 1 93 PATTERNTRANSFER direct step on wafer lithographic system 

using 193 nm exposure 
ASHER ETCH system for plasma stripping of organic 

photoresist 
DEVELOP-SY STEM ETCH system for developing organic photoresist 
PLASMA-ETCHER ETCH system for plasma etching 
ION-IMPLANTER DOPE system for implanting P and N type ions 
FURNACE-B ATCH THERMAL, horizontal furnace for batch thermal 

processes 
RTP-SY STEM THERMAL system rapid thermal processing for single 

wafers 
INTERPROCESSCONVEY OR TRANSPORT conveyor for wafer cassette transport 

WETBENCH CLEAN 
between separate equipment 
svstem for batch wet cleaninn 

It should be noted that while Chapter 4 focused on developing a vacuum- 

compatible, wafer handling system based upon electromagnetic levitation, such a 

wafer transport system is not assumed in the following models. Rather, conventional 

robotic transfer systems, relying upon vacuum and mechanical grips, are assumed for 
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interprocess conveyor and intraproces? wafer transfer equipment. While there are 

potential benefits in using an electromagnetic wafer handling system, such as reduced 

particulate scatter and decreased wafer mechanical damage, it is difficult to quantifl 

the cost and performance of such a system at this time. Therefore, a conservative 

approach based upon current technology has been adopted for modeling of the wafer 

transport equipment, both on Earth and in space. 

5.5 Process Input Parameters 
A single process step is defined by the process definition, the equipment 

definition, and the process input parameters. These input parameters are shown in 

Table 5.14. 

Table 5.14 - Process Input Parameters 

Parameter Name Units Description 
Wafer Size nun size of the wafer used in the ~rocess 
Starting Pressure Pa the absolute pressure at the siart of the process 
Starting Temperature deg. K the absolute temperature at the start of the process 
DepositEtch Thickness m the desired thickness of material to be deposited or removed 
Desired Process Pressure Pa the desired process pressure 
Implant Dose atoms/cm2 the implant dose 
Desired Process Time sec the desired time for the process to last 

Not all input parameters are used with each process. For example, only 

doping processes utilize the Implant Dose parameter and only deposit and etch 

processes utilize the DepositEtch Thickness parameter. 

The starting pressure parameter is used to determine the starting pressure 

during pumpdown cycles and the starting temperature parameter is used to determine 

the energy required to alter the temperature of wafers and consumables. 

The desired process time is used to override default process times specified in 

process definitions. 
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The process definition, the dquipment definition, and the process input 

parameters are used by the process model functions described in 5.7 Process Model 

Functions to calculate the process output values. 

5.6 Process Output Values 
The output values for each process step form the building blocks of the 

simulation. The values are calculated by purpose-written software based on the input 

parameter values. Typical process output values are shown in Table 5.15. 

Table 5.15 - Process Output Values 

Value Name 
Process Type 
Batch Size 
Process Time 
Incremental Process Time 
Process Temperature 

Process Pressure 
Process Base Pressure 

Incremental Pump Energy 

Incremental Wafer Mass 
Energy 
Incremental Material Mass 
Energy 
Incremental Doping Energy 
Incremental Process 
Energy 
MatllName 
MaltlType 
Incremental MatllMass 
Matl2Name 
Malt2Type 
Incremental Matl2Mass 
Matl3Name 
Malt3Type 
Incremental Matl3Mass 
Matl4Name 

Units 

sec 
sec 

deg. 
K 

Description 
m e  of process as defined in Table 5.2 
&be; of wafers being processed simultaneously 
total process time 
total process time divided by the number of wafers in batch 
process temperature 

process pressure 
base pressure that process chamber is pumped down to prior to 
processing 
energy used to pumpdown chamber divided by the number of 
wafers in batch 
energy used to heat up single wafer 

energy used to heat up consumables divided by the number of 
wafers in batch 
energy used to dope single wafer 
energy used for processing (i.e. RF plasma) divided by the 
number of wafers in batch 
name of first consumable material 
type (GAS, LIQUID, SOLID) of first consumable material 
mass of first consumable material used for single wafer 
name of second consumable material 
type (GAS, LIQUID, SOLID) of second consumable material 
mass of second consumable material used for single wafer 
name of third consumable material 
type (GAS, LIQUID, SOLID) of third consumable material 
mass of third consumable material used for single wafer 
name of fourth consumable material 

Malt4Type type (GAS, LIQUID, SOLID) of fourth consumable material 
Incremental Matl4Mass kg mass of fourth consumable material used for single wafer 
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Many of the output values are shown as incremental values to aid in 

determining the cost in time, energy and mass of processing a single wafer. The 

incremental process time is of particular use in calculating equipment requirements; 

this time may be thought of as the amount of additional equipment time needed to 

process one more wafer. 

The energy is divided into several categories based on the method by which it 

is used. Energy to operate the vacuum pumps is separated from energy used to heat 

up the wafer or consumables and energy used for doping and general processing. 

The name, phase and mass of up to four separate consumables are tracked for 

each process step. 

Process Model Functions 
Modeling of each process entails determining the time used to achieve the 

desired process environment, the time needed to conduct the process, the energy 

required to achieve the desired process environment, the energy required for 

processing, and the mass and type of consumable materials required. 

The process environment is oRen a vacuum environment and the time tpuwdown 

to achieve it is dependent upon the starting pressure of the process chamber, the base 

pressure to which the process chamber is pumped down, and the nature of the vacuum 

system utilized. Modeling of vacuum pumps and vacuum systems can provide both 

the time and energy required to achieve a desired process pressure. 

The total time tPrOCenstq for a single process step is the sum of the time to 

pumpdown the process chamber tp,~down and the time for processing tP,,,,,,,. 
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It is advantageous to calculate the incremental process time Atprocemtep for 

each process step as this directly indicates the amount of time required to process a 

single wafer. The incremental process time AtprocesSstep is the total process time 

tproces~tep divided by the number of wafers nprocessstep in the process batch. 

In many processes, such as thermal oxidation, wet cleaning, diffusing, and 

annealing, chemical vapor deposition, an elevated temperature T is used. Energy E is 

required to raise the temperature of both the wafer and process consumables to the 

process temperature Tprocess. 

The total energy Eprocess,tep for a single process step is the sum of the energy 

required to pumpdown the chamber Epumpdown, the energy required to conduct the 

processing Eprocessing, the energy required to raise the wafers to the process 

temperature Ewafi,, the energy required to raise the consumable materials to the 

process temperature Ematerial, and the energy required in that process step to dope the 

wafer using ion implantation Edoping. 

The incremental energy components indicate the amount of energy required to 

process a single wafer and are calculated by dividing the process energy component 

by the batch size nprocessst,,. 



Chapter 5. Semiconductor Fabrication Process Modeling 

- 'processing 
mproces s ing  - 

nprocessstep 

m , = Emateria, 
matenal 

nprocessstep 

'doping 
mdoping = 

nprocessstep 

Process consumables range from DI water for RCA type wet cleans, to 

aluminum used to form metal interconnects. The type, phase, and mass m of 

consumables for each step is a fbnction of the process type, film thickness and batch 

size. As no process step in the model utilizes more than four different consumables, 

only four consumables are tracked. 

The total mass of consumables mpmcesss~ep for a single process step is the sum 

of mass m i  for each consumable i used. 

The incremental mass h i  of each consumable is the mass required to process 

a single wafer and is calculated by dividing the consumable mass m i  by the batch size 

nprocessstep. 
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The process modeling software hnctions are available in Appendix B. 

5.7.1 Vacuum System Modeling 

As shown in Table 3.2, many processes require a vacuum. Achieving this 

vacuum is the purpose of the vacuum system comprised of one or more vacuum 

pumps, load lock, piping, valves, and accessories. 

It is estimated that approximately 90% of wafer transfers in a contemporary 

semiconductor fabrication facility occur between process chambers with different 

ambient conditions (75% are between a vacuum and atmosphere and 14% are 

between a low and a high vacuum ambient)". Each time the wafer is transferred to a 

chamber with a different environment, a vacuum pump is used to equalize pressures. 

In many systems, a small chamber (load lock) is used to minimize the vacuum 

pumping requirements. 

The goal of the vacuum system modeling is to provide the pump speed, pump 

energy, and pump time needed to achieve a desired process pressure as well as to 

provide the mass, volume, and cost of the required pump. However, vacuum systems 

are prone to contamination from many sources, including the seals and components 

within the system itselto. Issues surrounding the periodic preventive maintenance 

required to deal with hydrocarbons, water vapor, and other contaminants are not 

included in the following vacuum system model. Nevertheless, this analysis provides 

a more complete model for estimating those pump parameters than is available in the 

literature today. They permit the model to answer the important question: what does 

it cost in terms of those parameters to perform a particular vacuum cycle in a given 

volume? 
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5.7.1.1 Types of Vacuum Punzps 
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The degree of vacuum required is a fknction of the process. This vacuum 

degree is arbitrarily divided into four levels with pressure ranges shown in Table 

5.16. 

Table 5.16 - Vacuum Levels 

Vacuum Level Absolute Pressure Range (torr) 
Rough Vacuum 1 - 760 tom 

Medium Vacuum 10" - 1 tom 
High Vacuum lo-' to l v 3  tom 

Ultrahigh Vacuum < tom 

Different vacuum levels require different types of vacuum pumps. 

Mechanical pumps are used to achieve rough and medium vacuum levels and form 

90% of the number of vacuum pumps used in a typical terrestrial semiconductor 

fabrication facilityg1. The remaining 10% of the vacuum pumps are used to achieve 

high and ultrahigh vacuum levels. In a 50,000 sq. A. fabrication facility, there may be 

250 to 300 different vacuum pumps. 

There are many types of mechanical pumps. Those used to create a rough 

vacuum are: piston pump, diaphragm pump, liquid ring pump, rotary pump, rotary 

piston pump, turbine pump, gaseous ring pump, and liquid jet pump. Other 

mechanical pumps are used for creating both a rough vacuum and a medium vacuum: 

sliding vane rotary pump, rotary plunger pump, and Roots pump. 

Higher vacuum levels require both a mechanical pump for creating a rough to 

medium vacuum and a high or ultrahigh vacuum pump. The high and ultrahigh 

vacuum pumps are extremely sensitive to outlet pressure and require a mechanical 

"roughing" pump downstream. Typical pumps used to create a high and ultrahigh 

vacuum are: diffusion pump, sublimation pump, sputter ion pump, cryopump, and 

turbomolecular pump. The high vacuum pumps most commonly used in today's 
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processes are the turbopump and the~cryopump91~g2, although the diffusion pump is 

still widely used in many facilities. Turbopumps are increasingly used due to their 

high reliability and low maintenance requirements, lack of oil vapor backstreaming, 

simple push-button on-off operation, and tolerance to exposure to atmospheric 

pressure 93,94,95 

5.7.1.2 Vacuum Pump Perforrnzance 

Vacuum pump performance is governed by the pumping speed of the pump, 

the vacuum chamber volume, the vacuum level desired, the type of gas present, and 

the outgassing rate of the vacuum chamber. 

The pumping speed of a vacuum pump is the volume flow rate, commonly 

expressed as liters per second. The outgassing rate is the volume flow rate that the 

material in the chamber and the chamber itself produces as the pressure is decreased. 

Outgassing is caused by gas evolution at low pressures. Both pumping speed and 

outgassing rate are pressure dependent for a given system. 

For a roughing or mechanical pump, the required pump speed S needed to 

pumpdown a chamber is determined by the chamber volume the starting pressure 

Po, the ending pressure PI, and the desired pumpdown time tg6. 

For a high or ultrahigh vacuum pump, the required pump speed for the 

application is based on the outgassing rate Q and the desired pressure p7. 
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Within the vacuum industry, prCssures Po, PI, and P in (5.1 1) and (5.12) are 

often specified in torr, millibar, or Pascals. Modeling for the simulation has generally 

been done with all pressures expressed in Pascals except where industry conventions 

for pump ratings in t o n  and mbar are used. The conversion between these units is: 

1 torr = 133.289 Pa 

and 

1 mbar = 100 Pa 

5.7.1.3 Manufacturers' Data 

Prior to creating a model of the vacuum pumps, a database of characteristics 

of existing, commercially available vacuum pumps was created. Appendix D 

contains the entire database, which includes data from 200 combination pumps, 

cryogenic pumps, difision pumps, Roots pumps, roughing pumps, and 

turbomolecular pumps. 

Vacuum pumps are manufactured by a variety of companies for 

semiconductor fabrication. Representative characteristics, based on manufacturers' 

data, of different vacuum pumps and different rated pump speeds, are shown in 

Figure 5.1 to  Figure 5.5. 

It can be seen that the characteristics are clearly grouped by pump type. 

Based on the assumption that mechanical roughing pumps and turbomolecular pumps 

form the bulk of new vacuum systemsg3, only these two types of vacuum pumps are 

modeled. Using this data, empirical models have been fitted for important pump 

characteristics (mass, volume, and cost) to aid in scaling the process model between 

various systems. It is noted that outlying data exist in all of these curves. However, 
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the aim is to develop engineering estimates that are valuable for preliminary system 

design analyses and for the process flow model. 

4 Combination 
81 Cryogenic 
ADiffusion 
XRoots 
XRoughing 

Pump Speed (literlsec) 

Figure 5.1 - Manufacturers' Data of Vacuum Level 
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Figure 5.2 - Manufacturers' Data of Vacuum Pump Power 



Chapter 5. Semicotiductor Fabrication Process Modeling 

*Combination 
s Cryogenic 
ADiffusion 
XRoots 
X Roughing 

0 1 10 100 1,000 10,000 100,000 

Pump Speed (literlsec) 

Figure 5.3 - Manufacturers' Data of Vacuum Pump Mass 
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Figure 5.4 - Manufacturer Data of Vacuum Pump Volume 
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Figure 5.5 - Manufacturers' Data of ~ a c u u m  Pump Cost 

5.7.1.4 Pump Mass, Volume, and Cost Models 

The data shown in Figure 5.3 to Figure 5.5 was used to develop models of 

pump mass, volume, and cost for roughing pumps and turbomolecular pumps. 

The mass of the roughing pump (without accessories) m,ug~pu,np was modeled 

using a least squares fit of pump speed S to the data. 

0 25 50 75 100 1 25 

Pump Speed (11s) 

Figure 5.6 - Least Squares Fit of Rough Pump Mass 



Chapter 5. Senticonductor Fabrication Process Modeling 124 

The mass of the turbomolecu1ar pump (without accessories) mturbquw was 

modeled using a least squares fit of pump speed S to the data. 

Pump Speed (11s) 

Figure 5.7 - Least Squares Fit of Turbomolecular Pump Mass 

The volume of the roughing pump (without accessories) Vroughpump was 

modeled using a least squares fit of pump speed S to the data. 

0 50 100 150 
Pump Speed (11s) 

Figure 5.8 - Least Squares Fit of Rough Pump Volume 
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The volume of the turbomolecular pump (without accessories) Kurbopunip was 

modeled using a least squares fit of pump speed S to the data. 

0 1000 2000 3000 4000 5000 
Pump Speed (Ils) 

Figure 5.9 - Least Squares Fit of Turbomolecular Pump Volume 

The cost of the roughing pump (without accessories) CroNghpuj,p was modeled 

using a least squares fit of pump speed S to the data. 

0 50 100 150 
Pump Speed (Ils) 

Figure 5.10 - Least Squares Fit of Roughing Pump Cost 
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The cost of the turbomolecular pump (without accessories) Cturbopunp was 

modeled using a least squares fit of pump speed S to the data. 

0 500 1000 1500. 2000 2500 
Pump Speed (11s) 

Figure 5.11 - Least Squares Fit of Turbomolecular Pump Cost 

5.7.1.5 Puny Speed Models 

It is a characteristic of roughing pumps that the pump speed decreases as the 

pressure at the pump inlet decreases (i.e. with increasing vacuum levels). 

Turbomolecular pumps, however, have the opposite characteristic that the pump 

speed increases as the pump inlet pressure decreases, provided that the pump outlet is 

maintained below a critical pressure. 

In order to model pumping speed for a wide range of roughing and 

turbomolecular pumps, a normalized model has been developed. The normalized 

pump speed SnOrm at a given pump inlet pressure P is related to the pumping speed S 

by the manufacturer's rated speed for the pump Sr&zd. 

' = 'norm * 'rated 
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Manufacturers' data for four different two-stage, rotary, roughing pumps was 

used to develop a normalized pump spied curve for mechanical pumps. 

8.63~10" 

S,,, = 0.004826+0.591344*0.935114 + 0.410706 * 0.76086 (7) (5.22) 

1 Fitted Curve 

0.0001 0.001 0.01 0.1 1 10 100 1000 

Pressure (m bar) 

Figure 5.12 - Least Squares Fit of Normalized Pump 
Speed for Two-Stage Rotary Roughing Pump 

Manufacturers' data for four different turbomolecular pumps was used to 

develop a normalized pump speed curve for turbomolecular pumps. 
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Figure 5.13 - Least Squares Fit of Normalized Pump 
Speed for Turbomolecular Pump 

5. Z 1.6 Puny Power Models 

The instantaneous input power to the pump motor depends on the pump load 

and the motor efficiency. The pump load is dependent on the inlet pressure, the pump 

speed, and the type of pump. For mechanical roughing pumps, the pump power 

requirement is highest near atmospheric inlet pressure and decreases as the inlet 

pressure nears the pump's rated vacuum level. The power required for 

turbomolecular pumps is more uniform and is largely independent of the inlet 

pressure. 

The electrical power required w~~~~~~~~~ for mechanical roughing pumps is the 

sum of the power required for compression w~~~~~~~~~~ and the power required to 

overcome mechanical losses Wme,,ss divided by the motor efficiency  oror. or. 
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The power required for compr&sion arises from the fact that energy is needed 

to compress a gas. Due to an exhaust orifice restriction in the pump, the highest 

pressure occurs internally, and the power required is that needed to compress the gas 

from the inlet pressure Pz to the internal pressure P3. Internal pressure P3 is 

dependent on the volume flow rate S, the gas density p through the orifice, the pump 

exit pressure Po, and the loss coefficient K, for the pump orifice. A loss coefficient 

Kl of 8 x 10' was determined from a least squares fit of experimentally measured data 

from a 4.65 literlsecond CD 700 rough mechanical vacuum pump attached to the 

sputter deposition chamber located at the Simon Fraser University cleanroom. 

The power required to overcome mechanical losses is assumed to increase 

linearly with the pump speed S. A power loss factor K2 of 2 wh/m3, double that of 

Roots-type vacuum pumps, is assumed for a two-stage rotary mechanical pump. 

Figure 5.14 shows the agreement between measured and calculated power 

with time for the CD 700 mechanical vacuum pump at the Simon Fraser University 

cleanroom during a pumpdown of the sputter deposition chamber from atmospheric 

pressure. 
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CD700 I- Calculated Power 
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Figure 5.14 - Comparison of Measured and Calculated Rough Pump Power 

The electrical power required ~ u r b o p u ,  for turbomolecular pumps is modeled 

using a least squares fit of pump speed S to the manufacturers' rated pump power 

requirements. 

0 1,000 2,000 3,000 4,000 

Pump Speed (11s) 

Figure 5.15 - Least Squares Fit of Turbomolecular Pump Power 
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5.7.1.7 Vncuum System Models I 

The vacuum pump(s) are only one component in the entire vacuum system. 

The entire system is comprised of the process chamber, the loadlock, the piping 

between the vacuum chamber and the pumps, the piping from the pumps to the 

exhaust, and any valves and fittings installed in the piping. 

All pipes in the vacuum system restrict the flow of gases and have a 

conductance value. The conductance C is a measure of the ease with which gas flows 

from the chamber to the pump and is based on the pipe diameter d, pipe length I, and 

average pressure in the pipe P .  The conductance C in literslsec can be determined 

for a wide range of pressures using (5.29) with pipe diameter d and length l in cm, 

and average pressure 7 in mbar9'. 

The effective pump speed Seff at the end of the pipe is less than the pump 

speed S at the pump inlet due to the resistance to flow in the pipe98. Large diameter 

pipes reduce the losses and enable Seff to be closer to S. 

c * s  Se, = - 
C + S  

A single pump, rough or medium vacuum system is modeled as a chamber of 

volume V connected by a pipe of diameter d and length l to the pump inlet as shown 

in Figure 5.16. 
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ROTARY, ROUGHING PUMP 

\ PIPING 

Figure 5.16 - Single Pump Vacuum System 

The time and energy required to pumpdown the chamber fiom the starting 

pressure of P,t,,., to the ending pressure Pend with a specified pump size is calculated 

in an iterative manner using a series of small time steps dt. In each time step, the 

conductance C is calculated based on the current chamber pressure and pump inlet 

pressure. The normalized pump speed is calculated for the inlet pressure and 

multiplied by the rated pump speed to determine the actual pump speed for the time 

step. The pump power at the current pump speed and pump pressure is calculated 

from (5.24) to (5.27). The total energy Epumpdown required during the pumpdown cycle 

is the integration of the power required for each time step. 

In each time step, a volume of gas dV is removed from the vacuum chamber. 
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The quantity of gas added to the chamber through outgassing is subtracted 

from the quantity of gas removed from the chamber by the vacuum system to 

determine the net quantity of gas removed from the vacuum chamber. Using the 

equation of state for an ideal gas99 

the new chamber pressure PO at the end of the timestep dt can be calculated 

from the knowledge of the number of moles n of gas remaining in the chamber, the 

chamber temperature 7', and chamber volume J? 

The timesteps dt are repeated until the chamber pressure is less than or equal 

to the desired chamber pressure Pend. 

Figure 5.17 shows a comparison of the measured and calculated pressure 

during a pumpdown of the sputter deposition chamber at the Simon Fraser University 

cleanroom. Note that the initial slope of the pumpdown curve is very close to that 

predicted by (5.1 1). 

1,000 

0 2 4 6 8 
Pumpdown Time (minutes) 

Figure 5.17 - Comparison of Measured and Calculated Chamber Pressure 
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A two pump, high vacuum system, with the turbomolecular pump installed 

upstream of the roughing pump, is shown in Figure 5.18. This system is modeled in a 

manner similar to that of the one pump vacuum system described above, with the 

addition of another pipe of conductance Cz between the outlet of the turbo molecular 

pump and the inlet of the roughing pump. The energy and time required for a 

pumpdown cycle with two pumps is calculated by the same type of iterative 

procedure described for the single pump system. 

ROTARY, ROUGHING PUMP 7 

Figure 5.18 - Two Pump Vacuum System 

5.7.2 Energy Use Modeling 

The total energy used in a process is calculated according to (5.3). The energy 

used to create a vacuum Epumpdown is calculated by (5.31). The energy used for 

processing Ep~ocessiq is determined by the power field value wproCes~, in the Process 

Definition record and the processing time tpmce,,im. 

- 
'processing - Wprocessing * tprocessing 
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The energy Ewafir used to heat a wafer from starting temperature Tstart to 

process temperature Tp,,,,, is modeled based on the wafer mass nzwafir and specific 

heat C d r .  

Energy lost to the environment due to cooling of the wafer is assumed to be 

lost from the model and is not recaptured for subsequent processing. 

Energy EmQten,l is used to heat consumables such as gases during CVD 

processes or DI water during wet clean processes. This energy is determined by the 

mass mi and specific heat Ci of each consumable i used. 

Energy Edoping is used to accelerate doping ions during ion implantation 

processes. Edoping is based on the area to be doped A, the implant dose per unit area 

Dose, the energy of a single ion Eion, and the unit charge of one electron q. 

Edoping = A * Dose * Eion * q (5.37) 

5.7.3 Consumable Use Modeling 

The mass mi of consumable i is calculated by two different methods 

depending on whether the process uses a continuous flow or a batch quantity of the 

consumable during processing. 
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The Process Definition record (Table 5.1) for a process indicates whether the 

mass flow or volume ratio is used to calculate the quantity of consumable i used in 

processing. 

5.7.3.1 Continuous Flow 

For continuous flow processes, the MassFlow field value riz, is specified and 

the mass mi of consumable i used in the process is determined by the time for 

processing tpmssirg. 

5.7.3.2 Batch Flow 

For a process that uses a single batch of consumables, the number of moles of 

all consumables An required to raise the chamber pressure from the base pressure 

Phase attained during pumpdown to the process pressure PpmceSs is calculated through 

rearranging (5.3 3). 

The number of moles An, of consumable i is determined by the VolumeRatio 

field value vJ; using an ideal gas assumption for all consumables. 

An, =vJ;: *An (5 .40) 

The mass mi of consumable i is calculated from the molecular weight Mi and 

the number of moles An,. 
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5.7.4 Summary of Process Modeling 

The preceding section described the basic methods by which time, energy, and 

mass flows are determined by the semiconductor fabrication process model. The 

fbnctions to calculate the desired variables are implemented in purpose-written 

software listed in Appendix B. 

Each process step in a complete process flow is modeled using these methods. 

Combining such steps leads to a multi-process model, post-processing of which 

allows key parameters such as cumulative time, energy, and mass to be extracted. 

5.8 Process Flow 
A multi-process model is a sequential series of individual process steps, each 

of which is modeled using the methods described in Section 5.7. The sequence of 

process steps, referred to as the process flow, forms the recipe by which the 

semiconductor device is fabricated. The process flow determines the sequence of 

layers and the methods used to fabricate each layer. 

The process flow used to create the reference model is for a 12 level bi-metal 

CMOS device. This process flow had previously been used for modeling 

semiconductor fabrication optimization100 and was adopted on the basis that it 

provides a readily verifiable model. A condensed version of the process flow is 

shown in Table 5.17. The reference process flow CMOS 12-STD has 386 individual 

process steps and is hlly listed in Appendix E. 

Each process listed in the condensed process flow above is composed of many 

individual prcrcess steps, each of which is included in the model. 
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Table 5.17 - Reference Process Flow CMOSl2-STD 
(12 Level'Bi-metal CMOS) 

Major Major 
Step Process Step Process 

1 Form N-tub 8 Form Spacer 
Lithography (Mask #1 - NW) Oxide 
N-Tub Etch Anisotropic Etch 
Strip Resist Screening Oxide 
Screening Oxide Lithography (Mask #5 - SN) 
N-Tub Implant N SourceDrain Implant 
N-Tub Diffusion Strip Resist 
Strip Oxide 9 Form P-S/D 

2 Form Nitride Lithography (Mask #6 - SP) 
Oxide P SourcefDrain Implant 
Nitride Deposition 10 Form Contacts 
Lithography (Mask #2 - OD) Oxide 
Nitride Etch Reflow 
Strip Resist Lithography (Mask #7 - CO) 

3 Form Channel Stop Oxide Etch 
Lithography (Mask #3 - NWI) Strip Resist 
Oxide Etch 11 Form Metal 1 
Channel Stop Implant A1 Deposition 

4 Form Anti-Punch-Through Lithography (Mask #8 - IN) 
Anti-Punch-Through Implant A1 Etch 
Strip Resist 12 Planarize 

5 Form Field Oxide Plasma Oxide 
Field Oxidation Resist Spin-On 
Etchback Etchback 

6 Form Gate 13 Form Vias 
Gate Oxidation Lithography (Mask #9 - COS) 
Screening Poly Oxide Etch 
Threshold Adjust Implant Strip Resist 
Gate Poly 14 Form Metal 2 
Lithography (Mask #4 - PS) A1 Deposition 
Poly Etch Lithography (Mask #lo - INS) 
Strip Resist A1 Etch 

7 Form N-S/D Strip Resist 
Lithography (Mask #5 - SN) 15 Package 
N-LDD Implant 
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Table 5.18 -Example of Expanded Process Flow to Form N Tub 

Process Step Sub Process Step Sub Sub Process Step 
Clean Wafer Transport to RCA Clean 

Grow thin oxide 

Apply photoresist 

Lithography (Mask #1 - NW) Pattern N-Well. (Mask #1) 

Develop photoresist 

N-Tub Etch 

Strip Resist 

Screening Oxide 

N-Tub Implant 

Etch oxide 

Strip photoresist 

Clean Wafer 

Grow thin oxide 

Deposit N type impurities 

RCA Clean 1 
Transport to RCA Clean 2 
RCA Clean 2 
Transport to furnace 
Load into furnace 
Thermal oxide growth 
Unload from furnace 
Transport to photoresist system 
Prebake wafers 
Transport to deposit resist 
Deposit resist 
Transport to softbake 
Softbake wafers 
Transport to aligner 
Expose wafer 
Transport to developer 
Develop resist 
Transport to hardbake 
Hardbake wafers 
Transport to etcher 
Etch oxide 
Transport to asher 
Strip photoresist 
Transport to RCA Clean 
RCA Clean 1 
Transport to RCA Clean 2 
RCA Clean 2 
Transport to furnace 
Load into furnace 
Thermal oxide growth 
Unload from furnace 
Transport cassette to implanter 
Transport to loadlock 
Pumpdown loadlock 
Transport to implant chamber 
Implant n type 
Transport to loadlock 
Pumpup loadlock 
Transport to cassette 
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Table 5.18 -Example of Expanded Process Flow to Form N Tub continued 

Process Step Sub Process Step Sub Sub Process Step 
N-Tub Diffusion Diffuse N type impurities Transport to furnace . - 

Load into furnace 
Diffuse impurities 
Unload from furnace 

Strip Oxide Strip Oxide Transport to oxide strip 
Strip oxide 

Table 5.18 shows the expanded process flow to form the N tub from Table 

5.17. Appendix F contains time, energy, and mass results for the process flow of 

Table 5.18. 

5.9 Material Properties 
Calculation of energies, pressures and consumable masses is dependent upon 

the properties of the materials used. A database of properties for the materials shown 

in Table 5.19 is used by the model and is available in Appendix G. 

Table 5.19 - Materials in Properties Database 

No. Material No. Material No. Material 
1 A1 9 DIWATER 17 NH40H 
2 Ar 10 H202 18 0 2  
3 BC13 11 HC1 19 pH3 
4 BF3 12 He 20 PhotoResist 
5 C4H8 13 HF 2 1 PhotoResistDeveloper 
6 CARBON 14 N2 22 SF6 
7 CF4 15 N20 23 SiH4 
8 C12 16 NH3 

5.10 Fabrication Simulation Modeling 
Implementation of the multi-process model described in Section 5.8 provides 

a model suitable for simulation of the entire fabrication process. Post-processing of 
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the results of individual process steps,provides the information needed to determine 

energy, consumable, and equipment requirements for a particular process flow. 

The output of post-processing the fabrication simulation results are three 

summaries: equipment use, material use, and energy use. 

The equipment use summary lists for each piece of equipment: process time, 

incremental process time, number of uses of that piece of equipment for a single 

wafer. This information is used in Section 7.2.1 as the basis for determining 

equipment requirements to meet a given production goal. 

The mass use of materials is categorized by both phase and wafer level. 

The energy use during fabrication is categorized by both energy category and 

wafer level. The energy categories are: Pump Energy, Wafer Mass Energy, Material 

Mass Energy, Doping Energy and Process Energy as described in Section 5.7 and 

equation (5.3). 

5.1 1 Fabrication Simulation Results 
The fabrication simulation model described in the preceding sections was run 

with the reference process flow (12 level bi-metal CMOS) to reflect conventional 

semiconductor fabrication processes in an Earth-based facility. Detailed results are 

available in Chapter 7. Summarized results are shown in Table 5.20 to Table 5.22. 

The total process time of 227,206 seconds provides a per layer average of 1.09 

days assuming that the wafers spend five times as much waiting for equipment as 

they do processing73. This is at the lower end of the results of the University of 

California at Berkeley's Competitive Semiconductor Manufacturing Survey, which 

showed that actual cycle times in modern semiconductor fabrication facilities varied 

from 1.2 to 3.3 days per masking levellol. 

The amount of liquid consumed during the fabrication of a single wafer can be 

attributed primarily to the RCA-type cleans extensively utilized. Each RCA clean 
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requires approximately 38 liters of DI water. The 779 kg of liquid used equates to a 

per layer average of 65 kg. For comparison, the Semiconductor Industry Association 

estimates that up to 650 to 1,500 gallons of DI water are required to process a 200 

rnm wafer from start to finish62, leading to a minimum per layer average of 

approximately 82 kg. The underestimation of DI water consumption by the model is 

thought to be due to the use of a simple CMOS process flow (12 level bi-metal) 

which does not utilize CMP processes, a large consumer of DI water. 

The energy use of 201,351,743 J per wafer provides a per layer average of 4.7 

kW-h. The Semiconductor Industry Association estimates that 3.2 to 4.5 kW-h per 

square inch are required to process a 200-mm wafer1", leading to a minimum per 

layer average of approximately 5.4 kW-h. Again, the underestimation of energy by 

the model is due to the use of a simple CMOS process flow (12 level bi-metal) which 

does not utilize CMP processes, a large consumer of DI water. Of the energy used, 

the model shows that 97% is used to heat consumable material, primarily liquids for 

RCA cleans. 

Table 5.20 - Equipment Use for Reference Process Flow 

Process Time Incremental Process Time 
Equipment (sec) (?h) (set) (%I Uses 
INTERPROCESSCONVEYOR 33,251 15% 1,385 5% 108 
WETBENCH 66,778 29% 1,341 5% 52 
FURNACE-B ATCH 39,624 17% 840 3% 27 
PHOTORESIST-SYSTEM 45,630 20% 2,275 8% 65 
LITHO-D S W 864 0% 864 3% 12 
DEVELOP-SYSTEM 20,244 9% 1,016 4% 3 6 
PLASMA-ETCHER 5,276 2% 5,276 18% 15 
ASHER 2,086 1% 2,086 7% 12 
ION-IMPLANTER 1,653 1% 1,653 6% 49 
PLASMA-CVD-SY STEM 7,457 3% 7,457 26% 7 
SPUTTER-SY STEM 4,313 2% 4,3 13 15% 2 
RTP-SYSTEM 30 0% 30 0% 1 
Total 227,206 100% 28,537 100% 386 
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Table 5.21 - Consumable Material Use (kg) for Reference Process Flow 

Level 1 Level 2 Level 3 Level 4 Level 5 Level 6 
N-well Nitride Channel Stop Gate N-LDD N source /drain 

GAS 0.0072 0.0130 0.0056 0.0082 0.0012 0.0051 
LIQUID 89.5017 47.2517 90.3975 89.5017 47.2517 47.2517 
SOLID 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
All Phases 89.5089 47.2647 90.4032 89.5099 47.2529 47.2568 

Level 7 Level 8 Level 9 Level 10 Level 11 Level 12 
P source /drain Contacts Metal 1 Vias Metal 2 Cover Glass 

GAS 0.0013 0.0053 0.0016 0.0166 0.0021 0.0165 
LIQUID 47.2517 47.2517 47.2517 89.5034 47.2517 89.5017 
SOLID 0.0000 0.0000 0.0002 0.0000 0.0002 0.0000 
All Phases 47.2530 47.2570 47.2534 89.5200 47.2540 89.5182 

Total 
GAS 0.0838 
LIQUID 779.1679 
SOLID 0.0003 
All Phases 779.2521 

Table 5.22 - Energy Use (J) for Reference Process Flow 

Energy Level 1 Level 2 Level 3 Level 4 Level 5 Level 6 
Category N-well Nitride Channel Stop Gate N-LDD N source /drain 
Pump 130,220 97,665 227,886 162,775 32,555 130,220 
Wafer 267,726 103,632 97,099 128,355 10,376 103,632 
Material 22,985,794 11,492,052 22,982,851 22,984,371 11,490,391 11,491,945 
Doping 37,699 0 41 2 101 25,133 
Process 78,857 179,357 108,857 675,857 36,000 144,857 
All 23,500,296 11,872,706 23,416,733 23,951,360 11,569,422 11,895,787 

Energy Level 7 Level 8 Level 9 Level 10 Level 11 Level 12 
cateiory P source /drain Contacts Metal 1 Vias Metal 2 Cover Glass 
pump 65,110 97,665 97,665 162,775 97,665 97,665 
Wafer 35,611 88,260 10,376 27,925 43,810 23,570 
Material 11,490,400 11,492,118 11,490,391 22,985,63 1 11,490,644 22,985,63 1 
Doping 4,524 0 0 0 0 0 
Process 66,857 144,857 678,857 409,714 678,857 378,857 
All 11,662,503 11,822,901 12,277,289 23,586,046 12,310,976 23,485,724 

Total 
Pump 1,399,869 
Wafer 940,37 1 
Material 195,362,219 
Doping 67,499 
Process 3,581,786 
All 201,351,743 



Chapter 5. Semiconductor Fabrication Process Modeling 

5.12 Conclusions , 

This chapter has described a model for the simulation of the semiconductor 

fabrication process. A detailed numerical model was developed and evaluated using 

a reference semiconductor process flow. The results indicated that the model 

underestimated material use and energy compared with more sophisticated process 

flows used in industry, and it was found that such results were consistent with the 

simple process flow used. 

The model does provide a means to examine changes to the process flow, 

process parameters, and equipment in order to evaluate the feasibility of space-based 

semiconductor fabrication. 

In Chapter 6 the model will be used to compare modified process flows for 

both Earth and space-based environments. 



Chapter 6 

Optimization of Process Flows 

6.1 Introduction 
This chapter will describe the manner in which process flows are optimized 

for space-based semiconductor fabrication. Related processes and equipment will be 

examined, and new models that are suited for a high vacuum, microgravity 

environment will be developed. 

It will be shown that the removal of liquids from the entire process flow is a 

requirement to allow semiconductor processing in a vacuum environment. 

Alternative, dry cleaning and lithographic processes will be introduced, and issues 

surrounding the use of these new processes will be examined. 

6.2 Background 

In Section 3.4 Difficulties for Orbital Manufacturing of Semiconductors, wet 

processes and lithography were identified as barriers to manufacturing semiconductor 

devices in a microgravity, vacuum environment. Alternatives to both of these 

processes must be developed in order to allow space-based semiconductor fabrication 

to be feasible. 

Wet processes pose two problems for a space-based fabrication system: high 

transport mass and material handling. The high mass adds significantly to the 

transport cost to orbit, shown later in Table 9.4 to dominate the economic feasibility 

of space-based semiconductor fabrication. The difficulty in handling and applying a 

liquid material in a high vacuum environment is due to the fact that the vapor 

pressure of liquids (such as DI water) is very high compared to the desired ambient 
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vacuum environment (€10" torr), resulting in immediate vaporization of the liquid 
I 

upon exposure to the vacuum environment. 

It is seen in Table 5.21 that the amount of liquid material used in wafer 

fabrication with the reference process flow constitutes 779 kg or almost 100% of the 

consumable material use on a mass basis. Based on this, it is theorized that the 

elimination of all liquid consumables would greatly reduce the consumable mass 

requirements. 

Table 6.1 shows the processes in the reference process flow that use liquid as 

a consumable. 

Table 6.1 -Wet Processes in Reference Process Flow 
Process Name Description Liquids Used 
RCA-SC 1 remove organics, particles DIWATER, HF, H202, NH4OH 
RCA-SC2 remove metals DIWATER, HCl, H202 
DEPOSIT-RESIST deposit organic photoresist PHOTORESIST 
DEVELOP-RESIST develop organic photoresist PHOTORESISTDEVELOPER, DIWATER 
W D l P  remove native silicon dioxide DIWATER, HF 

A breakdown of the quantities of liquids used with the reference process flow 

is shown in Table 6.2. 

Table 6.2 - Liquids Used in Reference Process Flow 

Liquid Name Mass Used (kg) % of Consumable Mass 
DIWATER 702.6 90.16% 
HF 12.81 1.64% 
H202 31.88 4.09% 
NH~OH 17.00 2.18% 
HC1 14.88 1.91% 
PhotoResist 0.022 0.00% 
PhotoResistDeveloper 7.540E-07 0.00% 

These tables shown that the wet cleaning processes (RCA - SC1, RCA - SC2, 

HF_DIP) are responsible for almost all of the liquid consumption. Based on this 
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information, it is seen that dry, alternative cleaning processes must be developed that 

provide the same hnctionality as the wet cleaning processes in the reference process 

flow. Table 6.3 shows the process flow for the wet cleaning step employed in the 

reference process flow. 

Table 6.3 -Conventional, Wet Cleaning Process Flow 

Process Step ProcessName ProcessEquipment 
Transport to RCA INTERPROCESSTRANSPORT CASSETTE INTERPROCESSCONVEYOR - 
clean 
RCA Clean 1 RCA SC1 WETBENCH 
Transport to RCA W~~WROCESSTRANSPORT-BATCH WETBENCH 
Clean 2 
RCA Clean 2 RCA SC2 WETBENCH 

Table 6.2 also shows that alternatives to liquid photoresist and photoresist 

developer must be developed if the goal of a completely dry process is to be 

achieved. While the mass of liquid photoresist and developer is small compared with 

that of the cleaning fluids, the difficulty in applying and utilizing the photoresist in a 

high vacuum, microgravity environment remains. 

Section 2.3.2.1 Optical Lithography with Conventional Photoresist described 

the current lithographic process employed for commercial semiconductor fabrication. 

This process utilizes a photosensitive liquid polymer as a resist. Droplets of the resist 

are applied to a spinning wafer to form a uniform, thin (1 micron) film. The resist is 

exposed to a W source through a mask to define a pattern, and the unneeded resist is 

removed by a liquid photoresist developer. The wafer is then washed in DI water 

before proceeding to the next processing step (deposition, etching, doping). Once the 

patterned resist is no longer required, it is removed by a combination of plasma 

etching and wet chemical cleaning. Any dry, alternative lithographic process 

developed for a high vacuum, microgravity environment must provide the same 
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finctionality as the lithographic prokess described above with respect to resist 

application, exposure, development, and removal. 

6.3 Alternative Cleaning Processes 

Alternatives to wet cleaning processes already exist and semiconductor 

fabrication facilities are adopting them in a move to conserve water'03920. The 

Semiconductor Industry Association predicts that water consumption will need to be 

reduced by 40% over the next decade62. With the construction of the pure DI water 

production and chemical waste handling facility estimated to be 15% of the 

construction costs for a semiconductor plant104, operators of semiconductor 

fabrication facilities are seeking means to reduce the amount of liquids utilized in the 

production process. In addition, wet processes are not easily integrated with cluster 

tools and their cost-of-ownership is increasing due to the cost of used chemical 

disposal'03. 

The Microelectronics Manufacturing Science and Technology (MMST) 

program, a study to lower the capital cost of fabrication facilities and decrease the 

cycle time, determined that 100% single wafer processing and a minimum of 95% dry 

processing was required to achieve that goal105. Determining replacements for wet 

cleaning processes was a part of that project. 

Methods to reduce the amount of liquids used in processing include the re-use 

of DI water, changing from liquid cleaning baths to sprays, and the use of plasma 

processes. In general, these processes readily remove native oxides and organics, but 

do little to remove particles on the surface of the wafer. 

The need to replicate the finctionality of the RCA or similar type wet cleans 

currently employed has resulted in the development of a cleaning process flow that 

includes the following steps: plasma etch in oxygen to remove organics, plasma etch 
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in CF4 to remove silicon dioxide, and ion milling to remove particles. The process 

flow for this alternative, dry cleaning pfocess is shown in Table 6.4 

Table 6.4 -Alternative, Dry Cleaning Process Flow 

Process Step ProcessName ProcessEquipment 
Transport to dry clean INTERPROCESSTRANSPORT-CASSETTE INTERPROCESSCONVEYOR 
process 
Remove organics PLASMAETCH-ORGANICS SPACE PLASMA-ETCHER 
Remove oxide PLASMAETCH-~102-SPACE PLASMA-ETCHER 
Transport to ion mill INTERPROCESSTRANSPORT-CASSETTE INTERPROCESSCONVEYOR 
process 
Remove metals & ION-MILL SPUTTER-SY STEM 
 articles 

Compared to the RCA cleaning process flow shown in Table 6.3, the 

alternative clean is conducted in two separate pieces of equipment: a plasma etcher 

capable of supplying both 02 and CF4, and an ion milling system. Both plasma 

processes and the ion milling process are conducted in a partial vacuum and are 

suitable for use in both a gravity and a microgravity environment. 

Plasma etching is currently used in production facilities for the removal of 

organics such as photoresist (asher) and oxides, but is not used for particle removal 

due to the time required for ion milling. 

Ion milling requires a high base vacuum and is itself a slow process. The 

combination results in large pumpdown and processing times. It is proposed that the 

presence of a native vacuum in a space-based facility will eliminate the pumpdown 

time and make ion milling a feasible option for particle removal. 

6.4 Alternative Lithographic Processes 
Alternatives to conventional photolithography do exist. Section 2.3.2 

Patterning describes three alternatives: electron beam direct write, x-ray lithography, 

and thermal lithography with dry resist. 
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Near term approaches include the use of shorter wavelength lasers such as the 

157 nm fluorine excimer laser to pattern 70 nm feature sizes. However, problems 

with resist technology suitable for the shorter wavelengths have yet to be resolved 

and there is no indication that such resists would be suitable for a vacuum 

environment. 

Longer term approaches center around Next Generation Lithography (NGL) 

efforts. There are several NGL proposals: extreme-ultraviolet, two types of electron- 

beam projection lithography, ion-beam projection lithography, x-ray lithography, and 

a new approach to electron-beam direct write that uses multiple co l~rnns '~~ .  The aim 

of this effort is to be able to pattern 50 nrn line widths. 

A thermal lithographic process has been developed which uses a two layer 

resist. Section 2.3.2.4 Thermal Lithography with Dry Resist described this process 

briefly. An expanded description is repeated here, with application to a space-based 

semiconductor fabrication. 

Many inorganic materials do not exhibit a photoresponse to short duration 

pulses at the wavelengths of excimer lasers (193 nm). This is in contrast to the 

response of organic photoresists which react to cumulative exposure. This difference 

enables smaller features to be patterned than possible with traditional resists using the 

same exposure sourcelo7. The benefit to space-based applications is that the inorganic 

materials can be applied by thin film deposition techniques (CVD) and contain no 

volatile liquids. However, the inorganic materials are not suitable protection for 

downstream processes such as etching and doping. 

A two layer resist has been developed to utilize the advantages of an inorganic 

thermal resistlop. An organic bottom layer such as amorphous carbon (a-C:H) 

provides protection for etching and doping processes, while an inorganic top layer 

such as AlOx is patterned using thermal lithography. Exposure converts the 

deposited AlOx (primarily aluminum) to AIOz. Developing of the top layer is 
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performed by etching of the unexposed aluminum material, leaving the converted 

Al02. The pattern is transferred to ihe bottom layer by etching the bottom layer 

material through the previously etched opening in the top layer. The top layer of 

resist is then removed through an ion milling or similar process, leaving only the 

patterned bottom resist layer of amorphous carbon. Downstream processing is then 

performed normally. The amorphous carbon resist is finally stripped using a cleaning 

process that removes organics. 

Figure 6.1 to Figure 6.8 show a typical patterning sequence for the dry, 

inorganic thermal resist process. For comparison, Figure 6.9 to Figure 6.13 show the 

standard photoresist process. It can be seen that the primary differences between the . 

two processes are the addition and subsequent removal of the top resist layer. 

The AlOx resist process described above, developed in 1989, has not yet seen 

commercial use. However, improvements to the basic process, using other inorganic 

materials such as BiIn, have reduced the exposure energy requirements and improved 

the resolution. These changes improve the feasibility of a completely dry 

lithographic process for space-based semiconductor fabrication. These alternative 

processes, such as the SFU bi-metallic resists of Section 2.3.2.4, tend to follow 

similar deposition, development and stripping requirements. 

The TREOL process, described in Section 2.3.2.4, is not used in the following 

space-based lithography model. While the characteristics of thermal resists allow for 

improved resolution with the TREOL process, it is not yet in commercial use for 

semiconductor lithography applications and is not required to evaluate the feasibility 

of thermal resists for vacuum-based lithography. Use of the TREOL process would 

require additional exposure steps and require additional masks. 
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Figure 6.1 - Deposit Amorphous Figure 6.2 - Deposit Aluminum Oxide 
Carbon 

Figure 6.3 - Expose Top Resist 

ETCHED 
OPENING 
IN a-C:H 

ETCHED 
OPENING 
IN AlOx 

Figure 6.4 - Develop Top Resist 

Figure 6.5 - Transfer Pattern to 
Bottom Resist 

Figure 6.6 - Remove Top Resist 

ETCHED 
OPENING 
IN WAFER 

FINAL 

/'- 
PAlTERNED 
WAFER 

Figure 6.7 - Transfer Pattern to Wafer Figure 6.8 - Patterned Wafer 
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Figure 6.9 - Deposit Organic 
Photoresist 

Figure 6.10 - Expose Photoresist 

DEVELOPED 
OPENING IN 
PHOTORESIST ETCHED 

OPENING 
IN WAFER 

Figure 6.11 - Develop Photoresist Figure 6.12 - Transfer Pattern to 
Wafer 

FINAL 
PATTERNED 
WAFER 

1 I 

Figure 6.13 - Patterned Wafer 

The process flow used by the simulation model for a space-based, dry, 

lithographic process is shown in Table 6.5 to Table 6.8. 
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Table 6.5 -Process Flow to Dry, Inorganic Resist 

Process Step ProcessName ProcessEquipment 
Transport to resist INTERPROCESSTRANSPORT-CASSETTE INTERPROCESSCONVEYOR 
system 
Deposit bottom layer PECVD_CARBON-SPACE PLASMA-CVD-SYSTEM 
(amorphous carbon) 
resist 
Transport to top resist INTERPROCESSTRANSPORT-CASSETTE INTERPROCESSCONVEYOR 
layer deposit system 
Deposit top layer SPUTTER-ALOX-SPACE SPUTTER-SYSTEM 
(AlOx) resist 

Table 6.6 -Process Flow to Expose Dry, Inorganic Resist 

Process Step ProcessName ProcessEquipment 
Transport to aligner INTERPROCESSTRANSPORT CASSETTE INTERPROCESSCONVEYOR - 
~ q o s e  wafer - PATTERN LITHO DSW 193 LITHO DSW 193 

Table 6.7 -Process Flow to Develop Dry, Inorganic Resist 

Process Step ProcessName ProcessEquipment 
Transport to plasma INTERPROCESSTRANSPORT-CASSETTE INTERPROCESSCONVEYOR 
etch system 
Plasma etch PLASMAETCH-AL-SPACE PLASMA-ETCHER 
unexposed Al 
Plasma etch exposed PLASMAETCH-ORGANICS-SPACE PLASMA-ETCHER 
amorphous carbon 
Transport to ion mill INTERPROCESSTRANSPORT-CASSETTE INTERPROCESSCONVEYOR 
process 
Remove top resist ION-MILL SPUTTER-SY STEM 
layer AlOx 

Table 6.8 -Process Flow to Remove Dry, Inorganic Resist 

Process Step ProcessName ProcessEquipment 
Transport to dry clean INTERPROCESSTRANSPORT-CASSETTE INTERPROCESSCONVEYOR 
process 
Remove organics PLASMAETCH ORGANICS SPACE PLASMA ETCHER 
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Other Alternative Processes 
Although not included in the reference process flow model, chemical 

mechanical polishing (CMP) and copper electroplating are both important processes 

used to produce many types of semiconductor devices. CMP is the planarization 

method of choice when more than two metal layers are deposited. Copper 

electroplating is used for the deposition of copper for the topmost metal layers in high 

frequency applications such as high-end microprocessors. 

6.5.1 Alternatives for CMP 

CMP is a process used to level or "planarize" the surface of the wafer. As 

multiple levels of thin films are deposited and patterned on the surface of the wafer, 

the lines and vias comprising the surface structures form a non-planar surface and 

considerable topology can be created. Without a leveling process such as CMP, the 

distance between the high and low points on the wafer's surface can grow to several 

microns. This large difference in height can cause problems with downstream 

processes: step coverage of depositions, uniform resist thickness, and exposure depth 

of focus. 

CMP is the latest of many planarization processes and is used primarily for 

devices with more than two metal layers. Its advantage is that it produces a very 

uniform surface level, but its disadvantage is that it is a wet process that contaminates 

wafers and requires large amounts of process time. In a typical CMP process, a layer 

such as glass or nitride is deposited through CVD until the topology on the wafer 

surface is hlly covered. For example, a topology of 1 micron might be covered by a 

CVD glass layer that is 1.5 microns thick. Following CVD, the wafer is covered by a 

liquid slurry consisting of water and an abrasive polishing compound, and a polishing 

disk is applied to the surface. The polishing disk is rotated mechanically in such a 
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manner that it removes high points, eventually leaving the wafer with a very uniform, 

flat surface. This polishing process can'be likened to lens grinding. 

As discussed previously, wet processes pose problems for a high vacuum, 

microgravity environment. Therefore, an alternative to the CMP process is required 

in order to produce semiconductor devices with more than two metal layers in space. 

The inherently dirty nature of CMP has lead many researchers to study dry 

alternatives. The following paragraphs present a preliminary concept developed at 

SFU for a dry process that is compatible with the space environment and achieves 

planarization equal to that obtained with CMP. 

The dry process is based upon the concept of photoablation. Using an intense 

source of short wavelength light, such as a laser, it is possible to remove material 

from an object without heating. The process, called photoablation, works by 

directing high energy photons at the surface of an object. If the photon energy is 

higher than the binding energy of the material's molecules, then the material 

disintegrates when hit by the photon. In the case of plastics (comprised of hydrogen 

and carbon), photoablation in air results in the release of hydrogen and carbon dioxide 

gases, which are easily removed from the object's surface. A key point to note is that 

photoablation only occurs above a well-defined intensity threshold. 

While the development of a detailed planarization process based upon 

photoablation is beyond the scope of this thesis, one concept of such a process is 

presented. As with CMP, the first step is to CVD deposit a glass layer that 

completely covers the topology. The second step is to expose the wafer to an intense 

source of UV light through a lens with a very small depth of focus. A simplified 

description of the depth of focus of a lens is the distance from the lens over which the 

image is clear (the beam power is at the maximum). While lenses for lithography are 

optimized for a large depth of focus (to ensure a clear image across the wafer 

surface), lenses for the photoablative process described would be optimized for a very 
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small depth of focus. This would allow the intensity necessary for photoablation to 
I 

only occur over a very small distance (of say 0.1 microns). To photoablate the silicon 

dioxide glass covering the topology, the photons would need to break the silicon 

oxygen bond. The intensity of light required to achieve photoablation of the glass 

would only occur at the focal point of the lens within the depth of focus distance. If 

the top layer of the glass coincides with the focal point distance, then portions of the 

top layer that lie within the depth of focus will be removed through photoablation. 

This would be done in a gas environment which would react with the disassociated 

products, and carry them away to prevent their redeposition on the surface. 

For layers that lie outside of the depth of focus, photoablation will not occur. 

Also, as photoablation requires a threshold intensity to occur, it is not a cumulative 

effect and lower layers will only be removed by photoablation when they are moved 

to lie within the depth of focus and exposed to the light source. Thus, the dry 

planarization process is the repeated exposure of the wafer to the UV light source 

while the wafer is moved slightly closer to the lens with each step. It is estimated that 

each step could remove 0.1 microns, resulting in a planarized wafer after five to ten 

steps. The end product, a wafer with a surface uniform to within 0.1 microns, could 

be achieved by this vacuum compatible process in much less time than current CMP 

processes require. 

6.5.2 Alternatives for Copper Electroplating 

Copper electroplating is a process used to deposit thick copper conductors on 

the topmost layers of the most advanced current devices. Such conductors have 

advantages over aluminum and other metals with regards to high frequency operation. 

However, copper is a highly mobile ion and can easily, unless precautions are taken, 

contaminate the silicon in the device. 
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The present method of depositing copper for this application is to use a liquid 

electrochemical plating process. In this process, positive CU++ copper ions suspended 

in a liquid solution (such as copper sulfate) are attracted to the negatively charged 

wafer by the electrical potential difference. Copper deposited in this manner is stress 

free and can form thick (1.5 microns or more) films. The slow motion of the copper 

ions in the liquid solution allows them to be attracted to the ends of high aspect ratio 

structures, such as vias, so that they may be filled. 

An equivalent dry process is required for fabrication of high end MPU's and 

other similar devices in space. Due to stress concentrations, standard deposition 

methods such as CVD and sputtering are unable to form the thick copper films 

required. However, by replicating the main parameters of the liquid-based 

electroplating process, a dry electroplating process has been devised. 

While it is beyond the scope of this thesis to develop a detailed dry, 

replacement process for copper electroplating, one such concept is presented. The 

key factors in the success of the liquid electroplating process over that of CVD, 

evaporation, and sputter deposition processes are the slow speed of the copper ions 

and the use of an electromotive force to attract the ions to the wafer's surface. In 

CVD, the copper ions are in a vapor and diffuse through the vapor to the surface, 

leading to low deposition rates. In evaporation and sputter deposition, the ions 

impinge upon the surface with speed and direction, leading to poor step coverage. 

The dry electroplating process replaces the liquid solution of copper ions with a 

charged metal vapor. In this vapor, copper ions and argon gas co-exist. Collisions 

between charged copper ions and argon molecules result in the exchange of ion 

velocity for a temperature increase, leading to copper ions with a low mean velocity. 

If the copper ions are kept charged through an external means, such as a copper laser 

that affects only the copper ions and not the argon molecules, then the copper ions 

will maintain a charge even after undergoing multiple collisions with argon 
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molecules. This situation has now ieplicated the situation found in the liquid 

solution, namely charged copper ions with low mean velocity existing at low 

temperatures. 

Use of an argon gas with a few millitorr of pressure will provide a mean free 

path that is small enough that multiple collisions between copper ions and argon 

molecules will readily occur. In this situation the copper ions would rapidly 

thermalize to the temperature of the argon gas. In this vapor, the positively charged 

copper ions would tend to repel each other and not coalesce. Placing the negatively 

charged wafer in the chamber to act as a cathode would attract the copper ions to the 

wafer. As the velocity of the copper ions is low, the electric field forces will be able 

to attract the ions into deep, high aspect ratio structures such as vias. This dry process 

is compatible with a vacuum, microgravity environment and duplicates the key 

factors found in the liquid electro-chemical plating process. 

6.6 Alternative Equipment Requirements 
Semiconductor fabrication equipment has reached a level of maturity and 

standardization over the past thirty years that has allowed operators of existing 

semiconductor fabrication facilities to consider most types of equipment to be a 

commodity item. Such will not be the case for a space-based semiconductor 

fabrication facility. 

Semiconductor fabrication equipment comprises the equipment used for the 

processing and transport of wafers, and Table 5.13 shows the list of equipment used 

in the simulation model. Such equipment is designed to provide fbnctionality in an 

Earth environment and is unsuited to space use without design changes. Such 

changes would reduce the mass of the equipment, eliminate unneeded systems, and 

optimize the equipment for the high vacuum, microgravity environment of a space- 

based semiconductor fabrication facility. 
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Functional decomposition is one method by which the changes needed for 

space-based equipment can be evaluated. Using this method, each piece of 

equipment is divided into functions and each function is evaluated for use in space. 

Typical functions provided by semiconductor fabrication equipment are shown in 

Table 6.9. 

Table 6.9 -Functions Provided by Equipment 

Function 
Consumable Delivery 

Power Supply 
Process Chamber 

Processing Components 
Support Structure 

Vacuum Pump & System 
Wafer Transport 

Consumable delivery will change for a space-based application: less material 

will be required per wafer, the material may not be delivered continuously but rather 

in batches. 

The power supply needed is a function of the input power source and the 

power requirements. It is shown later in Section 7.2.4 that the power requirements 

for most types of equipment is dramatically reduced by dry processing in a native 

vacuum environment. 

While the process chamber size will be unaffected by a space environment, 

the thickness of the walls can be reduced as there will be very little pressure 

differential between the inside of the process chamber and the ambient, vacuum 

environment. This is in contrast to Earth-based processing in a one atmosphere 

environment where the pressure differential can approach 10 1.3 kPa. 

The processing components such as ion sources, plasma generators, etc. are 

the least likely components to require changes for the space environment. However, 

electronic controls may need to be modified to take into account radiation induced 
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errors (soft errors) in the systems. Also, any components that have mechanical 

movement (valves, robots, actuators)' will need to be redesigned for the space 

environment to cope with lubrication, outgassing, and other specific requirements. 

The support structure for space-based equipment need only be strong enough 

to support the forces encountered during transportation, including launch. Unless 

vibration concerns are paramount, this will result in structures that are substantially 

thinner and less massive than those used in Earth-based equipment. 

For all processes that operate at vacuum levels below that obtainable in orbit 

(-10" torr), the vacuum pump and related system is no longer required. In its place 

will be a means to exhaust process gases. Vacuum pumpdown will be a matter of 

opening the exhaust port to expose the interior of the process chamber to the ambient 

orbital vacuum. 

Wafer transport inside of equipment will be used to move wafers from load 

locks to process chambers (lock locks will no longer be required for an ambient 

vacuum environment), and between process chambers (as found in cluster tools). 

In addition to redesigning equipment to provide the appropriate functions, it 

must also be designed for reliability. Maintenance of Earth-based cleanroom 

equipment may, at the worst case, require shutting down production. Maintenance of 

space-based equipment will require expensive travel to orbit to correct and may be 

difficult to arrange in a timely manner. Section 10.4.6 explores the impact of 

equipment reliability on fabrication in more detail. 

Table 6.10 shows the fbnctional breakdown of mass, volume, and cost used 

for space-based equipment in the simulation model. The entire vacuum system has 

been eliminated and the mass and volume reduced appropriately for the other 

functional categories. The cost for functional categories other than vacuum has not 

been reduced as it is assumed that cost savings attained through the reduction of 

systems and components would be matched by the increased complexity of designing 
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for the vacuum environment. Non-recoverable engineering costs due to new product 

development are not considered in this model. 

Table 6.10 - Normalized Functional Values for Space-Based Equipment 

Vacuum Vacuum Wafer Process Support Consumable Processing Power 
Item Pump System Transport Chamber structure Delivery components Supply 
Mass 0% 0% 75% 10% 10% 75% 75% 75% 
Volume 0% 0% 75% 100% 10% 75% 75% 75% 
Cost 0% 0% 100% 100% 100% 100% 100% 100% 

Table 6.1 1 shows the effect of the normalized knctional decomposition 

values on equipment mass, volume, and cost for space-based equipment, and Table 

6.12 shows a comparison of the mass, volume, and cost of both Earth-based and 

space-based semiconductor fabrication equipment. The values shown in Table 6.12 

are used by the simulation model. 

While the mass and volume reductions seem reasonable, they are only 

engineering estimates. However, this model assumes a conservative approach 

regarding equipment costs - the only cost reductions used are those that occur where 

the vacuum pumps and controls are removed. No allowance is made for reduced 

costs due to reductions in mass and volume of other equipment components. 

Details on parameters such as mass, volume, and cost for Earth-based 

equipment used by the simulation model can be found in Appendix H. The 

parameters for space-based equipment are determined by the method of fhnctional 

decomposition of Earth-based equipment described above. 
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Table 6.11 - Normalized Mass, Volume, and Cost 
for Space-Based Equipment 

Equipment Mass (Oh) Volume (Oh) Cost (%) 
INTERPROCESSCONVEYOR 75% 75% 100% 
WETBENCH 
FURNACE-BATCH 
PHOTORESIST-SY STEM 
LITHO_DSW-193 
DEVELOP-SYSTEM 
PLASMA-ETCHER 
ASHER 
ION IMPLANTER 
PLASMA-CVD-SY STEM 
SPUTTER-SYSTEM 
RTF' SYSTEM 

Table 6.12 - Mass, Volume, and Cost for Earth and Space-Based Equipment 

Earth-Based Equipment Space-Based Equipment 
Mass Volume Cost Mass Volume Cost 

Equipment (kg) (m3) WsD) (kg) (m3) (USD) 
INTERPROCESSCONVEYOR 50 0.1 $100,000 38 0.075 $100,000 
WETBENCH 
FURNACE-B ATCH 
PHOTORESIST-SY STEM 
LITHqDS W-193 
DEVELOP-SY STEM 
PLASMA-ETCHER 
ASHER 
ION-IMPLANTER 
PLASMA-CVD-SY STEM 
SPUTTER-SYSTEM 
RTP SYSTEM 

6.7 Conclusions 
This chapter has shown that the elimination of wet (liquid) processes is a 

requirement for space-based microfabrication. Two new processes, a dry cleaning 

process and a dry lithographic process, have been introduced and have been shown to 
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be effective alternatives for conventional wet-based processes. Detailed numerical 

models of the alternative processes were developed. 

To allow comparison between standard Earth-based and space-based 

microfabrication, the reference simulation model was extended to include the 

alternative dry processes in place of wet processes in a vacuum environment. In 

order to compare the improvements attainable by use of the dry processes on Earth, a 

third model was developed which included dry processes, but assumed a standard 

Earth (non-vacuum) environment. The results of these simulations will be discussed 

in Chapter 7. 



Chapter 7 

Process Simulation Results 

7.1 Introduction 
This chapter will present the results of process flow simulations incorporating 

the dry processes developed in Chapter 6 .  

The results of process simulation runs for a completely dry, Earth-based 

process flow and a completely dry, space-based process flow will be presented and 

compared to the reference process flow (Table 5.17) results It will be shown that 

space-based semiconductor fabrication is feasible with respect to time, mass, and 

energy requirements and that there are significant improvements in process time, 

consumable use, and energy use compared to the equivalent Earth-based process. 

7.2 Results 

Based on the equipment and process optimizations described in Sections 6.3 

to 6.5, a simulation run was pefiormed for a dry, space-based process flow. The 

reference space process flow CMOS12-DRY-SPACE, &lly shown in Appendix I, is 

based on the reference process flow CMOS12-STD with changes to accommodate a 

dry cleaning process and a dry lithographic process. 

An additional simulation run was performed for a dry, Earth-based process 

flow in order to provide a comparison of the improvements attainable on Earth using 

a completely dry process flow. The reference dry Earth-based process flow 

CMOS12-DRY-EARTH, shown in Appendix J, was developed from the reference 

space process flow CMOS12-DRY-SPACE by maintaining the vacuum pumpdown 
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processes found in the Earth-based refkrence process flow and using continuous flow 

consumable flows. 

7.2.1 Equipment Use 

For comparison, the equipment usage for the three reference process flows is 

shown in Table 7.1 to Table 7.3 (Table 7.1 repeats Table 5.20 for clarity). It should 

be noted that the process time shown in these tables is the actual time that a single 

wafer spends in processing equipment. This process time does not include time spent 

waiting in work-in-progress queues. This wait time is estimated to be 5 times as long 

as the total process time for a typical Earth-based microfabrication facility72. 

Table 7.1 - Equipment Use for Reference Process Flow CMOS12-STD 

Incremental 
Process Time Process Time 

Equipment (sec) (%) (sec) (%) Uses 
INTERPROCESSCONVEYOR 33251 15% 1385 5% 108 
WETBENCH 66778 29% 1341 5% 52 
FURNACE-BATCH 39624 17% 840 3% 27 
PHOTORESIST-SYSTEM 45630 20% 2275 8% 65 
LITHO-DS W 864 0% 864 3% 12 
DEVELOP-SYSTEM 20244 9% 1016 4% 36 
PLASMA-ETCHER 5276 2% 5276 18% 15 
ASHER 2086 1% 2086 7% 12 
ION-WLANTER 1653 1% 1653 6% 49 
PLASMA-CVD-SYSTEM 7457 3% 7457 26% 7 
SPUTTER-SY STEM 4313 2% 43 13 15% 2 
RTP-SY STEM 30 0% 30 0% 1 
Total 227206 100% 28537 100% 386 
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Table 7.2 - Equipment Use for ~eference Process Flow CMOS12-DRY-EARTH 
- 

Incremental 
Process Time Process Time 

Equipment (sec) (YO) (sec) (%) Uses 
INTERPROCESSCONVEYOR 42 179 30% 1757 3% 137 
WETBENCH 0 0% 0 0% 0 
FURNACE-BATCH 39624 28% 840 1% 27 
PHOTORESIST-SYSTEM 0 0% 0 0% 0 
LITHO-D S W 864 1% 864 1% 12 
DEVELOP-SYSTEM 0 0% 0 0% 0 
PLASMA-ETCHER 19692 14% 19692 33% 75 
ASHER 0 0% 0 0% 0 
ION-IMPLANTER 1653 1% 1653 3% 49 
PLASMA-CVD-SY STEM 21494 15% 21494 36% 20 
SPUTTER-SY STEM 14096 10% 14096 23% 42 
RTCSY STEM 30 0% 30 0% 1 

Total 139632 100% 60427 100% 363 

Table 7.3 - Equipment Use for Reference Process Flow CMOS12-DRY-SPACE 

Incremental 
Process Time Process Time 

Equipment (sec) (YO) (sec) (%) Uses 
INTERPROCESSCONVEYOR 42179 41% 1757 5% 137 
WETBENCH 0 0% 0 0% 0 
FURNACE-B ATCH 25854 25% 266 1% 27 
PHOTORESIST-SY STEM 0 0% 0 0% 0 
LITHO-DSW 864 1% 864 2% 12 
DEVELOP-SY STEM 0 0% 0 0% 0 
PLASMA-ETCHER 7939 8% 7939 22% 75 

ASHER 0 0% 0 0% 0 
ION-IMPLANTER 171 0% 171 0% 7 
PLASMA-CVD-SYSTEM 18360 18% 18360 50% 20 
SPUTTER-SY STEM 7246 7% 7246 20% 42 

RTP-SY STEM 30 0% 30 0% 1 

Total 102643 100% 36633 100% 321 
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7.2.2 Process Time , 

It is seen that dry processing results in reduced process times, but increased 

incremental process times. The reduced process times indicate that a batch of wafers 

completes the entire fabrication cycle more quickly using dry process flow. This 

results from the increased use of single chamber equipment such as plasma etch and 

CVD systems which allows batches of wafers to proceed in parallel. However, the 

dry cleaning and lithography processes last longer than the equivalent processes used 

in reference process flow CMOS12_STD, resulting in increased incremental time (i.e. 

each wafer spends more time in the processing equipment). It will be shown in 

Section 8.5 that the increased incremental process time for the dry Earth-based 

process flow CMOS12-DRY-EARTH leads to a requirement for more equipment 

compared with the reference process flow CMOS12-STD. 

Table 7.4 - Process Time (sec) for Reference Process Flows 

Process Type CMOS12-STD CMOS12-DRY-EARTH CMOS12-DRY-SPACE 
TRANSPORT 49,726 57,829 43,709 
CLEAN 
DEPOSIT 
THERMAL 
PATTERNTRANSFER 
'ETCH 
PRESSURECHANGE 
DOPE 
All process types 

Table 7.4 summarizes the reduction in process time attainable with the dry 

cleaning and lithographic processes. The reduction in process time per wafer from 

227,206 seconds for the standard Earth process flow to 102,643 seconds for the dry 

space process flow represents a 55% reduction and is attributable to the replacement 

of wet cleaning processes with dry cleaning processes (plasma etching and ion 

milling) and the reduction of lithographic thermal processes (prebake, softbake, 
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hardbake). A comparison of process times for dry processing on Earth and in space 

shows that a savings of 36,989 seconds or 26% per wafer relative to the dry Earth 

process flow is attainable, due solely to the elimination of vacuum pumpdown cycles. 

Figure 7.1 to Figure 7.3 show the breakdown of process time by process type 

and level for the three reference process flows. It is seen that cleaning and thermal 

processes dominate all mask levels for the standard Earth-based reference process 

flow. In both the dry Earth-based and dry space-based reference process flows, it is 

seen that transport and deposition processes consume a significant portion of the time 

for all mask levels. 

7.2.3 Consumable Use 

Table 7.5 shows the reduction in consumables attainable with the dry cleaning 

and lithographic processes. 

Table 7.5 - Consumable Material Use (kg) for Reference Process Flows 

Phase CMOSl2-STD CMOS12-DRY-EARTH CMOSl2-DRY-SPACE 
GAS 0.0838 0.0876 0.0037 
LIQUID 779.1679 0.0000 0.0000 
SOLID 0.0003 0.0004 0.0004 
All Phases 779.2521 0.0880 0.0041 

Going from the CMOS12-STD process flow to any of the dry process flows 

results in a tremendous reduction in consumables from 779 kg to 88 grams or less. 

This comes primarily from the removal of the wet cleaning processes. The reduction 

of consumables from 88 grams to 4.1 grams when going from the 

CMOS12 - DRY - EARTH process flow to the CMOS12 - DRY-SPACE process flow 

is attributable to the change from continuous flows of gases in Earth-based processes 

to single, batch flows of gases in space-based processes. Thus, the dry space process 
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flow reduces consumable mass to only 0.00053% that of the standard Earth process 

flow. This reduction is very important in making the mass requirements for space- 

based processing reasonable. 

Figure 7.4 to Figure 7.6 show the breakdown of consumable materials by 

phase and level for the three reference process flows. It is seen that liquid use (from 

the wet cleaning processes) dominates all mask levels for the standard Earth-based 

reference process flow. In the dry Earth-based reference process flow, it is seen that 

gas use dominates all mask levels. In the dry space-based reference process flows, it 

is seen that gases also form the largest portion of consumables, with small quantities 

of solids (aluminum) used for resist layers. The use of metal solids is clearly seen in 

the dry space-based process for the two metal deposition steps. 

7.2.4 Energy Use 

Table 7.6 shows the reduction in energy use attainable with the dry cleaning 

and lithographic processes. 

Table 7.6 - Energy Use (J) for Reference Process Flows 

Energy Category CMOS12 STD CMOS12 DRY EARTH CMOS12 DRY SPACE 
1,399,869 4,694,596 0 

Wafer 940,37 1 923,077 923,077 
Material 195,362,219 25,576 2,892 
Doping 67,499 67,499 67,499 
Process 3,581,786 6,583,860 6,583,860 
Total 201,351,743 12,294,609 7,577,328 

Going from the CMOS12-STD process flow to any of the dry process flows 

results in a significant reduction in power used per wafer from 2Ol,35 1,743 J (4.7 

KW-h per layer) to 0.28 KW-h or less. Again, most of the energy saved comes from 

the removal of the wet cleaning processes. The reduction of energy use per wafer 

from 12,294,609 J (0.28 kW-h per layer) to 7,577,328 J (0.18 kW-h per layer) when 
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going from the CMOS12-DRY-EARTH process flow to the 

CMOS12-DRY-SPACE process flow is attributable to the elimination of vacuum 

pumps and the reduction in consumable materials for the space-based process flow. 

Thus, the dry space process flow reduces energy usage to only 3.8% that of the 

standard Earth process flow. This reduction is a very important requirement for 

space-based processing because, currently, the creation of energy generation systems 

in space is very expensive (see Chapter 8). 

Figure 7.7 to Figure 7.9 show the breakdown of energy use by phase and level 

for the three reference process flows. It is seen that energy used to heat material (for 

liquids in wet cleaning processes) dominates all mask levels for the standard Earth- 

based reference process flow. In the dry Earth-based reference process flow, it is 

seen that vacuum pumps consume a significant portion of the energy for all mask 

levels. The use of dry processes increases the use of vacuum pumps over that of the 

standard Earth process flow. In the dry space-based reference process flows, it is 

seen that energy used to operate the processes and energy used to heat up the wafer 

are the two most significant uses of energy for all mask levels. 

Conclusions 
The results of the three simulation models showed that when comparing 

space-based microfabrication to standard Earth-based microfabrication, process time 

was reduced by 55%, consumable mass requirements were reduced by 99.99947%, 

and energy requirements were reduced by 96.24%. 

The production parameters per mask level of process time, consumable mass, 

and energy for a single 200 mm wafer fabricated in orbit using a 12 level bi-metal 

CMOS dry process flow were found to be: 0.49 days, 0.004 kg, and 0.18 kW-h. 

These results are significantly below those found using the reference Earth-based 

process flow. 
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Figure 7.4 - Consumable Use for Reference Flow CMOS12-STD 

Figure 7.5 - Consumable Use for Reference Flow CMOS12-DRY-EARTH 

Figure 7.6 - Consumable Use for Reference Flow CMOS12-DRY-SPACE 
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Chapter 8 

Operating Cost Modeling 

8.1 Introduction 
This chapter will develop a model to determine operating cost for space and 

Earth-based semiconductor fabrication based upon the process flow results presented 

in Chapter 7. 

Operating cost per wafer is the cost to fabricate a single wafer taking into 

account depreciation, energy and material consumption, and transportation. This 

chapter will detail the main factors that affect operating cost. 

The method by which Earth and space-based equipment requirements are 

calculated is described and summary examples will be presented. In addition to the 

process equipment, the facility, power generation, and heat transfer requirements will 

be determined for a range of production cases. 

One of the factors affecting operating cost will be shown to be the 

transportation cost of raw materials and finished goods tolfrom the production 

facility. A detailed model proposing an asynchronous delivery mechanism tolfrom 

orbit will be described. 

Note that all of the costs given in this chapter will use 1999 values for 

equipment and operating costs. The effects of changes in equipment and facility 

capital costs will be discussed later in Chapter 9. 

8.2 Background 

It was shown in Chapter 5 that microfabrication processes could be modeled 

in such a manner as to determine the processing time required, the consumables 
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required, and the energy required to produce a single finished wafer. Chapter 7 
I 

extended that model to account for dry processes used in space in order to allow 

comparisons to be made between the results for Earth-based and space-based 

processes. Based on those results, space-based microfabrication is technically 

feasible. 

However, in order for space-based semiconductor fabrication to be 

commercially feasible, it must offer economic advantages over terrestrial production 

methods. One measure of economic feasibility is the operating cost per unit wafer. 

The operating cost Co is the cost to operate the production facility and includes 

allowances for the cost of depreciation of capital items Cd, utilities such as power and 

heat rejection C,, maintenance costs C,, ongoing costs such as consumable materials 

C,, shipping costs for raw materials and finished goods C,, as well as any other costs 

required to produce the wafers. For simplicity, costs related to personnel and 

administration are neglected in the following model. 

The operating cost per unit wafer co is simply the operating cost within a 

certain period divided by the number of wafers n, produced by the facility during that 

period. 

SEMATECH, an industry consortium, provides a similar measure of 
109,110 economic feasibility, cost-of-ownership . The cost-of-ownership Cownership model 

relates the fixed cost of equipment and facilities CFxed, the variable cost to operate the 
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facility Cvariable, the cost due to yield loss Cyieldloss, the production rate or throughput 

Rthroughput, the yield due to mechanical losses during production Ymechloss, and the 

utilization of the equipment U. 

- '.fired + Cvariable + Cyieldloss 
'ownership - 

Rthroughput * Ymechloss *u 

Since yield is very dependent on chip design as well as operation of the 

fabrication facility, it is difficult to estimate in advance. Thus, die yield is oRen 

ignored and assumed to be equal for competing tool sets in a cost-of-ownership 

comparison"'. A common method used by commercial silicon foundries 

(semiconductor fabrication facilities that process customer designs) is to sell a set 

number of wafer starts, as the foundry's costs are not set by yield. This is the same as 

assuming a 100% yield factor for the customers' wafers. 

Therefore, for an orbital semiconductor facility operating as a silicon foundry 

(as is the case for the base production case of ASIC wafer production), the production 

yield can be assumed to be 100%. With this assumption and the assumption that the 

equipment is available to be utilized 100% of the time (no downtime), the 

SEMATECH model becomes 

Over the life of the facility and equipment, the depreciation is equal to the 

fixed cost and the rate of throughput is the total number of wafers produced. The 

variable cost is the sum of the cost of consumables, power, heat rejection, and 

shipping. Therefore, the SEMATECH cost of ownership model reduces to 
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The following sections detail how the unit cost per wafer is determined for the 

three reference process flows. 

Base Case 
The operating cost models, and the equipment, facility, and transportation 

requirements that drive them, are all based upon specific production parameters. The 

three main productions parameters utilized are: 

Wafers per Month 

Number of Layers 

Wafers per Mask Set 

The number of wafers per month indicates the production rate, the number of 

layers indicates the level of complexity of the fabrication process, and the number of 

wafers per mask set indicates the size of the production run for that type of wafer 

design. 

The three main types of devices described in Section 2.5 are MPU, DRAM, 

and ASIC. Table 8.1 shows the typical production parameters associated with these 

devices. 

Table 8.1 - Production Parameters of Devices 
- -  

Device Type Number of Layers Wafers per Mask set'12 
MF'U 30 1,500 
DRAM 25 10,000 
ASIC 20 250 
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While the following operating 'cost models are generalized for a wide variety 

of production scenarios, a base case has been established in order to provide 

simplified comparisons between reference process flow models. Based upon 

preliminary market research, it has been determined that a space-based 

microfabrication satellite capable of producing 5,000 ASIC wafers per month with a 

three week turnaround would fill a needed market niche in the current demand for 

ASIC devices. This has produced a base production case for the Earth and space- 

based models of: 

Table 8.2 - Base Case Production Parameters 
Symbol Description Value 

rw Wafers per Month 5,000 
I Number of Layers 20 

n,,s~e, Wafers per Mask Set 250 

8.4 Extension of Process Flow Models to Multi- 
Layer Devices 

The reference process flow model developed in Chapter 5 was for a 12 layer 

CMOS device with two metal layers and 0.50 pm features. Chapter 6 and Chapter 7 

extended the reference process flow model to incorporate dry Earth and dry space 

processing. 

In order to extend the models to generic multi-layer devices, it is necessary to 

introduce the concept of layer averages. The output of the reference process flow 

model was equipment use, consumable use, and energy use for 12 layer CMOS 

devices, with the equipment use calculated from the incremental process time. The 

layer average of each of these values is calculated by dividing the sum of all 

individual layer values by the number of layers in the reference device (twelve in this 
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case). Table 8.3 shows the layer averages for total incremental time, consumable use, 

and energy use for the reference proces$ flows. 

Table 8.3 - 12 Level CMOS Layer Averages 

CMOS Standard CMOS Dry CMOS Dry 
Item Earth-Based Earth-Based Space-Based 
Incremental Time (sec) 2,378 5,036 3,053 
Consumable Use (kg) 65 0.0073 0.00034 
Enerm Use (kW-h) 4.67 0.28 0.18 

The total incremental time, consumable use, or energy use for a device with I 

layers is the layer average shown in Table 8.3 multiplied by the number of layers I .  

In order to compare the results of extending the 12 level CMOS averages to 

other devices, process flow models of a simple, three -level device, representative of a 

sensor, were constructed. The three levels in this device were comprised of thermal 

growth of an 850 nm silicon dioxide film, sputter deposition of a 1 pm aluminum 

conductor layer, and CVD deposition of a 1.2 pm cover glass of silicon dioxide. The 

layer averages for this three level device, shown in Table 8.4, are in close agreement 

with those of the 12 level device, lending credibility to the use of layer averages as a 

means of modeling multi-layer devices. 

Table 8.4 - 3 Level CMOS Layer Averages 

CMOS Standard CMOS Dry CMOS Dry 
Item Earth-Based Earth-Based Space-Based 
Incremental Time (sec) 2,576 4,584 3,181 
Consumable Use (kg) 60 0.0098 0.00028 
Energy Use (kW-h) 4.40 0.26 0.18 
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8.5 Process Equipment ' 

Section 6.6 Alternative Equipment Requirements described the method of 

functional decomposition used to determine the mass and cost of each piece of 

equipment for the space-based microfabrication model. Use of this method resulted 

in reductions in equipment mass ranging from 25% to 72% and reductions in 

equipment cost ranging from 0% to 32% compared with standard Earth-based 

processing equipment. 

In order to determine the total mass and cost of all processing equipment, it is 

necessary to determine the quantity of each piece of equipment required to meet the 

production goals. 

The quantity ni of equipment of type i is determined by the rate at which 

wafers are produced r,, the number of layers used to fabricate the wafer 1, the average 

yield of the entire process Y, the utilization of equipment U, and the incremental 

process time for a single wafer in that type of equipment, normalized for a single 

layer, At;:. 

If the yield Y and the utilization U are assumed at loo%, the rate at which 

wafers are produced is specified in wafers per month, and the normalized process 

time per wafer is specified in seconds, then the above equation can be expressed as 
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The normalized process time A< is determined by the sum of incremental 

process timeAtprems,p,i for type of equipment i and the number of layers I .  The 

incremental process time Atp,cesss, for each process step is defined in (5.2). 

Based on the three reference process flows, the normalized incremental time 

(amount of equipment time required per wafer per layer) for all equipment types is 

shown in Table 8.5. 

Table 8.5 - Normalized Incremental Process Times (secs) for Equipment Types 

CMOS Standard CMOS Dry CMOS Dry 
Equipment Type Earth-Based ~arth-Based space-Based 
INTERPROCESSCONVEYOR 115 146 146 
WETBENCH 
FURNACE-BATCH 
PHOTORESIST-SYSTEM 
LITHO-DS W-193 
DEVELOP-SYSTEM 
PLASMA-ETCHER 
ASHER 
ION-IMPLANTER 
PLASMA-CVD-SYSTEM 
SPUTTER-SYSTEM 
RTP SYSTEM 3 3 3 

These layer averages, determined from the 12 level CMOS model, will be 

multiplied by the number of layers I in a device to determine the amount of 

equipment time each wafer requires. This equipment time requirement and the 

production rate r, establishes the minimum required quantity of each piece of 

equipment. 
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Using (8.7) with the base case production parameters of I = 20 and r, = 5,000, 

the quantity of each piece of equipmeni can be calculated and is shown in Table 8.6 

It can be seen that the quantity of equipment is lowest for the standard Earth- 

based process and highest for the dry Earth-based process. This is due to the 

increased incremental process time required for plasma clean and etch processes used 

for the dry cleaning and lithography methods. The dry plasma processes are 

performed one wafer at a time while the wet cleaning processes are performed on a 

batch of 50 wafers at a time. 

The decrease in equipment quantities from the dry Earth-based process to the 

dry space-based process is due to the fact that less time is required to perform most 

processes in a vacuum environment (no pumpdown required) so that each piece of 

equipment is able to accommodate more wafers in a given period of time. 

Table 8.6 - Quantity of Equipment Required for Base Case I = 20, r, = 5,000 

CMOS Standard CMOS Drv CMOS Drv 
Equipment Type Earth-Based ~arth-Based ~~ace-Bas& 
INTERPROCESSCONVEYOR 5 6 6 
WETBENCH 5 0 0 
FURNACE-BATCH 3 3 1 
PHOTORESIST-SYSTEM 8 0 0 
LITHO-DS W-193 3 3 3 
DEVELOP-SY STEM 4 0 0 
PLASMA-ETCHER 17 64 26 
ASHER 7 0 0 
ION-IMPLANTER 6 6 1 
PLASMA-CVD-SY STEM 24 70 60 
SPUTTER-SY STEM 14 46 24 
RTP-SY STEM 1 1 1 
Total 97 199 122 

Using the quantities determined in Table 8.6 and the equipment characteristics 

shown in Table 6.12, it is possible to determine the total mass, volume and cost of all 
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equipment. Table 8.7 shows this mass, volume, and cost of all equipment for the base 

case. 

Note that the equipment costs shown in Table 8.7 are for the base case of 

5,000 wafers per month. If extrapolated to standard commercial fabrication facilities 

(25,000 wafers per month), the equipment costs scale to those expected for a current 

microfabrication facility as shown in Table 8.8. 

Table 8.7 - Mass, Volume, Cost of Equipment Required for Base Case 

CMOS Std. Earth-Based CMOS Dry Earth-Based CMOS Dry Space-Based 
Mass Vol Cost Mass Vol Cost Mass Vol Cost 

CONVEYOR 
WETBENCH 
FURNACE 
BATCH - 

PHOTORESIST 
- SYSTEM 
LITHO-DSW 
- 193 
DEVELOP 
- SYSTEM 
PLASMA 
ETCHER - 

ASHER 
ION 
IMPLANTER 

PL ASMA-CVD 
- SYSTEM 
SPUTTER 
SYSTEM 

RTP-SY STEM 
Total 

Table 8.8 to Table 8.10 show the process equipment requirements, including 

total average power consumption, for a range of production scenarios for Earth and 

space-based facilities. It can be seen that the process power requirement for a space- 

based microfabrication facility is well within the capabilities of existing space power 

supplies (25 to 75 kW). 
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Table 8.8 - Process Equipment Requirements for CMOS Standard Earth-Based 
Process Flow 

Wafers per Month Layers 
50 10 
100 10 
250 10 
500 10 
750 10 
1,000 10 
2,500 10 
5,000 10 
10,000 10 
25,000 10 
50 20 
100 20 
250 20 
500 20 
750 20 
1,000 20 
2,500 20 
5,000 20 
10,000 20 
25,000 20 
50 30 
100 30 
250 30 
500 30 
750 30 
1,000 30 
2,500 30 
5,000 30 
10,000 30 
25,000 30 

Mass (kg) 
4,750 
4,750 
5,250 
5,550 
6,350 
6,650 
1 1,800 
20,750 
38,650 
92,900 
4,750 
5,250 
5,550 
6,650 
8,550 
10,150 
20,750 
38,650 
74,650 
183,350 
5,250 
5,250 
6,350 
8,550 
11,000 
14,000 
30,200 
56,750 
110,700 
274,100 

Volume (m3) 
41 
41 
45 
45 
50 
5 1 
89 
146 
273 
645 
41 
45 
45 
51 - 

59 
80 
146 
273 
5 17 
1,264 
45 
45 
50 
59 
85 
98 
207 
3 90 
76 1 
1,884 

Cost (USD) 
$12,235,714 

Avg. Power (kW) 
3.2 
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Table 8.9 - Process Equipment Requirements for CMOS Dry Earth-Based 
Process Flow 

Wafers per Month Layers Qty Mass (kg) Volume (m3) Cost (USD) Avg. Power (kW) 
$8,700,000 0.2 
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Table 8.10 - Process Equipment Requirements for CMOS Dry Space-Based 
Process Flow 

Wafers per Month Layers Qty Mass (kg) Volume (m3) Cost (USD) Avg. Power (kW) 
50 10 7 1,180 16 $6,926,000 0.1 

8.6 Facility 
A semiconductor fabrication facility has certain requirements, whether it be 

located on Earth or in space. As a first approximation, the facility can be divided into 

two distinct areas: the cleanroom within which all rnicrofabrication occurs, and the 

remainder of the facility which comprises the building, the power generation and heat 

rejection equipment, the HVAC systems, the waste handling equipment, and other 

systems necessary for the fknctioning of the facility. 
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In order to properly determine the operating costs of a facility, it is necessary 

to determine all capital items including process equipment, the cleanroom and other 

facilities, and the power and heat rejection equipment so that depreciation can be 

properly accounted for. 

The process equipment models described previously produced outputs of 

mass, volume, and cost. This section will describe a facility model that uses the 

volume of process equipment to calculate both cleanroom and non-cleanroom facility 

requirements based upon some key assumptions. 

The key assumptions used in the model are shown Table 8.11. 

Table 8.11 - Key Assumptions for Determining Facility Requirements 

CMOS Standard CMOS Dry CMOS Dry 
Item Earth-Based Earth-Base Space-Base 
Cleanroom Volume Ratio 1050% 1050% 200% 
Cleanroom Height (m) 3 3 
Cleanroom Area (UsD/m2) $16,146 $16,146 
Cleanroom Volume Cost (UsD/m3) $100,000 
Cleanroom specific mass (kg/m3) 130 130 10 
Non-cleanroom facility mass ratio 1000% 620% 200% 
Non-cleanroom facility volume ratio 1000% 620% 20% 
Non-cleanroom facility cost ratio 137% 85% 200% 

The cleanroom volume ratio is the ratio of internal volume of the cleanroom 

to the volume of the process equipment housed in the cleanroom and was determined 

by a review of existing facility cleanroom sizes4'. The cleanroom area and volume 

cost are the cost in USD per unit internal area or volume of the cleanroom. The non- 

cleanroom facility ratios are used to calculate the non-cleanroom mass, volume, and 

cost as a percent of the cleanroom value. 

The mass, volume, and cost of the Earth-based facility using a dry process 

flow is assumed to be 62% of the value for a similar facility using a standard (wet) 
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process flow. Table 8.12 shows a hnctional breakdown of the facility mass, volume, 
, 

and cost used in the model. 

Table 8.12 - Functional Breakdown of Facility Mass, Volume, and Cost 

CMOS Standard Earth-Based CMOS Dry Earth-Based 
Mass Volume costlo4 Mass Volume Cost 

Functional Item (%) (YO) (YO) (%) (%) ( O h )  

Industrial water 1.00% 1.00% 1.00% 1.00% 1.00% 1.00% 
Building 28.00% 28.00% 28.00% 28.00% 28.00% 28.00% 
Air conditioninglexhaust 29.00% 29.00% 29.00% 29.00% 29.00% 29.00% 
Purewaterlwastewater 15.00% 15.00% 15.00% 0.00% 0.00% 0.00% 
Chemicals 2.00% 2.00% 2.00% 0.00% 0.00% 0.00% 
Gas alarm 6.00% 6.00% 6.00% 0.00% 0.00% 0.00% 
Electricity 16.00% 16.00% 16.00% 0.98% 0.98% 0.98% 
Disaster prevention 3.00% 3.00% 3.00% 3.00% 3.00% 3.00% 
Total 100.00% 100.00% 100.00% 61.98% 61.98% 61.98% 

Based on the key assumptions shown in Table 8.1 1 and the equipment 

quantity calculations of Section 8.5, the facility requirements can be calculated. 

Table 8.13 to Table 8.15 show the facility requirements for a range of production 

scenarios for Earth and space-based facilities. 
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Table 8.13 - Facility Requirements for CMOS Std. Earth-Based Process Flow 
I 

Process Cleanroom Non-Cleanroom 
Wafers Equipment 

Per Volume Mass Volume Area Cost Mass Volume Cost 
Month Layers (m3) O<g) (m3) (m2) (USD) O<d (m3) (USD) 
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Table 8.14 - Facility Requirements'for CMOS Dry Earth-Based Process Flow 

Process Cleanroom Non-Cleanroom 
Wafers Equipment 

Per Volume Mass Volume Area Cost Mass Volume Cost 
Month Layers (m3) @d) (m3) (m2) (USD) (m3) (USD) 

50 10 3 3 45,400 349 116 $1,879,540 281,379 2,164 $1,595,912 
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Table 8.15 - Facility Requirements, for CMOS Dry Space-Based Process Flow 
Process Cleanroom Non-Cleanroom 

Wafers Equipment 
Per volume Mass Volume Cost Mass Volume Cost 

Month Layers (m3) O<& (m3) (USD) (kg) (m3) (USD) 
$6,328,680 

8.7 Power and Heat Rejection 
Two issues that become very important for any space-based facility are 

electrical power consumption and heat rejection. In Earth-based facilities the power 

is purchased from the local electrical utility (at wholesale rates) and heat is rejected 
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through heat exchangers to either the qtmosphere (cooling towers) or to a local water 

source. In space, all electrical power must be generated on site and all heat must be 

rejected to space through radiation. 

Electrical power can be generated in space by a number of methods: nuclear, 

fuel cells, and solar. Of these, only solar is suitable with present technology to meet 

the power requirements of a microfabrication facility. 

Current solar power cells are arranged in long, flat sheets supported by an 

external framework. The efficiency of the solar cells in converting sunlight to 

electricity is dependent upon the type of semiconductor material used, the 

construction method, and the inclination of the face of cell to the sun. Current 

parameters for silicon solar cells (non thin film) are: 3.23 kg/kW and $58,823 

USDI~W"~. Other types of cells, notably GaAsIGe, are capable of higher 

efficiencies,leading to lower unit mass but higher unit cost. 

Solar cells absorb radiation and convert a portion of it to electricity. In 

contrast, solar radiators radiate waste heat to space. As radiation of heat is governed 

by radiator temperature and surface area, the ideal radiator is similar in appearance to 

a solar cell, and similar mass, volume, and cost characteristics have been assumed for 

the model. 

On Earth, waste heat is transferred to the environment through some form of 

heat exchanger. One common method of transferring process heat is to use a liquid to 

liquid flat plate heat exchanger whereby heat is transferred from one fluid (such as a 

waste process stream) to another fluid (such as cooling water) across a non-permeable 

surface. Flat plate heat exchangers are compact and inexpensive. 

The key assumptions concerning the characteristics of power generation and 

heat rejection equipment on Earth and in space are shown in Table 8.16. It can be 

seen that specific cost of Earth-based power generating equipment is zero, reflecting 

the fact that electrical power is purchased from the local utility on Earth. For the 
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purposes of this model, the effect of emergency power generation equipment, such as 

diesel generators, is neglected and the cost ignored. It should be noted that the cost of 

electricity transmission and transforming equipment is included within the overall 

facilities costs shown in Table 8.12. 

In order to be conservative, the specific mass and specific cost of space-based 

power generating equipment is assumed to be higher than that available with current 

silicon solar cell technology113. The specific cost and mass of space-based heat 

rejection equipment is assumed to be the same as that of the power generating 

equipment. 

Table 8.16 - Key Assumptions for Determining Power 
Generating and Heat Rejection Equipment 

Earth-Based Space-Based 
Mass Volume Cost Mass Volume Cost 

Item (kgn<W) (m3/kW) CUSD/kW) (kgkW) (m3/kW) ( U S D M )  
Power Generation Equipment 0 0 $0 10 0.04 $100,000 
Heat Rejection Equipment 3.59 0.00134 $233 10 0.04 $100,000 

Additional assumptions, shown in Table 8.17, are required for the model in 

order to determine the amount of power required for supporting (non-process 

equipment) and the amount of heat which must be rejected. The support power ratio 

is the amount of power required by non-process equipment (such as HVAC) as a 

percent of the process power requirement. The heat rejection ratio is the amount of 

heat that must be rejected from the facility as a percent of the process power 

requirement, and it can be seen that a conservative value of 100% (all of the heat 

generated) is used. The safety factors are used to ensure that the power generating 

and heat rejection capacity is sufficient for peak loads. 
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Table 8.17 - Additional Assumptions for Determining 
Bower Generating and Heat Rejection Equipment 

Earth- Space- 
Item Based Based 
Support Power Ratio 104% 20% 
Power Generation Safety Factor 120% 120% 
Heat Rejection Ratio 100% 100% 
Heat Rejection Safety Factor 120% 120% 

It should be noted that alternatives are available to reduce the electrical energy 

requirements for a space-based facility. The use of solar heating for furnaces and 

thermal processes would greatly reduce the need for solar cells and would utilize the 

available solar energy more efficiently. However, such a solar heating system is 

unproven and the conservative approach using solar cells has been taken in modeling 

this equipment. 

For the Base Case of 1 = 20 layers and r, = 5,000 wafers per month, the above 

assumptions produce the mass, volume, and costs shown in Table 8.18. 

Table 8.18 - Power Generating and Heat Rejection 
Equipment Mass, Volume and Cost for Base Case 

CMOS Standard CMOS Dry CMOS Dry 
Item Earth-Based Earth-Based Space-Based 
Process Equipment Average Power (kW) 647 40 24 
Required Power Generating Capacity (kW) 1583 97 3 5 
Power Generating Equipment Mass (kg) 0 0 351 
Power Generating Equipment Volume (m3) 0.00 0.00 1.40 
Power Generating Equipment Cost (USD) $0 $0 $3,508,022 
Required Heat Rejection Equipment Capacity 1583 97 3 5 
Heat Rejection Equipment Mass (kg) 5689 347 351 
Heat Rejection Equipment Volume (m3) 2.12 0.13 1.40 
Heat Rejection Equipment Cost (USD) $368,217 $22,483 $3,508,022 



Chapter 8. Operating Cost Modeling 

8.8 Summary of Equipment and Facility 
Requirements 

Section 8.2 to Section 8.7 have described the modeling of capital equipment 

and facility requirements. A summary of the total mass and cost of the capital items 

required for a microfabrication facility is shown in Table 8.19 for a range of 

production scenarios. 

Table 8.19 - Summary Total Mass and Cost of Capital Items 

CMOS Std Earth-Based CMOS Dry Earth-Based CMOS Dry Space-Based 
Wafers1 Mass Cost Mass Cost Mass Cost 
Month Layers (kg) (USD) O<d (USD) 

50 10 617,000 $17,600,000 329,000 $12,100,000 
@g) (USD) 
2,100 $16,400,000 
2,100 $l6,4OO,OOO 
2,600 $19,700,000 
3,100 $23,300,000 
3,300 $25,000,000 
3,800 $28,600,000 
6,100 $45,400,000 

10,500 $79,100,000 
19,100 $143,000,000 
46,100 $344,900,000 

2,100 $16,400,000 
2,600 $l9,7OO,OOO 
3,100 $23,300,000 
3,800 $28,600,000 
4,500 $33,900,000 
5,400 $4O,lOO,OOO 

10,500 $79,100,000 
19,100 $143,000,000 
37,400 $280,900,000 
90,400 $677,lOO,OOO 
2,500 $18,900,000 
2,600 $19,800,000 
3,300 $25,000,000 
4,500 $33,900,000 
5,900 $43,700,000 
6,800 $50,700,000 

15,100 $1 l3,8OO,OOO 
28,000 $210,400,000 
54,800 $41 1,200,000 

135,300 $1,015,100,000 
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The mass is an important factoi in modeling transportation costs of equipment 

to orbit. The cost shown in Table 8.19 is the first cost of the equipment and does not 

include shipping or installation. 

Equipment costs represent 65% to 75% of the cost of new semiconductor 

fabrication fa~ilities"~, and it is seen from the process equipment, facility, and 

summary cost tables that the model also reflects this fact. 

8.9 Transportation 
Efficient transportation of equipment, raw material, and finished goods 

represents the single greatest challenge to an economically viable space-based 

microfabrication facility. Inexpensive, effective shipping is taken for granted on 

Earth, with next day service across the globe a common event. Use of trucks, ships, 

and aircraft to move large quantities of equipment and materiel great distances is a 

factor in the global economy, and the shipping infrastructure behind this movement is 

well established. 

However, no such infrastructure currently exists for orbital goods transport. 

The single largest component of the space commercialization market is 

communication satellites 1 l5,l I6 which need only be placed in orbit from a ground 

launch. Therefore, while the ability to place satellite-sized objects in low Earth and 

higher orbits exists, there is no capability to readily return material from orbiting 

facilities. 

Estimates for the current cost of launching mass into low Earth orbit range 

fiom $10,000 to $22,000 per kg1''. Compared with the estimated transportation cost 

of $4 per kg for transporting material from North America to ~ u r o ~ e ~ ~ ~ ,  the cost of 

space transporting is, and will remain, very high. 

It is apparent from the differences in transportation costs that in order to 

compete on an economic basis with Earth-based manufacturing, the transportation 
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costs for space-based manufacturing must be carefully optimized. A review of the 

literature has indicated that little research into the optimization of two-way orbital 

transportation has been published, and yet, two-way transportation is a necessary 

precondition of any space-based manufacturing venture. 

This section will describe a model developed by the author that attempts to 

address the main issues of two-way orbital transport. A key feature of this model will 

be the ability to return goods fiom orbit asynchronously. 

Numerous factors affect the transportation costs to and fiom orbit for a space- 

based manufacturing facility. To simplifL downstream economic analyses, this model 

will deliver the roundtrip total transportation cost as a function of the incremental 

launch cost ($/kg). The total transportation cost Croundf,i,tota~ is the total cost of 

transportation (both raw materials and finished goods) per unit mass of finished goods 

delivered and is a fhction of the cost to launch goods up to orbit Cup, the cost to 

return goods down to Earth Cdown, the mass of materials launched at a single time m,, 

the mass of finished goods returned to Earth at a single time mdown, and the mass 

fraction of raw materials that are finished goods fdownmarl. 

If a synchronous mode of transport is assumed (each launch supplies the 

manufacturing facility with raw materials and returns finished goods), then 

optimization of the roundtrip cost is limited to determining how much mass will be 

launched in each trip and the most effective launch vehicle for that mass. The 

production goals of wafers per month (or other goods) automatically set the frequency 

of launches once the raw material launch mass is known. 
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However, it is important to understand that, for semiconductor processing in 

space, the mass of wafers and consumables required is very small. For 5,000 wafers 

per month, this is only 184 kg of wafers and 71 kg of consumables (ignoring 

packaging). 

It is envisioned that for processes where the mass of finished goods is low and 

the delivery time of finished goods critical (such as semiconductor fabrication), it 

may be more efficient to launch large quantities of raw materials infrequently and 

retrieve finished goods from orbit frequently during the interval between launches. 

Such an asynchronous transport mode necessarily implies that the ability to return 

goods remotely from orbit exists and that such means, such as return capsules, are 

periodically included in the launches of supplies of raw materials. 

For the purpose of this model, a return capsule is defined which has the 

capability to transport packaged, finished semiconductor wafers safely from Earth 

orbit to Earth. These return capsules would be small and light and would perhaps 

have a capacity of 1,000 finished wafers or 40 kg. 

The key characteristics of such a capsule are: 

payload ability 

capsule mass 

capsule cost 

number of times that capsule can be reused 

The return capsule payload abilityf,ayl,ad is expressed as the mass fraction of 

the total return mass that consists of payload (i.e. af,,yload of 0.4 implies that 40% of 

the mass is payload and 60% is return capsule). 

It is usehl to develop a cost rate of the capsule per kg of payload mass 

returned expressed as a fiaction of the incremental launch cost. The fractional 
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capsule cost rate f,,,ule is determined, by the capsule cost Ccqmle, the mass of the 

capsule payload mpayload, the number of times that the capsule can be reused nus,, and 

the incremental launch cost per unit mass c,. A fractional capsule cost of 0 indicates 

a completely reusable return capsule. 

Given that launches are periodic events, it is usehl to relate the period 

between launches p, and the period between finished goods returns pdow, by a non- 

dimensional launch f ia~ t ionJ i ,~~~h.  

It is obvious that the mass of finished goods returned per return capsule mdown 

is related to the rate at which finished goods are required rhWn (assumed equal to the 

facility processing rate expressed in mass per unit time) and the period between 

finished goods returnspd,,,. 

Fixed costs play a large role in determining the overall transport cost. The 

non-dimensional fraction hXed is the ratio of fixed cost to retrieve a single return 

capsule Cfixeddown to the fixed cost to perform a single launch Cfixedup. 
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Having defined (8.10) throughb(8. l3), the roundtrip total cost of (8.9) can be 

rewritten as 

1 [ +- haunch  + f@ed Croundttiptotal - + fcapsuk - I * 'up + ] [ ~ d o w n * ~ d o w n ]  * Cfiredup (8.14) fdownnratl f py load  

It can be seen in (8.14) that the first term relates to incremental launch costs 

and the second term relates to the fixed launch costs. Rewriting (8.14) to incorporate 

two new ratios RI and R2 gives 

Rl is a non-dimensional ratio that represents incremental costs. 

R, = 
1 1 +- + fcapmle - 1 (8.16) 

f downmatl f payload 

R2 is a non-dimensional ratio that represents fixed costs. It is related by the 

launch f r a c t i ~ n ~ ~ , ~ , ~ ,  the fixed cost fraction &d, and a non-dimensional fraction of 

fixed launch COS~S&~OW. 

- firedup 
fupdown - * 

'up  mdown 
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Note that both forms of the mqdel given in (8.14) and (8.15) have two terms: 

the first determines the incremental costs and is governed by process considerations 

(ratio of finished goods to raw material mass) and return capsule capabilities; the 

second is governed by fixed costs, launch ratios, and mass flows. 

Figure 8.1 shows a graph of Rl versus fdownmatl to demonstrate the relationship 

between capsule payload fractionf,,~,,d and mass fraction of raw materials that are 

finished goods for a f,,,ul, of 0 (completely reusable return capsule). For typical 

semiconductor fabrication applications, fdownmatl is 0.5 or greater and it is proposed 

of 0.5 is attainable, resulting in an RI value of approximately 3. 

Figure 8.1 - Non-Dimensional Ratio of Incremental Orbital Transport Costs 

Figure 8.2 shows the relationship of fupdown (non-dimensional fixed cost per kg 

of finished goods) and launch ratiojau,,h (the launch ratio is the inverse of number of 

returns per launch). It is clear that amortizing the fixed costs over a large number of 

returns decreases Rz. More surprising is the scale of dependence of Rz onf,down. For 

typical semiconductor applications, it is envisioned that fixed launch cost Cji,,d may 

be $1 0,000,000 per launch, incremental launch cost c,  is $1,000 to 5,000 per kg, and 
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m d o ,  is 100 to 500 kg per return, resdlting in an R2 value of 7 to 100. Note that this 

is larger than the R1 value of 3 calculated above, indicating that the roundtrip total 

transport cost Croundtriptotal is affected much more by fixed costs than by incremental 

costs. 

50 7 

45 - f,, =O 
40 - 
35 - 
30 - 

0 10 20 30 40 50 

f w w  

Figure 8.2 - Non-Dimensional Ratio of Fixed Orbital Transport Costs 

This section has described an orbital transport cost model. The key benefit of 

this model is expressing the roundtrip total transport cost as a two term multiplier of 

the incremental launch cost. This allows the complexities of the transport model to 

be neglected in downstream economic analyses as all transport costs can be 

represented as either the incremental launch cost (for shipping equipment to the 

orbital facility) or the roundtrip total transport cost (for finished goods produced from 

raw materials shipped to the orbital facility). 

8.10 Operating Cost 
As described in Section 8.2, operating cost Co is the cost to operate the 

production facility for a specific period. The operating cost accounts for the cost of 
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depreciation of capital items Cd, ongoing costs such as consumable materials C,, 

power C, and heat rejection Ch, shipping costs for raw materials and finished goods 

C,, as well as any other costs required to produce the wafers. 

8.10.1 Depreciation 

Depreciation is the rate at which a capital item loses value. For the purposes 

of this model, straight-line depreciation is assumed whereby the capital items loses 

value at a steady rate over its useful lifetime such that it has full value at the start of 

its life and zero value at the end of its life. This lost value is shown as an expense and 

adds to the operating cost of the manufacturing facility. Depreciation can be 

simplistically viewed as the cost to rent the equipment. 

The cost of capital items shown in Section 8.8 is the estimated cost to 

purchase the items, but does not include the cost of transporting the equipment to the 

facility location nor installation of the equipment. However, depreciation costs are 

based on the installed costs of the equipment, thus the cost of transportation and 

installation must also be depreciated. For a space-based facility with high 

transportation costs, the additional cost of shipping equipment can greatly increase 

the depreciation cost. 

Table 8.20 shows the key assumptions used to arrive at the depreciation cost 

for the three reference models. 

Table 8.20 - Key Assumptions for Determining Equipment Depreciation Costs 

CMOS Standard CMOS Dry CMOS Dry 
Symbol Description Earth-Based Earth-Based Space-Based 

cup Transportation Cost (USD/kg) $4118 $4 $5,000 
Installation Cost (YO of first cost) 15% 15% 0% 

fdep Depreciation Rate (YO per year) 20% 20% 20% 
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While the installation cost for Earth-based facilities is shown as 15% of the 

purchase price of the equipment7', the installation cost for space-based equipment is 

shown as zero. This is because it is assumed in this model that the equipment is 

installed in the facility on Earth and that its cost is included in the cost of the facility. 

Unlike Earth-based facilities where equipment is installed after the facility is built, 

the high integration requirement of a space-based facility dictates that the equipment 

and facility are constructed together. 

A straight-line depreciation rate of 20% has been selected to reflect the five 

year useM life timeframe used by the semiconductor industry7'. Use of a longer 

timeframe would result in a lower depreciation rate and lower depreciation costs. 

The depreciation cost Cd is determined by the capital cost of the equipment 

and facility Cequipfacifiru, the mass of the equipment and facility mequipfacili@, the 

transportation cost per unit mass c,, the installation rateJnstazz, and the depreciation 

ratefdep. 

cd = fdep * (~equipfadTty * (l + -f;nstall) + mequiPfan'h'ty * ) (8.19) 

The total installed capital cost of the equipment and facility CtotalepW,ilir, is 

* 
Ctotalequipfaciliiy = Cequipfacility * + J;nstaIl ) + mequipjkiTty 'up (8.20) 

8.10.2 Utilities 

On Earth, utility companies provide the power and water used for processing 

and heat rejection. In space, all such energy and mass must be provided locally or 

shipped to the facility. As this model treats water consumption as a consumable in a 



Chapter 8. Operating Cost Modeling 206 

later section, the cost of utilities is restricted to that required for power generation and 
, 

heat rejection. 

Table 8.21 shows the key assumptions used in the model to determine the 

power and heat rejection costs. 

Table 8.21 - Key Assumptions for Determining Utility Costs 

CMOS Standard CMOS Dm CMOS Drv 
Symbol Description Earth-Based ~ a r t h - ~ a s e d  space-~ased 

Power Generation Operating Cost 
WSD/kW-h) $0.05 $0.05 $0 

Heat ~ejectibn Operating Cost 
Ch (USDA'W-h) $0.05 $0.05 $0 

The ongoing cost of providing power and heat rejection for a space-based 

facility is shown as zero as it is assumed that this capability is provided by onboard 

equipment such as solar cells and radiators and that the operating cost of such 

equipment is captured in the depreciation cost Cd . 

Section 8.7 described the modeling of power and heat rejection requirements 

and the capital equipment needed to support them. The ongoing utility cost C,, of 

providing power and heat rejection are determined by the amount of power P and heat 

rejection H required and the cost rates c, and ch to provide that amount. 

8.10.3 Maintenance 

Equipment maintenance is the ongoing cost to ensure that the equipment is 

operational through regular maintenance and repairs and Table 8.22 shows the key 

assumptions used to determine this cost. 
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Table 8.22 - Key Assumptions for Determining Maintenance Costs 

CMOS Standard CMOS Drv CMOS Drv 
Symbol Description Earth-Based ~arth-Basei space-Bas2 

Annual Maintenance (% of total 
fmaint installed capital cost) 10% 10% 10% 

While maintenance cost for Earth-based facilities is well e~tablished~~, it is 

hard to quantify for space-based enterprises. While the clean, vacuum environment 

could prolong equipment life, it could also lead to problems with lubrication. To 

account for the fact that the remoteness of space-based systems will add to the cost of 

transporting maintenance personnel to the facility, the maintenance cost has been 

assumed to be a fixed percent of the total installed cost, where this installed cost 

includes the higher transportation costs. 

The maintenance cost C,, is determined by the maintenance rate fmaint and the 

total installed capital cost of the equipment and facility Ctotaleq,,f,c,iliv. 

8.10.4 Consumables 

The consumables used in microfabrication include the process consumables 

(gases, liquids, solids), the wafers, and the glass lithography masks for each level of 

the wafer fabrication process. Long runs devices, such as DRAM'S, use the same 

mask set to produce many (up to 10,000) wafers. Short run items like ASIC's 

produce very few (250) wafers for a given mask set, leading to a requirement for 

more masks for a specified production volume. 
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Table 8.23 shows the key assumptions used to determine the cost of 

consumables. The consumable mass 'per level for each process flow has been taken 

fiom Table 7.5 and adjusted for the twelve level reference process. 

Table 8.23 - Key Assumptions for Determining Consumable Costs 
CMOS Standard CMOS Dry CMOS Dry 

Symbol Description Earth-Based Earth-Based space-~ased 
Gas Cost (USDkg) $3.713 $3.713 $3.713 
Liquid Cost (USDkg) 
Solid Cost (USDkg) 
Wafer Cost (USD each) 
Mask Cost (USD each) 
Gas Mass (kg/leveVwafer) 
Liquid Mass (kg/leveVwafer) 
Solid Mass (kg/level/wafer) 
Wafer Mass (kg each) 

mmak Mask Mass (kg each) 0.0921 0.092 1 0.0921 

The cost of consumables C, for a given period (such as a year) is determined 

the production rate r,, the number of device levels I, the number of wafers per mask 

set nmOshet, and the appropriate consumable costs and masses, all in consistent units. 

* 
' c  = (mgas 'gas + mliquid * 'liquid + msolid * 'solid ) * * rw 

8.10.5 Shipping 

Section 8.9 Transportation described the concept of roundtrip total 

transportation cost whereby the cost to ship raw materials to a facility and deliver 

finished goods from a facility is expressed in terms of the cost per unit mass of 

finished goods. The raw materials include the process consumables, the wafers, and 
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the masks as well as packaging and containers while the finished goods are the hlly 

processed wafers. 

The point of origin and return of the goods referred to above is assumed to lie 

within an Earth-based semiconductor fabrication facility where final packaging is 

performed. Thus, if the microfabrication process is conducted in this same facility, 

the shipping cost for consumables and finished goods (within the facility) would be 

zero. This is the case for Earth-based processes where it is assumed that all 

semiconductor fabrication occurs at a single facility. When fabrication, testing, and 

packaging are conducted in separate facilities (as is often the case with commercial 

semiconductor production), the previous assumption is incorrect. However, the scale 

of the transport costs on Earth ($4/kg) adds less than $0.50 to the wafer fabrication 

costs and is therefore neglected in this model. In contrast, space transportation costs 

are high ($1000'~ per kg) and must be considered. In space-based processing, the 

fabrication takes place in two separate facilities: the microfabrication occurs in orbit, 

and the final device packaging occurs on Earth. In this case, the shipping costs are 

the costs to ship material between the two facilities. 

Table 8.24 shows the key assumptions used to determine the cost of shipping. 

Table 8.24 - Key Assumptions for Determining Shipping Costs 

CMOS Standard CMOS Dry CMOS Dry 
Symbol Description Earth-Based Earth-Based Space-Based 

Total Transport Cost 
Cro~ndtri~total (USDkg finished goods) $0 $0 $15,000 

In a space-based semiconductor fabrication facility, the mass of finished 

goods is a large fraction of the total mass of raw materials, leading to a roundtrip 

shipping cost that is approximately three times that of the incremental launch cost c,. 
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The shipping cost is detertpined by the total roundtrip shipping cost 

CWundtrjptotGl, the mass of a finished wafer m,,&, (assumed to be the same as the raw 

wafer with thin film masses neglected) and the production rate r,. 

8.10.6 Operating Cost 

To finish, the operating cost Co is determined by substituting (8.19) to (8.24) 

into (8.1). The operating cost per unit wafer co is determined from (8.2). These 

operating cost formulas will be applied to the process flow model results in Chapter 9 

to provide a means of comparing the economics of space-based semiconductor 

fabrication with that of similar processing conducted on Earth. 

8.1 1 Conclusions 

This chapter has described a system for comparing the economics of space- 

based and Earth-based semiconductor fabrication. An operating cost model was 

constructed for use as the basis in determining the economic viability of space-based 

production. The primary metric produced by the model was the operating cost per 

wafer, comprised of the portion of depreciation, utilities, maintenance, consumables, 

and shipping attributable to fabricating a single 200 mm silicon wafer. 

Transportation costs were shown to be a key factor in determining the 

operating cost. An asynchronous transportation scheme was proposed and modeled 

for the delivery of raw materials to orbit and the return of finished goods from orbit. 

Chapter 9 will use these models to calculate the operating costs for each type 

of process flow. 
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Operating Cost Results 

9.1 Introduction 
This chapter will show that space-based semiconductor fabrication can be 

economically competitive with Earth-based semiconductor fabrication under certain 

conditions. 

This chapter will present the results of the operating cost model developed in 

Chapter 8. It will be shown that the operating cost for space-based fabrication is 

higher than Earth-based microfabrication for the base production case. However, a 

sensitivity analysis of the factors affecting operating cost will show that by 

optimizing the production parameters (such is already done on Earth), such as by 

reducing the wafer mass, the operating cost of processing in space can be lower than 

that for Earth-based semiconductor fabrication. 

Results 

Table 9.1 shows the breakdown of operating costs for the base production 

case of 5,000 wafers per month, 20 layer devices, and 250 wafers per mask set using 

1999 equipment costs. While 5,000 waferslmonth is small for an Earth-based 

fabrication facility, it is the expected size of an initial space-based facility. 

It can be seen that the operating cost per unit wafer is least for traditional, 

Earth-based semiconductor fabrication and highest for space-based fabrication, with 

the all-dry Earth-based process somewhere in between. Table 9.1 also shows that the 

depreciation cost forms a large fraction of the total operating cost in all cases, 

reflecting the capital intensive nature and short timeframes of the semiconductor 
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, 
fabrication industry. Shipping costs comprise 28% of the operating cost for space- 

based microfabrication, but none for Earth-based fabrication, one factor in the higher 

space-based costs. Despite the elimination of vacuum pumps and systems in the 

space-based equipment model, it was shown that the capital cost of the dry Earth 

process and the dry space process models are similar, leading to similar operating 

costs once space transportation costs are accounted for. 

Table 9.1 - Operating Costs for Base Case 

Symbol 
Cd 

CMOS Standard CMOS Drv CMOS Drv 
Description Earth-Based ~arth-Based space-Based 
Depreciation Cost (USD) $29,257,844 $5 1,694,501 $47,706,695 
Utilities Cost (USD) $1,155,834 $70,576 $0 
Maintenance Cost (USD) $14,628,922 $25,847,250 $23,853,348 
Consumables Cost (USD) $12,640,074 $12,633,134 $12,601,977 
Shipping Cost (USD) $0 $0 $33,123,382 
Operating Cost (USD) $57,682,673 $90,245,46 1 $117,285,402 

e0 Operating Cost per Unit Wafer $96 1 $1,504 $1,955 
(USDIwafer) 

It is useful to define an operating cost ratio. This ratio is the ratio of space- 

based to Earth-based unit operating cost. The lower the operating cost ratio below 

loo%, the more favourable semiconductor fabrication in space is compare with Earth- 

based fabrication. Operating cost ratios greater than 100% indicate that Earth-based 

fabrication is more economically favourable. Table 9.2 shows the calculated 

operating cost ratio for the base case. 

Table 9.2 - Operating Cost Ratios for Base Case 

Description Dry SpaceIStandard Earth Dry SpacelDry Earth 
O~erating Cost Ratio 203% 130% 

To evaluate the feasibility of space based fabrication for a range of cases, it is 

usehl to determine the operating cost and operating cost ratio for situations other 
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than the base production case. Table 9.3 shows the operating costs (per wafer) and 

the operating cost ratios for a range of production scenarios. 

Table 9.3 - Operating Costs and Operating Cost Ratios 

Operating Cost Operating Cost Ratio 
Wafers Wafers CMOS Std. CMOS Dry CMOS Dry Dry Space1 Dry Space1 

Per per Earth-Based 
Month Layers Mask Set (USDlwafer) 

50 10 250 $9,917 

Earth-Based Space-Based Std. Earth 
(USDIwafer) (CJSDlwafer) (YO) 

$6,877 $14,240 144% 
$3,504 $7,474 149% 
$1,980 $3,981 178% 
$1,343 $2,635 212% 
$1,094 $2,077 214% 
$972 $1,880 239% 
$837 $1,443 242% 
$792 $1,342 252% 
$777 $1,278 253% 
$763 $1,258 257% 

$6,958 $14,346 143% 
$4,443 $8,996 164% 
$2,637 $4,667 192% 
$1,895 $3,157 207% 
$1,681 $2,654 209% 
$1,718 $2,444 203% 
$1,534 $2,08 1 205% 
$1,504 $1,955 203% 
$1,479 $1,933 207% 
$1,467 $1,891 206% 
$8,203 $16,653 154% 
$5,163 $9,102 163% 
$3,182 $5,026 179% 
$2,496 $3,679 196% 
$2,493 $3,285 192% 
$2,295 $2,966 183% 
$2,232 $2,736 189% 
$2,196 $2,596 188% 
$2,180 $2,556 188% 
$2,17 1 $2,534 188% 
$6,811 $14,173 144% 
$3,438 $7,407 149% 
$1,914 $3,914 180% 
$1,277 $2,568 219% 
$1,027 $2,010 223% 
$906 $1,813 252% 
$77 1 $1,377 260% 
$725 $1,275 274% 
$710 $1,212 276% 
$696 $1,191 282% 

Dry Earth 
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Table 9.3 - Operating Costs and Operating Cost Ratios continued 

Operating Cost Operating Cost Ratio 
Wafers Wafers CMOS Std. CMOS Dry CMOS Dry Dry Space/ Dry Space/ 

Per per Earth-Based Earth-Based Space-Based Std. Earth Dry Earth 
Month Layers Mask Set (USDIwafer) (USDIwafer) (USDIwafer) (%) (%) 

50 1.500 $9,875 $6,825 $14,213 144% 208% 
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Table 9.3 - Operating Costs and Operating Cost Ratios continued 
Operating Cost Operating Cost Ratio 

Wafers Wafers CMOS Std. CMOS Dry CMOS Dry Dry Space/ Dry Space/ 
Per per Earth-Based Earth-Based Space-Based Std. Earth Dry Earth 

Month Layers Mask Set (USDIwafer) (USDIwafer) (USDIwafer) (%) (YO) 
1,000 30 10,000 $1,383 $2,061 $2,732 198% 133% 
2,500 30 10,000 $1,217 $1,998 $2,502 206% 125% 
5,000 30 10,000 $1,150 $1,962 $2,362 205% 120% 
10,000 30 10,000 $1,124 $1,946 $2,322 207% 119% 
25.000 30 10.000 $1.116 $1.937 $2.300 206% 119% 

Figure 9.1 to Figure 9.3 graph the variation in operating cost per unit wafer for 

ASIC devices ( 1  = 20, nmaskser = 250) with increasing production rate. It can be seen 

that the per unit operating cost drops quickly as the production volume increases, 

eventually leveling at a constant value. The small kinks in the graphs at low 

production volumes are attributable to single increment changes in equipment 

requirements. 

0 5,000 10.000 15,000 20,000 25,000 

Wafer Starts per Month 

Figure 9.1 - Operating Cost of Standard Earth-Based 
Process for ASIC Devices ( I  = 20, nmmks& = 250) 
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0 5,000 10,000 15,000 20,000 25,000 

Wafer Starts per Month 

Figure 9.2 - Operating Cost of Dry Earth-Based 
Process for ASIC Devices (1 = 20, n,,k,& = 250) 

0 5,000 10,000 15,000 20,000 25,000 

Wafer Starts per Month 

Figure 9.3 - Operating Cost of Dry Space-Based 
Process for ASIC Devices (1 = 20, n,,k,& = 250) 

Figure 9.4 and Figure 9.5 show the operating cost ratio of standard and dry 

Earth-based processing for the same ASIC devices. It can be seen from these figures 

that space-based processing most closely competes with standard Earth-based 

processing at low production levels. However, the model was developed with process 

equipment sized for larger production runs and may not accurately reflect optimized 

equipment quantities at very low production levels. 
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0 5,000 10,000 15,000 20,000 25,000 

Wafer Starts per Month 

Figure 9.4 - Operating Cost Ratio Dry Space- 
Based versus Standard Earth-Based Process for 

ASIC Devices ( I  = 20, nmasksd = 250) 

0 5,000 10,000 15,000 20,000 25,000 

Wafer Starts per Month 

Figure 9.5 - Operating Cost Ratio Dry Space- 
Based versus Dry-Earth-Based Process for 

ASIC Devices ( I  = 20, nmaSkSet = 250) 
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9.3 Sensitivity Analysis 
The preceding section has shown that the space-based microfabrication 

process modeled is not able to economically compete directly against the two 

modeled Earth-based processes for the base production case. In order to be 

commercially viable, a space-based semiconductor fabrication facility must not only 

produce semiconductor devices, but it must do so in a cost effective manner that 

provides economic payback to the facility owner. It is important to note that the 

results are for fabrication facilities that are optimized for Earth-based resource usage, 

and year 1999 equipment costs. However, microfabrication is an industry that is 

constantly undergoing process changes. Various estimates place fabrication facility 

costs as rising by 10-30% per year. Similarly, for reasons discussed earlier, the dry 

Earth-based processing may become a standard in the future. Finally, it is clearly 

necessary to see what optimizations of the space microfabrication process will reduce 

its costs. Thus, as the space-based process model did not provide lower unit 

operating costs than equivalent Earth-based facilities, changes are required in order to 

produce an attractive economic incentive for space-based fabrication. 

One method to determine which factors most affect the unit operating costs of 

space-based semiconductor fabrication is to perform a sensitivity analysis. A 

sensitivity analysis has been performed for the base production case in which each of 

the input parameters to the cost model has been varied by 1% of its value and new 

unit operating cost and operating cost ratios were calculated for each of the three 

processes: standard Earth, dry Earth, and dry space. The parameters were then ranked 

by operating cost ratio to determine which input parameters caused the largest change 

in operating cost ratio. Appendix K contains the details of the sensitivity analysis. 

A total of 63 input parameters were selected fiom the following categories: 
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capital items I 

consumable items 

powerlheat rejection items 

shippinglinstallation/maintenance items 

depreciation 

product related items 

Table 9.4 shows the top ten most sensitive parameters that affect the dry space 

to standard Earth operating cost ratio. The % Change values shown are the change in 

operating cost ratio for a 1% increase in the input parameter, with negative values 

indicating that increasing the parameter value improves the economic viability of 

space-based fabrication. 

Table 9.4 - Top Ten Sensitive Parameters Affecting Dry Space 
to Standard Earth Operating Cost Ratio 

Input Parameter Base Value % Change 
Process Equipment Cost Std. Earth (USD) $94,843,000 -0.564% 
Raw Wafer Mass (kg each) 0.0368 
Total Transport Cost Dry Space Earth (USDkg finished goods) $15,000 
Shipping Rate Dry Space (USDkg) $5,000 
Process Equipment Cost Dry Space (USD) $76,862,000 
Wafer Starts per Month 5000 
Process Equipment Mass Dry Space (kg) 12486 
Support Facility Cost Std. Earth (USD) $21,168,000 
Support Facility Cost Std. Space (USD) $39,430,000 
Depreciation Rate % per year) 20% 

It can be seen that the cost of process equipment occupies the first and fifth 

slot, indicating that cost increases in Earth-based equipment, cost decreases in space- 

based equipment, or combinations of the two will greatly affect the operating cost 

ratio. 
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The high cost of transport to/@om space is shown by the presence of four 

input parameters: raw wafer mass, total space transport cost, space shipping rate, and 

process equipment mass. Clearly, reducing the shipping rates or reducing the mass 

which must be transported (wafers, equipment) will improve the operating cost ratio. 

Support facility costs and the depreciation rate are also shown to affect the 

operating cost ratio. As with process equipment, increases in Earth-based costs or 

decreases in space-based costs will improve the operating ratio. Increasing the 

depreciation rate (reducing equipment lifetimes) unexpectedly improves the operating 

cost ratio due to the larger fiaction of operating cost that is comprised of depreciation 

in the standard Earth-based model. While Table 9.1 shows that the depreciation costs 

are higher for the space-based case, the presence of large shipping costs reduces the 

fraction of the operating cost that is due to depreciation to below that of the standard 

Earth-based case. 

The dry Earth process was introduced in Section 7.2 in order to answer the 

question: What happens when an all dry process is done on Earth instead of in space? 

It has been shown that such a dry process is not economically competitive with the 

standard, wet Earth-based processing in current commercial semiconductor 

fabrication facilities. However, several factors make it plausible that such a dry 

process may yet be required in Earth-based facilities: the increasing cost of chemical 

waste treatment and the surrounding environmental issues, the increased resolution 

achievable with thermal lithographic techniques using inorganic resists, and the 

decrease in available water supplies. Given that such a dry process may still become 

dominant for Earth-based semiconductor fabrication, a sensitivity analysis has been 

performed to determine what factors would favour space-based fabrication over the 

dry Earth-based process. 
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Table 9.5 shows the top ten most sensitive parameters that affect the dry space 

to dry Earth operating cost ratio. As with Table 9.4, equipment costs, facility costs 

and transportation issues dominate. 

Table 9.5 - Top Ten Sensitive Parameters Affecting Dry Space - - -  
to Dry Earth Operating Cost Ratio 

Input Parameter Base Value % Change 
Process Equipment Cost Dry Earth (USD) $186,500,000 -0.707925% 
Raw Wafer Mass (kg each) 
Total Transport Cost Dry Space Earth (USDkg finished goods) 
Wafer Starts per Month 
Shipping Rate Dry Space (USDkg) 
Process Equipment Cost Dry Space (USD) 
Depreciation Rate (% per year) 
Process Equipment Mass Dry Space (kg) 
Support Facility Cost Std. Space (USD) 
Installation Rate Dry Earth (% capital cost) 

Figure 9.6 to Figure 9.11 show the effects of varying the most sensitive input 

parameters for the base production case. In each figure, a single input parameter or a 

combination of parameters is varied over a range of values to determine the standard 

Earth and dry Earth operating cost ratios. 

350% 

Dry SpacelStd. Earth 

$0 $5,000 $10,000 $15,000 $20,000 $25,000 $30,000 

TotalTransportCost ($/kg finished goods) 

Figure 9.6 - Total Roundtrip Transport Cost to Space Varied 
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0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 

Raw Wafer Mass (kg each) 

Figure 9.7 - Wafer Mass Varied 

[Xy SpacelStd. Earth 

0% ! J 
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Depreciation (% per year) 

Figure 9.8 - Depreciation Varied 

0% ! 1 
0 5,000 10,000 15,000 20,000 25,000 

Total Ijquiprnent & Facility Mass (kg) 

Figure 9.9 - Space Equipment & Facility Mass Varied 
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Total Equipment & Faclllty Cost Ratio (%) 

Figure 9.10 - Ratio of Space-Based to Standard Earth- 
Based Equipment & Facility Cost Varied 

0% -I I 
100% 200% 300% 400% 500% 600% 

Total tiquipment & Facility Cost Multiplier 

Figure 9.11 - Equipment & Facility Cost Increased 

It can be seen from the above figures that the operating cost ratio can be 

reduced below 100% (indicating favourable economics for space-based fabrication) 

by several methods. Particularly interesting is Figure 9.1 1 which shows that as 

equipment and facilities become more expensive (both on Earth and in space), the 

relative cost of fabricating semiconductors in space becomes more favourable. At the 
0 122 current 18 /0 to 2 0 % ' ~ ~  per year rate of equipment and facility cost escalation, the 

space case becomes economically competitive with dry, Earth-based fabrication 

within four years. At the end of ten years at the 20% cost escalation from our base 
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cost date of 1999, approximately a 600% equipment cost multiplier would be 
, 

expected and the standard Earth-based fabrication process would be 17% less 

expensive and the dry Earth-based fabrication process would be 44% more expensive 

than dry space-based semiconductor fabrication. Note that those Figure 9.11 curves 

show a saturation of the operating cost ratio reduction beginning at about 300% cost 

increase (6 years at 20% escalation). This is the long term scenario for full 

production. 

Table 9.6 shows eight cases in which combinations of input parameters are 

varied to improve the economics of space-based semiconductor fabrication. It is 

apparent that the appropriate combination of input parameter variations is able to 

provide operating cost ratios that greatly favour space-based semiconductor 

fabrication. The largest improvements come from reducing the wafer mass and 

reducing space transportation costs, although the ever increasing cost of facilities and 

equipment continues to provide a cost benefit to space-based microfabrication. 

As the space-based microfabrication process has been modeled using 

standard, commercially available wafers, no effort has been expended on developing 

specialized wafers for space. However, it appears readily feasible that thinner silicon 

wafers can be fabricated on Earth economically for use in space. Issues surrounding 

wafer thickness on Earth, such as thermal stability and handling may be mitigated by 

the microgravity, vacuum environment of a space-based semiconductor fabrication 

facility. 

Should NASA reach its goal to "reduce the cost to low-Earth orbit by an 

order of magnitude in 10 years and another order of magnitude in 25 years"124, then 

Table 9.6 shows that space-based microfabrication could be a very commercially 

viable venture. NASA has publicly committed to reduce launch costs below $2,200 

per kg by the end of 2010~'~. 
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Table 9.6 - Eight Cases to Improve Operating Cost Ratio 
Operating Cost Ratio 
Standard Dry 

Case Earth Earth 

Base Case 

Case 1 
As in Base Case but 

wafer mass reduced to 50% 
total transport cost to space reduced to $3000/kg 
launch cost to space reduced to $1000/kg 

Case 2 
As in Case 1 but 

Earth process equipment cost increased by 10% 
space process equipment mass decreased by 10% 

Case 3 
As in Case 1 but 

Earth process equipment cost increased by 20% 
space process equipment mass decreased by 20% 

Case 4 
As in Case 3 but 

total transport cost to space reduced to $2000/kg 

Case 5 
As in Case 4 but 

wafer mass decreased to 25% of original mass 
launch cost to space reduced to $500/kg 

Case 6 
As in Case 5 but 

mask mass decreased to 50% of original mass 
total transport cost to space reduced to $1250/kg 

Case 7 
As in Case 1 but 

0 Earth and space equipment and facilities cost multiplied by 600% 

Case 8 
As in Case 7 but 

Completely reusable supply ship 
TotalTransportCost to space = $1000/kg 
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9.4 Effect of Changing Wafer Size 
Thus far, the process and economics models have been constructed assuming 

the use of 200 mm wafers. While it is expected that 200 rnm wafers will continue in 

use for several more years126, it is illustrative to examine the effect on operating cost 

ratio of a change in wafer size. Such a change is predicted to occur, on average, 

every nine years126. 

A simplified analysis was conducted to determine the operating cost ratios for 

the base production case of 5,000 ASIC wafers per month using 300 mm wafers in 

place of the 200 mm size. In this analysis, the mass, volume, cost, and power 

consumption of all process equipment was scaled in relation to the surface area 

between the two wafer sizes (225%). In addition, the wafer mass, mask mass, and 

consumable mass per level was also scaled by 225%. The result was a cost per wafer 

of $1,225, $1,767, and $2,907 respectively for the standard Earth, dry Earth, and dry 

space processes, leading to the results shown in Table 9.7. 

Table 9.7 - Operating Cost Ratios for Base Case with 300 mm Wafers 

Description Dry SpaceIStandard Earth Dry SpaceIDry Earth 
Operating Cost Ratio 237% 165% 

Comparison with the operating cost ratios shown in Table 9.2 for the base 

case with 200 mm wafers, indicates that the economics become less favourable for 

space-based microfabrication as the wafer size increases in the base production case. 

An examination of the issues affecting the change in operating cost ratios shows that 

the increased wafer and mask mass are the primary factors in the change. It is 

expected that as space transportation costs decrease, the wafer and mask masses will 

have less effect on the overall economics, resulting in little or no change in operating 

cost ratios with increasing wafer size. 
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Conclusions 
This chapter has described the results of the operating cost model developed 

in Chapter 8. It has been shown that the operating cost per wafer is a convenient 

metric for evaluating the economic feasibility of micr~fabrication~~. Using a series of 

key assumptions, an operating cost model was constructed for the three reference 

process flows that indicated that the standard Earth-based process is the most 

economical for the base production case of 5,000 ASIC wafers per month. This 

model indicated that the operating per cost per wafer was $961, $1,504, and $1,955 

respectively for standard Earth-based, dry Earth-based, and space-based 

microfabrication. 

To allow comparisons over a range of changes in input parameters and key 

assumptions, the concept of operating cost ratio, the space-based cost per wafer 

divided by the Earth-based cost per wafer, was introduced. Operating cost ratios less 

than 100% designated favourable economics for space-based microfabrication. 

Through the use of a sensitivity analysis, it was determined that the primary 

factors affecting the economics of space-based semiconductor fabrication were: 

process equipment cost, transport mass, and space transportation cost. It was found 

that by optimizing the wafer thickness for space-based fabrication, the wafer mass, 

forming the largest component of transport mass, could be significantly reduced. 

Forecasts by NASA and other companies indicate that launch and roundtrip 

transportation costs could significantly decrease in the future. 

Modeling decreased wafer mass, decreased launch cost, and a relative 

decrease in the cost of process equipment showed that space-based semiconductor 

fabrication could economically compete in the base production case against both 

standard and dry Earth-based microfabrication with very few changes to the initial 

key assumptions. In the final two cases modeled, it was shown that the cost of 
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manufacturing semiconductors in space could be made equal to or less than that of 

using a standard process in an Earth-based facility and could be made significantly 

less than that of using an equivalent all dry process performed in an Earth-based 

facility. It should be noted that it has been assumed that the device yield of space- 

based processing would be the same as the device yield on Earth. However, any 

wafer yield advantage in space due to the superior cleanliness of the environment 

would provide a significant cost benefit to space-based processing. 

With current trends, microfabrication equipment costs are rising with time in 

order to obtain finer geometries. At the same time, space transportation costs are 

declining. The results suggest that as time goes on, the trends will begin to generate a 

significant advantage for space-based microfabrication: 
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Infrastructure 

10.1 Introduction 
This chapter will show that space-based semiconductor fabrication requires a 

support infrastructure that does not yet exist in order to compete on a commercial 

basis with Earth-based microfabrication facilities. 

Transportation of raw materials and finished goods is an inherent requirement 

for any manufacturing facility. Yet, the existing space transportation system is 

designed only for one-way transport, with a primary mission of launching satellites 

into orbit. It will be shown that a space-based semiconductor fabrication facility will 

require frequent launches for supply of raw material and for servicing of equipment. 

It will also be shown that existing and proposed launch vehicles are not well suited 

for this application. Indeed this aspect of space transportation is not unique to orbital 

microfabrication, and would occur with any high value per mass and high volume 

product. Yet these are precisely the type of products which would drive initial space 

industrialization activities. Thus, this chapter will suggest another valuable aspect of 

this study: if any routine orbital manufacturing is to be accomplished, new space 

transportation products are required. 

Other infrastructure systems will be briefly examined to determine the 

changes required to support a space-based fabrication facility. It will be shown that a 

new framework for launch and return capsule insurance will need to be developed to 

for the ongoing, two-way transport of raw materials and finished goods. It will also 

be shown that the risk in developing space-qualified, processing equipment can be 

reduced by stimulating early commercial acceptance of new, dry processes on Earth. 
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10.2 Background 
It was shown in Chapter 8 that space-based rnicrofabrication could be 

economically competitive with Earth-based processes under some circumstances. A 

key factor in the economic viability of the space-based case was the cost of 

transportation. However, in addition to the economic analysis of orbital 

transportation, it is necessary to examine the support infrastructure required for any 

space manufacturing venture in order to determine the practicality of the concept. 

On Earth, the transportation infrastructure upon which global manufacturing is 

based is well established. A transportation infrastructure for space is also established, 

although it is based upon satellite deployment rather than manufacturing. The 

following two sections will examine the transportation requirements for an orbital 

semiconductor fabrication facility and compare them against the present space 

transportation infrastructure. 

Insurance is a key component of space transportation, designed to minimize 

risk to the launch customer for the transport of payloads to orbit. The terrestrial 

equivalent, shipping insurance, is well known and plays an integral part of global 

commerce. However, two-way shipping to and from orbit involves two different 

modes of transport, and a comprehensive shipping insurance framework does not yet 

exist. The development of such an insurance infrastructure is required to allow the 

commercialization of the space-based semiconductor fabrication concept. 

Finally, a large infrastructure exists to support the development of 

semiconductor process equipment. The continuing progress in semiconductor devices 

requires new generations of process equipment on a regular basis. Industry 

consortiums such as SEMATECH are often used to share the risk of new process and 

equipment development. Most manufacturers of process equipment use incremental 

improvements of existing designs to provide the increased fknctionality of each 
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successive generation. Only when su(;h evolutionary approaches fail, are radically 

new paradigms used. However, a space-based facility will require space-qualified 

processing equipment and new, dry processes, such as inorganic resist for thermal 

lithography. Such equipment development is not well supported by the existing 

industry infrastructure which is focused on terrestrial, commercial fabrication 

facilities. 

10.3 Existing Space Transportation Infrastructure 
The space industry generates $75 billion annually127. This industry grew out 

of government fbnded space programs in the 1950's, 1960's, and 19707s, and is now 

equally divided between commercial and government expenditures. The global space 

industry is divided into the five broad categories shown in Table 10.1. 

Table 10.1 - Space Industry categories12* 

Percent of 
Sector Space Industry 
Ground Equipment 3 0% 
Services using Satellites 5 1% 
Space-based Manufacturing -0% 
Satellite Manufacturing 12% 
Space Transportation ServicesILaunch Vehicle Manufacturing 7% 

10.3.1 Orbits and Satellites 

The space transportation infrastructure has evolved from its space program 

roots to service the requirements of both commercial and rnilitary/government 

payloads. These payloads are comprised primarily of satellites for communications, 

navigation, research, remote sensing, and military/classified applications. The 

satellites are launched from Earth into one of several different orbits, with the most 

common orbits shown in Table 10.2. 
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Table 10.2 - Standard Earth 0rbits12' 
Acronym Description Altitude 

LEO low Earth orbit, circular 450 to 1,000 km 
ME0 medium Earth orbit, circular 15,000 km 

geostationary Earth orbit, circular, satellite 
GEo remains stationary over point on Earth's surface 35,800 km 
ELI elliptical orbit varies 

The bulk of the satellites launched (61%) are used for communications 

purposes as is shown by Table 10.3. 

Table 10.3 - Total On-Orbit Operational ~a te l l i t e s l~~  

Application LEO ME0 GEO ELI Other Total 
Communication 199 2 259 16 4 480 
Navigation 2 1 54 . O  0 0 75 
Scientific & Research 43 2 2 18 19 84 
Meteorological & Remote Sensing 39 1 10 1 0 51 
Intelligence & Classified 37 1 13 14 22 87 
Other 5 0 0 1 0 6 
Total 344 60 284 50 45 783 

The size of the satellites in orbit varies widely. Table 10.4 shows the mass 

distribution of all satellites launched between 1994 and 1998. It can be seen that 

satellites less than 910 kg comprise 48% of the satellites launched. These small 

satellites are most often used in telecommunications constellations, with up to 77 

satellites being required for an LEO network to provide complete worldwide 

coverage12g. Most often, several of these small satellites are placed into orbit in a 

single launch, in order to better utilize the payload capacity of the launch vehicles. 

Typical examples of such launches are the seven Iridium satellites (Iridium 62 to 67) 

placed into orbit by a Proton launch vehicle on April 6, 1998 and the eight 

ORBCOMM satellites (ORBCOMM FM13 to FM20) placed into orbit by a Pegasus 

XL launch vehicle on August 2, 1998"'. However, Iridium has proved to be a 

commercial failure and has filed for bankruptcy. Iridium's satellite system is being 

sold off by the courts and, if a good operator is not found, it may even be de-orbited. 
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The whole LEO satcom market is uncertain as of 1999/2000 and that, in turn, is 

creating much uncertainty in the launch business market. 

Table 10.4 - Mass Distribution of Satellite ~ a u n c h e s l ~ ~  

Percent of Total Launched 
Satellite Size Satellite Mass (kg) from 1994 to 1998 

Microsat 0 to 90 11% 
Small 90 to 910 37% 

Medium 910 to 2275 21% 
Intermediate 2275 to 4545 22% 

Large 4545 to 9090 8% 
Heavy greater than 9090 kg 1% 

10.3.2 Launch Vehicles 

Current space transportation is quite unique compared to Earth-based 

shipping. Almost all commercial space cargo flies on expendable launch vehicles. 

Thus, the shipping vehicle is destroyed in the process of delivering the cargo. Current 

satellites are placed into orbit exclusively through rocket launchers. Means do not yet 

exist to transport payloads from Earth to orbit by other methods, although many are 
133,134 proposed . Table 10.5 shows the payload capacities of many available rocket 

launch vehicles. 

Table 10.5 - Payload Capabilities of Existing Launch Vehicles 135,47 

Launch Vehicle Designation Payload to LEO 
Athena, Cosmos, Pegasus, Taurus Small (<2,275 kg) 
Ariane 40, Cyclone, Delta 2, Long March 2C, Long March 2D, Medium (2,275 to 5,454 kg) 
Long March 3, Molniya, PSLV, Titan 2 
Ariane 4, Atlas 2A, Atlas 2AS, Delta 3, H2, Long March 3A, Intermediate (5,454 to 11,364 kg) 
Long March 2E, Soyuz 
Ariane 5, Long March 3B, Proton, Space Shuttle, Titan 4B, Sea Heavy (>11,364 kg) 
Launch, Zenit 2 
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Of the launch vehicles shown in Table 10.5, the Pegasus is most suited to 
, 

small payload requirements with the ability to deliver from 220 to 454 kg to  LEO'^^. 
The U.S. Space Shuttle, the only current reusable launch vehicle, is not well suited to 

low mass launch payload requirements and is most often employed for placing large 

satellites and structures in LEO. 

The development of many new launch vehicles is in progress. The expected 

growth in commercial space transportation from $7.5 billion in 1997 to $1 5 billion in 

2 0 0 7 ~ ~ ~  is driving a race to develop more cost effective launch vehicles with more 

rapid deployment times. Key to reducing costs is improving the reusability of launch 

vehicles and components. Table 10.6 shows a list of development efforts underway 

to develop reusable space transportation systems. 

Table 10.6 - Payload Capabilities of Proposed Launch ~ e h i c l e s ' ~ ~  

Rrst Planned Payload to 
Launch Vehicle Designation Launch Manufacturer LEO (kg) 
Advent heavy lift LV (USA) TBA Advent Launch Services 9,020 
Astroliner ~ 1 1 0 0  (USA) ' 

K-1 (USA) 
Pathfinder (USA) 
Roton-C (USA) 
SA-1 (USA) 
Space Van (USA) 
HOPE-X Spaceplane (Japan) 
Siinger(Gennany-ESA) 
SSTO Spaceplane (Japan) 
Skylon (W 
Spacecab1 Spacebus (UK) 

200 1 
1999 
TB A 
1999 
TBA 
TBA 
200 1 
TBA 
2010 
2005 
TBA 

Kelly Space and Technology 
Kistler Aerospace Corporation 
Pioneer Rocketplane 
Rotary Rocket Company 
Space Access LLC 
Third Millennium Aerospace Space 
NASDA 
Daimler-Benz Aerospace AG 
National Aerospace Laboratory 
Reaction Engines Ltd. 
Bristol Spaceplanes Limited 

It can be seen from Table 10.6 that little effort is being devoted to developing 

reusable launch vehicles for small payloads. 

The Kistler Aerospace K-1 is typical of the new generation of reusable launch 

vehicles, and is perhaps the most developed. The two stage K-1 is designed to 

significantly reduce the cost of reliably delivering payloads to LEO with an estimated 

cost of $17 million per launch (-$5700/k~)'~~. The K-1 is projected to provide rapid 
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launch response and schedule flexibility with the payload integration process 

estimated to be approximately 16 months from launch contract to payload 

deployment 140. 

10.3.3 Launch Activity 

The number of launches has remained relatively steady during the last decade. 

Following a flurry of activity in deploying LEO communications networks such as 

Iridium and ORBCOMM, the number of launches has declined in the last two years. 

Table 10.7 shows that the number of launches of commercial payloads has steadily 

increased until it is approximately equal to that of military~~overnrnent payloads. It is 

forecast that commercial launches will exceed rnilitary/government launches in 2000. 

Table 10.7 - Annual Launches 141,142,143,144 

Payload Type 1993 1994 1995 1996 1997 1998 1999 2000 
Commercial 11 15 23 24 38 46 44 38 
Military 72 78 57 53 51 41 34 40 
Total 83 93 80 77 89 87 78 78 

10.3.4 Summary 

In summary, the existing space transportation infrastructure has satellite 

deployment as its primary mission with communications satellites receiving the 

greatest attention. While there are efforts underway to develop reusable launch 

vehicles in order to reduce launch costs, such vehicles are being designed around the 

concept of placing medium to intermediate size commercial payloads (or multiples of 

smaller payloads) in LEO or GEO. It is expected that commercial payloads and 

commercial launches will dominate the space transportation industry in the near 

future and that the number of annual launches will grow steadily. 
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10.4 Transportation Infrastructure Requirements for 
Space-Based Semiconductor Fabrication 

The single biggest transportation requirement difference between 

semiconductor fabrication in LEO and a communications (or other satellite) in LEO is 

that the semiconductor facility has an ongoing requirement for mass to be uplifted 

from Earth to the facility and for mass to be returned from the facility to Earth on a 

delivery schedule. This flow of material is not required for the current and proposed 

satellites for which the space transportation infrastructure is adapted. 

Note that while the following discussion is focused on semiconductor 

fabrication, it applies to many of the near-term space manufacturing concepts. All of 

those are concerned with high value/mass products, which in turn means modest 

masses of supplies being sent up and products returned to Earth. Perhaps the only 

important difference for semiconductor fabrication from many other products is the 

emphasis on a steady, high rate of return of the products to Earth (weekly or bi- 

weekly product returns). This may not be true for all other products. 

One scheme for meeting the requirements of two-way material flow might be 

to have a launch vehicle place a supply capsule into orbit for rendezvous with the 

orbiting fabrication facility. The supply capsule would off-load raw materials such as 

wafers, masks, and consumables as well as return capsules. The supply capsule 

would take on used consumable containers and other items such as masks that are no 

longer needed at the facility and do not need to be recovered. The supply capsule 

would then de-orbit for a controlled bum in the atmosphere. The multiple return 

capsules would be used to periodically deliver finished wafers to Earth through a de- 

orbit maneuver coupled with a soft landing. 

The launch payload for the semiconductor fabrication facility is determined by 

the raw material requirement, payload ability of the return capsule that delivers 
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finished goods, the production rate, and ihe frequency of launch. The return payload 

is determined by the mass of the finished wafer, the production rate, and the 

frequency of return deliveries. 

10.4.1 Raw Material Requirement 

The raw material requirement is the mass of material required to produce the 

finished goods (fabricated wafers) within the period between launches. Such 

materials includes the raw wafers, the lithography masks, the consumables (gases and 

solids), and consumable containers. For a semiconductor facility using the reference 

process flow to produce 5,000 finished, 200 mm diameter, standard thickness wafers 

per month, the raw material requirements are shown in Table 10.8 based on the 

modeling of Chapter 8 and Chapter 9. For the three device types, MPU, DRAM, and 

ASIC, with the production characteristics shown in Table 8.1, the raw material 

requirements per wafer mwafermatl are shown in Table 10.9. 

Table 10.8 - Mass of Raw Materials 

Item Mass (kg) 
Wafer Mass 0.0368 
Gas Mass per Layer 0.000304444 
Solid Mass per Layer 3.50602E-05 
Mask Mass 0.092 

Table 10.9 - Raw Material Requirements per Wafer 

Device Type Raw Material Mass per Wafer (kg) 
MPU 0.053 
DRAM 0.049 
ASIC 0.054 
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10.4.2 Payload Ability of Return Capsule 

In order to deliver finished goods from an orbiting semiconductor fabrication 

facility, it is necessary to have a means of transporting material from orbit to Earth. 

Section 8.9 Transportation described two possible cases: a synchronous mode in 

which the supply launch vehicle returns to Earth with the finished goods completed 

within the latest resupply interval, and an asynchronous mode in which the supply 

launch vehicle provides both raw materials and return capsules to the facility. Such 

return capsules would be capable of transporting a certain number of finished wafers 

from orbit back to Earth. 

The return capsule payload ability can be described by the capsule payload 

fraction fpayload. This value, which expresses the mass fraction of the total return 

mass that consists of payload, can be used to describe both synchronous and 

asynchronous transport modes: anf,ay~oad value of loo%, indicating that all of the 

return mass is payload, would be used to describe the synchronous mode; anfpayload 

value of less than 100% would be used to describe the asynchronous mode. The 

lowerfpayIOad, the heavier the return capsule for a given payload mass. 

10.4.3 Production Rate 

The production rate r, is the number of finished wafers produced in a given 

period. This rate determines the raw material mass which must be transported to 

orbit, as well as the mass of finished wafers that must be returned. 

10.4.4 Frequency of Launch 

The higher the launch frequency, the shorter the period between launches of 

material and return capsules to the semiconductor fabrication facility. For a given 

production rate, a shorter period means that less payload is required to be launched. 
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The ability to fabricate lithography masks at the orbital facility has an 

important effect on the frequency of launch. For masks that are generated on Earth, a 

new mask set must be launched for each new design. New wafer design turnarounds 

of three weeks, required by customers for ASIC devices (the base production case 

considered), would lead to launches of new mask sets at no more than three week 

intervals. However, for an orbital facility with the ability to fabricate masks on site 

(using electron beam direct write equipment for example), the launch frequency 

would not be not dictated by the customer design turnaround time. Except for the 

equipment needed to generate the masks, there is no difference in the mass of 

supplies required for such orbital mask productions. On-orbit mask production is not 

assumed in the base model in this work. 

10.4.5 Frequency of Return Delivery 

The higher the return delivery frequency, the shorter the period between use 

of return capsules. Devices such as ASIC's have short lead times and customer 

requirements are for delivery within two to six weeks36 from order placement. 

DRAM'S and MPU7s are produced in larger production runs and have less stringent 

delivery requirements. For a given production rate, a shorter return period means that 

less payload ability is required for the return capsule. 

10.4.6 Maintenance and Servicing 

While it is envisioned that the processing equipment in a space-based 

semiconductor fabrication facility would be hlly automated, it is recognized that 

periodic, manned visits are required for preventive maintenance"' and servicing. 

Section 3.5 Logistics of Space-Based Manufacturing described the needs associated 
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with equipment maintenance, including transportation and accommodation of service 

personnel. 

The frequency of equipment servicing is governed primarily by the reliability 

of the equipment. This system reliability is commonly expressed in failures per unit 

time or its inverse, mean time between failure (MTBF)'~~. For a system, such as a 

semiconductor fabrication facility, the failures of non-redundant, individual pieces of 

equipment are summed to calculate the number of failures per unit time. The MTBF 

of the facility is the inverse of the summed failures. In practice, different types of 

equipment have different failure rates and the failure of redundant pieces of 

equipment may only slow production rather than cause a complete halt. 

To provide a comparison, some semiconductor processing equipment types 

and failure rates are shown in Table 10.10. It should be noted that some of these 

MTBF times include the requirements for regular, planned maintenance servicing, not 

the repair of failed equipment. For example, the advanced lithography systems must 

have gas added to the excimer laser light source roughly every 350 hours of 

operation. Such maintenance servicing is much more amenable to robotic operation 

than true repair of failed components in a systems. Thus, when using the MTBF's, 

the possibility of adding robotics to improve the MTBF's must be part of the overall 

fabrication satellite design. 

Table 10.10 - MTBP of Some Processing Tools 

Equipment MTBF (hours) 

dual-arm atmospheric robot capable of handling 75,000'~' 
200- (eight-inch) and 300mm wafers 

SMIF tool for loading and unloading semiconductor 6,000148 
wafer cassettes into the process equipment 

300-mm low-pressure CVD cluster tool 400'~' 

advanced lithography tools, stepper plus track 325150 
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It is beyond the scope of this thesis to determine detailed reliability 

predictions for the space-based semiconductor fabrication facility. However, if it is 

assumed that all equipment has the same MTBF Pmtbfequlp and that the failures occur 

randomly, a simplified model of the reliability of the fabrication facility can be 

constructed. In this model, the predicted maintenance period P,,,,~ is equal to the 

mean time between failure of the entire semiconductor fabrication facility, which in 

turn is dependent on the number of pieces of critical (non-redundant) equipment n,,,, 

and the MTBF of the equipment pmtbfequlp. 

Figure 10.1 shows the predicted service interval pmoint based upon the quantity 

of critical equipment and the equipment MTBF. 

Equipment MTBF (hours) 

Figure 10.1 - Service Interval Requirements for 
Critical Equipment Numbers n,,,, 
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It can be seen that the servicebinterval is small for equipment with MTBF's 

less than 10,000 hours, resulting in frequent on-orbit servicing using either robotics or 

personnel. 

The equipment requirements shown in Table 8.6 for the base production case 

of 5,000 ASIC's per month indicate that there are 12 critical items of equipment out 

of a total of 122 pieces leading to a service interval of 35 days for equipment with 

10,000 hour MTBF and 87 days for equipment with 25,000 MTBF. The ratio of 

critical equipment to total equipment (10% in the example) is expected to remain 

constant with increasing production rates and for other devices types (MPU, DRAM) 

as the majority of the equipment is comprised of multiple, parallel tools for deposition 

(CVD, sputter) and etching (plasma). 

While it is noted that the above model greatly simplifies the complexities 

associated with reliability prediction for a space-based fabrication facility, it does 

highlight the need for equipment with large MTBF's. Many of the present tools used 

for semiconductor fabrication do not have the high MTBF's required to allow 

unattended processing in a space-based facility, and the development of such tools is 

required to reduce the need for frequent manned launches for system maintenance 

purposes. It is clear from the reliability results that periodic maintenance of the 

facility (perhaps coincident with the delivery of raw materials) will be required. 

10.4.7 Modeling Launch and Return Capsule Payload Requirements 

Using equation (8.12), the mass of the return payload mdown can be determined 

from the rate at which finished goods are required rd0wn and the return period pdown. 

Substituting production rate rw and the mass of the finished wafer mwafer into (8.12) 

for ?"down yields the number of wafers ndown produced in the return period and the mass 

of the return payload. 
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As the mass of the deposited thin films is negligible (totaling less than 1% of 

the wafer mass), the mass of the finished wafer can be assumed to be equal to the 

mass of the raw wafer. In such a case, Figure 10.2 shows the return payload md0, 

requirement for production rates r, from 1,000 to 10,000 wafers per month and return 

periods pdown up to 100 days. 

0 10 20 30 40 50 60 70 80 90 100 

Period between Returns (days) 

Figure 10.2 - Return Payload Requirements for the 
Production of r, Wafers per Month 

The return capsule mass is determined by the capsule payload fraction f,ayload 

and the return payload mass mdo, 

The launch payload mass m, is determined by the period between launches 

p,, the mass of the return capsule m,,ps,~e, the number of wafers ndown produced in the 
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return period, the raw material mass Rer wafer mwafimatl, and the period between 

returns pdown. 

For the base production case of 5,000 wafers per month, Figure 10.3 to Figure 

10.5 show the launch payload requirements for ASIC, MPU, and DRAM devices for 

a range of capsule payload fractions. It is interesting to note that there is little overall 

difference in the payload mass requirements between device types, but that the return 

payload carrying ability per unit mass of return capsule has a very large effect on the 

launch payload mass. 

10,000 , 
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Figure 10.3 - Launch Payload Requirement for ASIC's 
(5,000 WPM) for Capsule Payload Fractionsf,,~,d 
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Figure 10.4 - Launch Payload Requirement for MPU's 
(5,000 WPM) for Capsule Payload Fra~tionsf,,~b,d 
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Figure 10.5 - Launch Payload Requirement for DRAM'S 
(5,000 WPM) ) for Capsule Payload Fracti~nsf,,~b,d 

10.4.8 Launch Vehicle Requirements 

1 
1 

It was shown in the above sections that launch vehicles are required for two 

purposes: to deliver replacement parts and service personnel, and to deliver raw 

materials and return capsules. 
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The launch vehicle for service personnel is manned and must necessarily 

return the maintenance crew to Earth. The launch vehicle for raw materials and 

return capsules is not required to return to Earth. While it is possible to combine the 

two fhctions into a single launch vehicle that delivers personnel and materiel to the 

station and returns personnel and finished goods, such a compromise limits the 

frequency with which finished goods can be returned. 

For the base production case of 5,000 ASIC wafers per month, Figure 10.1 

shows that equipment servicing is required every 30 to 90 days, depending on 

equipment reliability. If this servicing is performed by service personnel, then a 

manned launch is required. Alternatively, the use of tele-operated robotics on the 

fabrication facility may allow the servicing to be conducted remotely, reducing the 

manned launch requirement. The use of interchangeable equipment modules would 

facilitate remote, tele-operated servicing at the expense of lifting greater equipment 

mass to orbit. 

For the base production case, finished goods are required every 2 to 6 weeks. 

If it is assumed that raw materials would be launched every 30 to 90 days and that 

between such flights finished goods are delivered by return capsule, then the launch 

payloads would be from 300 to 2,500 kg depending on the characteristics of the 

return capsule. 

A review of the current and proposed launch vehicles in Table 10.5 and Table 

10.6 shows that several launch vehicles capable of delivering small payloads of raw 

materials to LEO are available or under development. 

10.4.9 Other Infrastructure Options 

The transportation options examined thus far have been limited to transport 

tolfi-om the Earth. While it is outside the scope of this thesis to speculate on the 

development of a manned presence in space, it is possible that such a presence may 
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change the assumptions used to determine launch and return payload and frequency 

requirements. 1 

Specifically, if there is a manned presence in orbit, that periodic servicing of 

the semiconductor fabrication facility which cannot be conducted through tele- 

operated robotics, may best be accomplished by personnel already located in orbit. 

As equipment maintenance will be a requirement for all types of orbiting 

manufacturing facilities, it may be feasible to maintain a manned, central depot of 

spares in orbit to service all such facilities. Such a central depot would reduce the 

number of manned launches required by the above model to maintain the 

semiconductor fabrication equipment and would allow a more rapid response when 

repairlreplacement of facility equipment becomes necessary. 

10.4.10 Summary 

It has been shown that the existing space transportation infrastructure has 

satellite placement as its primary goal and the space industry has not yet developed 

the means to deliver to and return mass from orbit on a routine basis. Examination of 

the transportation requirements for a semiconductor fabrication facility located in 

LEO indicate that frequent launches of material will be required to support the base 

production case of 5,000 ASIC wafers per month. The use of a lightweight, small 

return capsule is shown to reduce the number of ground-based launches required to 

meet customer delivery schedules. 

i 

i 
t 10.5 Other Infrastructure Requirements for Space- 

Based Semiconductor Fabrication 
i The objective of this thesis is to perform a preliminary review of the 
I 
t feasibility of fabricating semiconductor devices in orbit. While it is outside the scope 
[ 

of this thesis to review all factors of the space and semiconductor industries for 
i 
i 
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suitability to supporting a space-based rnicrofabrication facility, two areas do deserve 

mention: insurance and equipment development. 

10.5.1 Insurance 

Launch insurance is designed to protect the customer from loss of payload 

during transportation to orbit, and forms one of the primary components of 

transportation cost. For commercial satellites, the cost of launch insurance is 

estimated to be approximately 25% of the combined cost of constructing the satellite 

and transporting it to orbitl5l. Insurance costs are based upon the track record of the 

launch vehicle and support infrastructure, and the quality of design, manufacturing, 

inspection, and payload integration of the vehicle. 

Statistical methods are used by insurance underwriters to determine risk. 

These statistical methods are based upon a sample of homogenous space events, such 

as identical launch vehicles and payloads at a given launch facility. The smaller the 

sample size and the wider the variation of launch parameters, the greater the statistical 

uncertainty. 

The space insurance industry exists today to insure satellite payloads destined 

for orbit. Typically, such insurance does not come into effect until three to six 

months before launch, leading to a financing bottleneck during the construction of the 

~atell i te '~~.  In addition, no insurance facility exists at present to cover the risk of 

transporting finished goods from orbit back to Earth. Such insurance would have to 

cover not only the loss of finished goods and the return capsule in the event of 

disaster, but also the cost of customer penalties, such as failure to deliver product 

according to an agreed upon schedule. 

The requirement for new launch and return vehicles suitable for small 

payloads is expected to result in high transportation insurance costs initially. 

However, as the frequency of launches and retrievals for a space-based 
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semiconductor fabrication facility is expected to be high, and the payloads identical, it 

is likely that a statistical database will rapidly be developed, leading to high statistical 

confidence levels which will reduce the insurance costs. 

Some important differences between the semiconductor supply missions and 

current satellites would affect the insurance costs. For satellites, the value of the 

systems themselves is very large ($50 million to more than $1 billion), their 

complexity is high, the time to order a replacement is long (measured in years), and 

their revenue stream is long lasting (a satellite may generate revenue for 5 to 10 

years). This makes a single loss very costly. By comparison, the semiconductor 

fabrication supplies are of modest value (a week's worth of supplies is less than $1 

million), they are of low complexity (the supplies themselves have few working parts 

although replacement equipment would have more complexity), it is easy to get 

replacements ready for launch, and their revenue stream is short term (at most a few 

months). This makes the cost of vehicle failure much closer to the price of the launch 

than with existing satellites. These factors are expected to reduce insurance risk and 

costs on resupply flights to the semiconductor facility. 

10.5.2 Process Equipment Development 

New process equipment will be required for space-based semiconductor 

fabrication. The development of this equipment poses two concerns for existing 

manufacturers of commercial fabrication equipment: is the market for the equipment 

large enough to warrant to cost of development, and can evolutionary techniques be 

used to migrate from existing equipment designs to space-based equipment designs? 

If the market for space-based processing equipment is limited to a single 

orbital facility, the owner of that facility will likely bear the full cost of the equipment 

development as there is no market for other sales. In this case, it can be expected that 

I the equipment will be purpose-built for the sirgle client and will have high costs 
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when compared to the volume sales of Earth-based equipment . In contrast, if a 

viable space-based fabrication market is perceived by equipment manufacturers, then 

the cost of development will be recovered over multiple sales, reducing the cost of 

each piece of equipment. 

New commercial processing equipment designs benefit from previous 

generations of product. The path of improvement in semiconductor processing 

equipment has been evolutionary rather than revolutionary. However, the all-dry 

process flows developed in Chapter 6 require equipment that does not currently exist 

and revolutionary equipment designs. Such design leaps involve increased risk 

leading to higher equipment cost. 

One method to mitigate the risk inherent in the development of new 

equipment for a space-based processing facility is to have the equipment developed 

for commercial Earth-based processes. The challenges of next generation lithography 

(NGL) may favour the dry, inorganic resist process, and increased environmental 

pressures may lead to the use of dry cleaning processes to decrease water and energy 

use. The development of these processes and subsequent commercial use on Earth 

would greatly reduce the risk associated with developing space-qualified equipment 

for an orbital facility. 

10.6 Conclusions 
This chapter has described the infrastructure requirements for a space-based 

semiconductor fabrication facility with emphasis on transportation, insurance, and 

new equipment development. A launch and return capsule payload model was 

constructed for use as the basis in determining the suitability of existing and proposed 

space transportation vehicles for a microfabrication facility located in LEO. 

It has been shown that while several existing or proposed launch vehicles are 

suitable for transporting raw materials to LEO, there is no existing means of meeting 
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the frequent, two-way mass transport requirements of an orbital microfabrication 
, 

facility. 

The base production case of 5,000 ASIC wafers per month was found to 

require servicing every 30 to 90 days, depending on MTBF of the equipment. If 

manned flights were used for servicing, then it was shown that launches would be 

more frequent than raw material requirements alone would dictate. However, the 

exact costs and frequency would depend on the service mode used (on-orbit personnel 

or tele-operated robotics against manned service flights). 

A return capsule, capable of delivering finished wafers from orbit to Earth, 

was found to reduce the need for launches while still meeting delivery schedules of 2 

to 6 weeks. 

The infrastructure for the insurance of payloads to and from orbit was found 

to be inadequate, and it was suggested that the lack of statistical models for two-way 

mass transport would result in high early insurance costs. However, the very 

different nature of resupply flights from that of current satellite launches, may make 

the insurance costs much lower than existing launch insurance. 

The development of specialized processing equipment for use in space was 

found to involve significant risk as new processes and new equipment were 

simultaneously required. It was suggested that the adoption of the dry processes 

required for space, by commercial fabrication facilities on Earth, would reduce the 

risk and cost of space equipment development. 
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Conclusions & Suggested Further Work 

11.1 Conclusions 
Space-based microfabrication requires the implementation of semiconductor 

fabrication processes in a space environment. Sequential application of patterning, 

deposition, etching, and doping processes to a silicon wafer can be used to produce 

many different types of electronic devices, on Earth or in space. 

While the near-Earth space environment offers several advantages such as low 

particle counts, native vacuum, atomic oxygen, and rnicrogravity, it also poses 

difficulties for conventional processing. Alternatives to several Earth-based 

processes must be developed in order for such processing to be feasible. In addition, 

in order to maintain the inherently clean environment of space, non-contact wafer 

transport within the fabrication facility was shown to be practical. 

A wafer handling scheme based upon electromagnetic levitation was 

developed. Numerical simulations indicated that wafer handling in such a system 

was possible at power levels suitable for a space-based facility. Use of such a system 

could reduce mechanical contact between wafers and transport equipment, resulting 

in less wafer damage and particle scatter than mechanical grips. 

A detailed process flow model was developed in order to provide information 

on consumable use, energy use, and process times. Comparison with published 

results indicated that the model was in general agreement with industry averages. 

Alternative processes were developed for space-based microfabrication. 

These dry processes were found to be compatible with a vacuum, microgravity 

environment and not only eliminated the problems associated with processes 
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involving liquids, but also resulted in 'significant energy savings and reductions in 

consumable mass. Numerical models of a dry lithographic process using an inorganic 

resist and a dry cleaning process incorporating a combination of plasma etching and 

ion milling were added to the process flow model. 

Comparisons of simulation results between three reference process flow 

models indicated that space-based semiconductor fabrication used much less material 

and energy per processed wafer and that processing cycle times were faster than 

equivalent Earth-based fabrication. 

Extension of the reference process flows, derived for a 12 level CMOS device, 

to other devices allowed a series of production cases to be examined. Operating cost 

per wafer was determined to be a reasonable metric with which to compare economic 

feasibility of a commercial, space-based microfabrication facility. For a base 

production case of 5,000 ASIC wafers per month, using a series of key assumptions, 

it was determined that, as of 1999, Earth-based fabrication was about 50% less 

expensive than space-based semiconductor fabrication. However, by examining the 

sensitivities of input parameters such as process equipment cost (which is changing 

significantly with time), transport mass, and transportation cost, it was found that 

optimizations in the space-based production model could be made. These 

optimizations indicated that space-based fabrication costs could be decreased to 58% 

that of an advanced, future Earth-based facility when trends of increasing process 

equipment costs and decreasing orbital transport costs are considered. 

Transport cost to and from orbit was found to be a critical factor in 

determining the economic viability of a space-based microfabrication facility. After a 

review of the existing transportation infrastructure, an asynchronous mode transport 

scheme was proposed in which finished wafers were transported from the orbital 

facility to Earth in small return capsules. Transport cost and payload models for the 
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asynchronous transport mode highlighted the requirement for lightweight return 

capsules with large payload ability. 

A space-based manufacturing facility does not operate in isolation, but 

requires a support infrastructure in order to function. A review of the existing space 

transportation infrastructure indicated that present and proposed launch vehicles were 

not directly suited to the frequent, two-way mass flow of raw materials and finished 

goods required for a space semiconductor fabrication facility. In addition, 

examination of the MTBF of typical semiconductor processing equipment indicated 

that service flights to supply either manned or robotic maintenance requirements 

would be necessary in order to keep the facility operating. Insurance was found to be 

a key part of space transportation and an assessment of insurance underwriters 

methods indicated that insurance costs would be high for initial shipments until a 

statistical database of material launches and returns was developed. 

It was proposed that the development cost of space-based processing 

equipment could be reduced if the dry processes required for space, such as thermal 

lithography and dry cleaning, would become the standard on Earth in commercial 

fabrication facilities. It is possible that factors such as better process control plus 

water and energy savings may be compelling, even on Earth. If such processes are 

implemented in commercial facilities, then much of the development cost for space- 

qualified versions of the equipment is eliminated. 

In summary, this thesis has examined the feasibility of fabricating silicon 

semiconductor devices in orbit on a commercial basis and concludes that while the 

processing is technically feasible, it is difficult to compete economically with Earth- 

based facilities today. However, it is found that space-based semiconductor 

fabrication can be economically favourable provided that the processes are careklly 

optimized and the cost of transportation to and fiom orbit is reduced. 
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11.2 Suggested Further Work 
This thesis has touched upon many areas in which there is little or no 

information available. These areas must be further developed in order to fully 

determine the feasibility, both technical and economic, of space-based semiconductor 

fabrication. 

11.2.1 Process Modeling and Experimentation 

The process flow modeling of this thesis is the first modestly detailed 

comparison of the wet earth, dry earth, and dry space processes. These models need 

to be confirmed with more detailed modeling and experimentation. For example, 

only two process flows (a 3 level device and 12 level CMOS) have been simulated. 

While the consistency of the results indicate that these process flows can be 

reasonably extrapolated to additional levels, complete 20 and 30 level process flows 

should be fully simulated. 

In addition, several methodologies in the dry processes have been proposed 

that need experimental verification. For example, it has been assumed that in a 

vacuum environment, without the need for continuous pumping, many processes like 

sputtering can be done with just the required pressure of gases (such as argon), rather 

than maintaining a continuous flow of gases. This needs to be experimentally 

confirmed. 

Furthermore, the potential savings in equipment mass and power has been 

only briefly studied. Conservative models of space-based equipment were derived 

through the method of functional decomposition. Future work should include a 

detailed redesign of several process tools (such as a CVD system, a plasma etch 

system, a sputter system, and an ion implantation system) to study the savings in 

mass, volume, cost and power. 
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11.2.2 Electromagnetic Wafer Handlipg System 

The scope of this thesis was limited to a first-pass feasibility analysis. 

However, many of the ideas presented need to be demonstrated and refined. One 

such idea is the electromagnetic wafer levitation system. It is suggested that a single 

solenoid prototype be constructed and a set of experiments performed to determine 

the correlation between actual forces and predicted forces on the wafer. Further 

development would result in a circular array solenoid actuator that could serve as a 

robotic end effector and the eventual implementation of a recto-linear solenoid array. 

In connection with the electromagnetic wafer handling system, the author is 

exploring the use of lasers to assist with the chemical vapour deposition of tungsten 

silicide for the eddy current loops on the backside of wafers. These conductors are 

required by the proposed electromagnetic wafer transport system and are not easily 

fabricated by conventional means. The use of laser CVD is expected to result in a 

rapid, direct-write process to form these large conductors. 

11.2.3 New Processes 

Several dry processes have been developed and presented. The thermal 

lithography process using inorganic resists was based upon available literature. 

However, current work at Simon Fraser University is extending the range of available 

inorganic resists and lowering the exposure thresholds. It is suggested that hture 

work on these resists include developing dry etching processes and eventual testing in 

a vacuum environment. 

The dry cleaning processes, plasma etching and ion milling, are well known 

separately. However, work needs to be done to ensure that the combination is able to 

effectively clean organics and particles from wafers and is compatible with a vacuum 

environment. 
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The issue of chemical mechapical polishing was neglected in the 12 level 

CMOS model, as it was not one of the process steps. However, CMP is a common 

process in commercial facilities and must be replicated in space for multi-level metal 

devices. An alternative to CMP, based on photoablation, was described. Work on 

developing this process, or other dry alternatives, is required. 

Copper is used as top level conductors in many high-end devices. However, 

the liquid electroplating process commonly used is incompatible with the space 

environment. An alternative process, based upon use of a charged copper vapour, 

was described. Work on developing this process, or other dry alternatives, is 

required. 

11.2.4 Experimental Verification of Vacuum Processing 

Once alternative, dry processes are developed, a demonstration of the process 

flow is needed. As it is difficult to obtain the resources to demonstrate the processes 

in space, it is suggested that the processes be demonstrated in a large, Earth-based 

vacuum chamber, such as that employed to test space hardware. Such facilities are 

available with Boeing in Washington State or with the Canadian Space Agency. An 

initial prototype test could involve placing modified current equipment (with the 

vacuum systems and controls removed) in such facilities and determining operational 

needs for a single process. Eventually, a full process flow of one level could be tested 

in such a facility. In such a test, a single wafer could be processed through all of the 

major steps (patterning, deposition, etching, doping) within the vacuum environment. 

The only factor of the space environment that could not be simulated would be the 

microgravity, which is not expected to alter the processing. The possibility of such 

testing is being investigated. The analysis of this thesis has supplied the preliminary 

indication of advantages that justifies the continuation of this work. 
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11.2.5 Commercialization 

From a business perspective, successfid development of the processes and 

hardware leading to commercialization requires that a consortium be formed that 

brings together at least the two elements of knowledge of the semiconductor 

fabrication business, and knowledge of space ~tilization"~. As the development of a 

commercial, space-based semiconductor fabrication facility has an inherent risk in the 

development of new processes and equipment and a long time period requiring major 

expenditures before revenue production154, it is envisioned that such a consortium 

would likely be comprised of several, large multi-national companies from the 

aerospace, semiconductor, and electronics sectors. 

Pending successfUl testing in a large, vacuum chamber, it is suggested that the 

next step would be the development by the consortium of space-qualified, prototype 

processing equipment to allow demonstration in a space facility such as the Space 

Shuttle or the International Space Station. 

11.2.6 Return Capsules 

Finally, it was found that for frequent, two-way mass transport to space to be 

effective, a lightweight return capsule was required. It is suggested that such a return 

capsule is a requirement for many types of space manufacturing and that the 

conceptual design of such a capsule be undertaken. Work required to support such 

development would include determining the allowable stress levels for silicon wafers 

and finished goods packaging requirements. 
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Appendix A 

Magnetic .4 Wafer Handling Simulation 

'program for calculation of forces on wafer due to electromagnetic wafer handling 
system 
'1999-2000, Nick Pfeiffer, Simon Fraser University 

'user defined types 
Type PointType 

x As Double 'x  coordinate 
y As Double 'y coordinate 
z As Double 'z coordinate 

End Type 

Type VectorQtyType 
xmag As Double 'magnitude in x dir'n 
ymag As Double 'magnitude in y dir'n 
zmag As Double 'magnitude in z dir'n 

End Type 

Type WaveformType 'triangular wave per Aug 25/99 notes 
freq As Double 'frequency of waveform (Hz) 
phaseshift As Double 'phaseshift of waveform (radians 
minval As Double 'min value of waveform 
maxval As Double 'max value of waveform 

End Type 

Type SolenoidType 'single solenoid with core modeled as a 
qm As Double 'magentic charge for unit current (1 amp) 
Length As Double 'length of solenoid 
Radius As Double 'radius of solenoid 
S As Double 'susceptibility of core 
N As Integer 'number of turns in solenoid 

, 0 phaseshift has wave 

dipole 
- dipole approximation 

W As WaveformType 'waveform of solenoid 
Location As PointType 'x,y,z location of solenoid, z=O is at top of solenoid, x,y 

are radial dimensions, z=axial 
End Type 

Type ForceTorqueType 'forces and torques on eddy current loop 
FX As Double 'force (N) in x dir'n 
FY As Double 'force (N) in y dir'n 
FZ As Double 'force (N) in z dir'n 
TXY As Double 'torque in x-y plane, +ve ccw 
TXZ As Double 'torque in x-z plane, +ve ccw 
TYZ As Double 'torque in y-z plane, +ve ccw 

End Type 

' contants 
Const uO As Double = 0.00000126 'H/m, permeability of vacuum 

' Microsoft Visual Basic 6.0 



Appendix A. Magnetic Wafer Handling Simulation Program 

Const PI As Double = 3.14159265358979 "pi constant 

'enumerated constants 
Const INSIDE = -1 
Const OUTSIDE = 1 
Const NEARLOOP = 0 
Const FARLOOP = 2 
Const FTCALC = 0 
Const FTFX = 1 
Const FTFY = 2 
Const FTFZ = 3 
Const FTTXY = 4 
Const FTTXZ = 5 
Const FTTYZ = 6 

'global variables 
Dim SolenoidArray() As SolenoidType 'solenoid array, size will be dynamically 
allocated 

Function asin(x) 
asin = Atn(x / Sqr(-x * x + 1) ) 

End Function 

Function acos(x) 
acos = Atn(-x / Sqr(-x * x + 1)) + PI / 2 

End Function 

'routine to calculate the induced emf in a circular current loop 
Function CalcEMFInduced (ri, ro, Bdot) 
'where ri is inner radius (m), ro is outer radius (m), Bdot is dB/dt (T/s), EMFInduced 
is induced EMF (V) 

ravg = (ro + ri) / 2 'assume that width is small wrt outer radius 
a = PI * ravg A 2 
CalcEMFInduced = -a * Bdot 

End Function 

'routine to calculate the current around a circular current loop 
Function CalcICurrentLoop(EMFInduced, ri, ro, t, resistivity) 
'where EMFInduced is the driving voltage ( V ) ,  ri is the inner radius (m), ro is the 
outer radius (m), 
't is the thickness of the current loop into the substrate, 
'resistivity is the resistivity of the current loop (ohm-m), CalcICurrentLoop is the 
current in the loop (A) 

ravg = (ri + ro) / 2 'average radius of current loop, assume ro-ri << 2*PI*ravg 
L = 2 * PI * ravg 'length of current loop 
W = ro - ri 'width of current loop 
Ac = W * t 'cross section area of current loop 
R = resistivity * L / Ac 'resistance of current loop 
CalcICurrentLoop = EMFInduced / R 'Ohm's Law 

End Function 

'routine to calculate the force perpendicular to a current loop 
Function CalcFCurrentLoop(ICurrentLoop, ri, ro, b) 
'where ICurrentLoop is the current in the loop (A), ri is the inner radius (m), ro is 
the outer radius (m), 
'B is the magnetic field (T) perpendicular to the current loop, CalcFCurrentLoop is 
the force (N) 

ravg = (ri t ro) / 2 'average radius of current loop, assume ro-ri << 2*PI*ravg 
L = 2 * PI * ravg 'length of current loop 
CalcFCurrentLoop = ICurrentLoop * L * b 

End Function 

'routine to calculate the force perpendicular to a current loop 
Function CalcFCurrentLoop2(ri1 ro, t, resistivity, b, Bdot) 
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'where ri is the inner radius (m), ro i; the outer radius (m), t is the thickness of 
the current loop into the substrate, 
'resistivity is the resistivity of the current loop (ohm-m),B is the magnetic field 
(T) perpendicular to the current loop, 
'Bdot is dB/dt (T/s), CalcFCurrentLoopB is the force (N) 

EMFInduced = CalcEMFInduced (ri, rot Bdot) 
ICurrentLoop = CalcICurrentLoop(EMFInduced, ri, ro, t, resistivity) 
CalcFCurrentLoopB = CalcFCurrentLoop(ICurrentLoopI ri, ro, b) 

End Function 

'routine to calculate the force perpendicular to a series of concentric current loops 
Function CalcFCurrentLoops(R, W, ws, N, t, resistivity, b, Bdot) 
'where r is the outer radius (m) of the largest current loop , w is the width of 
individual current loops (m), 
'ws is the width of spaces between the current loops (m), n is the number of current 
loops, 
't is the thickness of the current loop into the substrate, resistivity is the 
resistivity of the current loop (ohm-m), 
'9  is the magnetic field (T) perpendicular to the current loop, Bdot is dB/dt (T/s), 
CalcFCurrentLoops is the total force (N) 

Fsum = 0 'initialize force 
For lc = N To 1 Step -1 

ro = R - (N - lc) * (W + WS) 
ri = ro - W 
Fsum = Fsum + CalcFCurrentLoop2(rit ro, t, resistivity, b, Bdot) 

Next lc 'loop count 
If R - N * (W t WS) < 0 Then 'error, inner radius of smallest current loop is less 

than zero 
Fsum = 1 / 0 'will generate an error 

End If 
CalcFCurrentLoops = Fsum 

End Function 

'routine to calculate factorial of a number 
Function fac(x) As Double 

Dim prod As Double 
N = Int(x) 
If N < 0 Then Stop 'error, negative number 
prod = 1 
Do While N > 1 

prod = prod * N 
N = N - 1  

Loop 
fac = prod 

End Function 

'routine to calculate double factorial of a number 
Function dfac(x) As Double 

Dim prod As Double 
N = Int (x) 
If N < 0 Then Stop 'error, negative number 
prod = 1 
Do While N > 1 

prod = prod * N 
N = N - 2  

Loop 
dfac = prod 

End Function 

'routine to calculate Br at 
'ref Glenn Chapman Masters' 
Function BrSingleLoop(z, h, 
'where z,h,a,K,I are as per 
'where 1 is +ve ccw for +ve 

a point P due to a single current loop 
thesis (A2.3-I ) 
a, K, i) As Double 
def'n for A2.3-I 
Br radially outwards 
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Dim termval, termsum As Double I 

to1 = 0.001 '0.1% 
x = z  
U =  ( h " 2 + a ^ 2 + ~ ^ 2 ) ~ 0 . 5  
c o n s t a n t = K * P I * i * x * a A 2 * h / U A 5  
termsum = 0 'init 
For term = 0 To 73 '73 terms max or else fac0 overflows 

termval = dfac(4 * term t 3) / (fac(term) ̂ 2 * (term t 1)) * (h " 2 * a ^ 2 / 
(4 * U A  4)) "term 

termsum = termsum + termval 
If termval / termsum < to1 Then Exit For 'only calculate terms needed for 

desired accuracy 
Next 
BrSingleLoop = constant * termsum 

End Function 

'routine to calculate Br at a point P due to a single current loop 
'ref Glenn Chapman Masters' thesis (A2.3-I) 
'this version calcs factorials internally to improve speed and accuracy 
Function BrSingleLoopZ(z, h, a, K, i) As Double 
'where z,h,a,K,I are as per def'n for A2.3-I 
'where I is tve ccw for tve Br radially outwards 

Dim facterm, termval, termsum As Double 
to1 = 0.001 '0.1% 
x = z  
U =  ( h ^ 2 + a ^ 2 + ~ ~ 2 ) ~ 0 . 5  
c o n s t a n t = K * P I * i * x * a " 2 * h / U A 5  
facterm = 3 'init for term 0, facterm=(4k+3)! !/(k!)^2 
termsum = facterm 'init for term 0 
For term = 1 To 200 '200 terms max or else fac0 overflows 

facterm = (4 * term + 3) * (4 * term + 1) / term A 2 * facterm 
termval = facterm / (term + 1) * (h " 2 * a ^ 2 / (4 * U " 4)) ̂  term 
termsum = termsum + termval 
If termval / termsum < to1 Then Exit For 'only calculate terms needed for 

desired accuracy 
Next 
BrSingleLoop2 = constant * termsum 

End Function 

'routine to calculate Br at a point P due to multiple planar, concentric current loops 
(flat solenoid) 
Function BrMultiFlat(z, h, al, a2, N, Kt i) As Double 
'where z is vertical distance above center of current loop 
'where h is horizontal offset from center of current loop (i.e. point P is at (h,z)) 
'where a1 is the radius of the innermost current loop 
'where a2 is the radius of the outermost current loop 
'where N is the number of current loops 
'where K is u0/ (4*PI) 
'where i is the current in all current loops (assumed to be the same), tve ccw 
'where +ve Br is radially outwards 

Brsum = 0 
If N = 1 Then 

dA = 0 
Else 

dA = (a2 - al) / (N - 1) 'radial distance between adjacent current loops 
End If 
For currentloopnum = 1 To N 

a = a1 t dA * currentloopnum - dA 
Brsum = Brsum + BrSingleLoop2(zt h, a, K, i) 'determine Br by superposition 

Next 
BrMultiFlat = Brsum 

End Function 

'routine to calculate Bz at a point P due to a single current loop 
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'ref Glenn Chapman Masters' thesis (A2.3-11) 
Function BzSingleLoop(z, h, a, K, i) As Double 
'where z,h,a,K,I are as per def'n for A2.3-I1 
'where I is tve ccw for +ve Bz inside current loop 

Dim termval, termsum As Double 
to1 = 0.001 '0.1% 
x = z  
U =  ( h " 2 t a " 2 t x A 2 ) " 0 . 5  
constant = K * PI * i 
termsum = 0 'init 
For term = 0 To 73 '73 terms max or else face overflows 

termvall = (2 * a A 2) / (U " 3) * dfac(4 * term + 1) / fac(term) A 2 * (h A 2 
* a A 2 / (4 * U A  4)) "term 

termval2 = (h A 2 * a " 2) / (U " 5) * dfac(4 * term + 3) / (fac(term) A 2 * 
(term+l)) * ( h "  2 * a " 2 / (4 * U A  4)) "term 

termsum = termsum + termvall - termval2 
If (termvall - termval2) / termsum < to1 Then Exit For 'only calculate terms 

needed for desired accuracy 
Next 
BzSingleLoop = constant * termsum 

End Function 

'routine to calculate Bz at a point P due to a single current loop 
'ref Glenn Chapman Masters' thesis (A2.3-11) 
'this version calcs factorials internally to improve speed and accuracy 
Function BzSingleLoop2(z, h, a, K, i) As Double 
'where z,h,a,K,I are as per def'n for A2.3-I1 
'where I is +ve ccw for +ve Bz inside current loop 

Dim termval, termsum As Double 
to1 = 0.001 '0.1% 
x = z  
U =  ( h " 2 + a " 2 + ~ " 2 ) ~ 0 . 5  
constant = K * PI * i 
facterml = 1 'init for term 0, facterml=(4ktl)! !/(k!)^2 
facterm2 = 3 'init for term 0, facterm2=(4kt3)! !/(k!)^2 
termsum = (2 * a " 2) / (U A 3) * facterml - (h A 2 * a " 2) / (U " 5) * facterm2 

'init for term 0 
For term = 1 To 200 '200 terms max or else fac0 overflows 

A 2 * facterml 
A 2 * facterm2 
2 * a A 2 /  ( 4 * U A 4 ) ) ^  

. . 
facterml = (4 * term t 1) * (4 * term - 1) / term 
facterm2 = (4 * term + 3) * (4 * term + 1) / term 
termvall = (2 * a A 2) / (U " 3) * facterml * (h A 

term 
termval2 = (h " 2 * a " 2) / (U " 5) * facterm2 / 

/ (4 * U A 4)) " term 
termsum = termsum + termvall - termval2 
If (termvall - termval2) / termsum < to1 Then Exit 

needed for desired accuracy 
Next 
BzSingleLoop2 = constant * termsum 

End Function 

(term t 1) * (h " 2 * a A 2 

For 'only calculate terms 

'routine to calculate Bz at a point P due to multiple planar, concentric current loops 
(flat solenoid) 
Function BzMultiFlat(z, h, al, a2, N, K, i) As Double 
'where z is vertical distance above center of current loop 
'where h is horizontal offset from center of current loop (i.e. point 
'where a1 is the radius of the innermost current loop 
'where a2 is the radius of the outermost current loop 
'where N is the number of current loops 
'where K is u0/ (4*PI) 
'where i is the current in all current loops (assumed to be the same) 
'where +ve Br is radially outwards 

Bzsum = 0 
If N = 1 Then 

P is at (h,z)) 

, +ve ccw 
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dA = 0 
Else 

dA = (a2 - al) / (N - 1) 'radial distance between adjacent current loops 
End If 
For currentloopnum = 1 To N 

a = a1 + dA * currentloopnum - dA 
Bzsum = Bzsum + BzSingleLoop2(zt h, a, K, i) 'determine Bz by superposition 

Next 
BzMultiFlat = Bzsum 

End Function 

'routine to calculate inductance L of a solenoid (H) 
Function LSolenoid(u0, a, d, N) 
'where uO is permeability (H/m), a is radius of solenoid loop (m), d is distance 
between adjacent solenoid loops (m), N is total number of solenoid loops 

Length = N * d 'length of solenoid 
unitturns = N / Length 'turns per unit length 
area = PI * a A 2 'enclosed area of single current loop 
LSolenoid = uO * unitturns " 2 * Length * area 

End Function 

'routine to calculate the Bz flux (W or T-m"2) through a closed, offset circular loop 
Function Bzflux(z, a, Kt i, g, b) 
'where z,a,K,I are as per def'n for A2.3-I1 
'where g is offset of circular loop from solenoid center (m) 
'where b is radius of circular loop (m) 

'general idea is to integrate Bz over the surface area of the circular loop 
'can do this method because Bz is symmetric wrt solenoid origin even though g may 

be at an angle 
If (g = 0) Then 'circular loop is centered on solenoid center 

dtheta = 2 * PI 'no need for integration if radially symmetric 
Else 

dtheta = 2 * PI / 32 
End If 
dr = b / 10 
Bzsum = 0 
dAsum = 0 
For theta = 0 To 2 * PI - 0.000000001 Step dtheta 

For R = 0 To b - dr Step dr 
h =  ((gt R * Cos(theta)) " 2 t (R * Sin(theta)) " 2) " 0.5 
Bz = BzSingleLoop2 (z, h, a, Kt i) 
dA = R * dr * dtheta 
Bzsum = Bzsum t Bz * dA 
dAsum = dAsum t dA 

Next R 
Next theta 
Bzflux = Bzsum 

End Function 

'routine to calc angle phi3 (radians) given points P2, P3, P 
'where phi3 is the angle between the outward normal of the wafer loop and the radial 
line from the center of the solenoid 
'used to find the dot product between 1 and B in calculating F 
Function phi3(x2, y2, x3, y3, x, y) 
'where P(x,y) is point of interest on wafer loop 
'where P2(x2,y2) is the center of the wafer loop 
'where P3(x3,y3) is the center of the solenoid loop 
'where P2, P3, P are as defined in Nick's May 25/99 notes (pg 1) 

If (X - x2) = 0 Then 
theta = PI / 2 

Else 
theta = Abs(Atn((y - y2) / (x - x2))) 

End If 
If (X - x3) = 0 Then 
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phi = PI / 2 I 

Else 
phi = Abs(Atn((y - y3) / (x - x3))) 

End If 
phi3 = (-theta t phi) 

End Function 

'routine to calc vertical force Fz (N, tve upwards) for eddy current loop 
Function FZ(x2, y2, 22, b, i-eddy, a, K, i-solenoid) 
'where x2, y2, 22 is the location of the center of the eddy current loop (m) wrt the 
center of the solenoid loop 
'where b is the radius of the eddy current loop (m) 
'where i-eddy is the induced eddy current (amps, tve ccw) 
'where a is the radius of the soleniod current loop 
'where K is the permeability over 4 pi, K=u0/(4*PI) 
'where i-solenoid is the current in the solenoid loop (amps, +ve ccw) 

'general idea is to integrate Fz around the circular eddy current loop 
If (x2 = 0 And y2 = 0) Then 'eddy current loop is centered on solenoid center 

dtheta = 2 * PI 'no need for integration if radially symmetric 
Else 

dtheta = 2 * PI / 32 
End If 
dl = b * dtheta 
Fzsum = 0 
For theta = 0 To 2 * PI - 0.000000001 Step dtheta 

x = x2 t b * Cos(theta) 'point P x coord 
y = y2 t b * Sinltheta) 'point P y coord 
phi = phi3(x2, y2, 0, 0, x, y) 'angle between radials to point P from centers 

of solendoid and eddy current loops 
h = (X " 2 t y " 2) " 0.5 'horizontal distance from P to center of solenoid 

current loop 
Br = BrSingleLoop2(z2, h, a, K, i-solenoid) 'calc radial component of magnetic 

field (tve radially outwards) 
dFz = -i-eddy * dl * Br * Cos(phi) 'cross product dFz = -i * dl x Br 
Fzsum = Fzsum + dFz 

Next theta 
FZ = Fzsum 

End Function 

'routine to calculate resistance of a flat multi loop solenoid (ohms) 
Function RMultiFlat (all a2, N, RO) As Double 
'where a1 is the radius of the innermost current loop (m) 
'where a2 is the radius of the outermost current loop (m) 
'where N is the number of current loops 
'where RO is the resistivity (ohm-m) 

Rsum = 0 
If N = 1 Then 

dA = 0 
Else 

dA = (a2 - al) / (N - 1) 'radial distance between adjacent current loops, also 
diameter of loop conductor 

End If 
For currentloopnum = 1 To N 

a = a1 t dA * currentloopnum - dA 
Rsum = Rsum + (RO * 2 * PI * a / (PI * dA A 2 / 4)) 

Next 
RMultiFlat = Rsum 

End Function 

'routine to calculate the Bz flux (W or T-mA2) due to a multi flat solenoid through a 
single closed, offset circular loop 
Function BzfluxMultiFlat(z, al, a2, N, K, i, g, b) 
'where z,K,I are as per def'n for A2.3-I1 
'where a1 is the radius of the innermost current loop 
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'where a2 is the radius of the outermost current loop 
'where n is the number of current loops 
'where g is offset of circular loop from solenoid center (m) 
'where b is radius of circular loop (m) 

'general idea is to integrate Bz over the surface area of the circular loop 
'can do this method because Bz is symmetric wlct solenoid origin even though g may 

be at an angle 
If ( g  = 0) Then 'circular loop is centered on solenoid center 

dtheta = 2 * PI 'no need for integration if radially symmetric 
Else 

dtheta = 2 * PI / 32 
End If 
dr = b / 10 
Bzsum = 0 
dAsum = 0 
For theta = 0 To 2 * PI - 0.000000001 Step dtheta 

For R = 0 To b - dr Step dr 
h = ( ( g  t R * Cos(theta)) A 2 + ( R  * Sin(theta)) A 2) 0.5 
Bz = BzMultiFlat(z, h, al, a2, N, K, i) 
dA = R * dr * dtheta 
Bzsum = Bzsum t Bz * dA 
dAsum = dAsum t dA 

Next R 
Next theta 
BzfluxMultiFlat = Bzsum 

End Function 

'routine to calculate inductance of a flat multi  loo^ solenoid (HI, assumed to be 
spiral modeled as discrete loops 
Function LMultiFlat(a1, a2, N, uO) As Double 
'where a1 is the radius of the innermost current loop (m) 
'where a2 is the radius of the outermost current loop (m) 
'where n is the number of current loops 
'where uO is permeability (H/m) 

K = uO / (4 * PI) 
i = 1 '1 amp ref current 
Lsum = 0 
If N = 1 Then 

dA = 0 
Else 

dA = (a2 - al) / (N - 1) 'radial distance between 
diameter of loop conductor 

End If 
For currentloopnum = 1 To N 

a = a1 + dA * currentloopnum - dA 
L = 1 * BzfluxMultiFlat(0, all a2, N, K, i, 0, a) 
Lsum = Lsum t L 

Next 
LMultiFlat = Lsum 

End Function 

adjacent current loops, also 

/ i 

'routine to calc vertical force Fz (N, tve upwards) due to a multi flat solenoid for 
eddy current loop 
Function FzMultiFlat(x2, y2, 22, b, i-eddy, all a2, N, K, i-solenoid) 
'where x2, y2, 22 is the location of the center of the eddy current loop (m) wrt the 
center of the solenoid loop 
'where b is the radius of the eddy current loop (m) 
'where i-eddy is the induced eddy current (amps, +ve ccw) 
'where a1 is the radius of the innermost current loop (m) 
'where a2 is the radius of the outermost current loop (m) 
'where n is the number of current loops 
'where K is the permeability over 4 pi, K=u0/(4*PI) 
'where i-solenoid is the current in the solenoid loop (amps, tve ccw) 

Brconst = 0 'constant radial field due to external permanent magent?? 
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'general idea is to integrate Fz arbund the circular eddy current loop 
If (x2 = 0 And y2 = 0) Then 'eddy current loop is centered on solenoid center 

dtheta = 2 * PI 'no need for integration if radially symmetric 
Else 

dtheta = 2 * PI / 32 
End If 
dl = b * dtheta 
Fzsum = 0 
For theta = 0 To 2 * PI - 0.000000001 Step dtheta 

x = x2 + b * Cos(theta) 'point P x coord 
y = y2 + b * Sin(theta) 'point P y coord 
phi = phi3(x2, y2, 0, 0, x, y) 'angle between radials to point P from centers 

of solendoid and eddy current loops 
h = (X " 2 + y A 2) A 0.5 'horizontal distance from P to center of solenoid 

current loop 
Br = Brconst + BrMultiFlat(z2, h, all a2, N, Kt i-solenoid) 'calc radial 

component of magnetic field (+ve radially outwards) 
dFz = -i-eddy * dl * Br * Cos(phi) 'cross product dFz = -i * dl x Br 
Fzsum = Fzsum + dFz 

Next theta 
FzMultiFlat = Fzsum 

End Function 

'routine to calculate Hmx at a point P(x,y,z) due to magnetic charge qm at point 
PO (x0, yo, 20) 
Function HmxMagCharge(qm, xO, yo, 20, x, y, z) As Double 
'where qm is magnetic charge (fictitious value) in amp-m 
'where xO,yO,zO is the position of the magnetic charge (m) 
'where x,y,z is the position of point P 
'direction of Hm due to qm is in direction from PO to P 

R = ((x - xO) " 2 + (y - YO) " 2 + (Z - 20) A 2) " 0.5 'r is distance from PO to P 
If R <> 0 Then 

Hm = qm / (4 * PI * R A 2) 'inverse square law 
rx = x - xO 
Hmx = Hm * rx / R 'component in x dir'n 

End If 
HmxMagCharge = Hmx 

End Function 

'routine to calculate Hmy at a point P(x,y,z) due to magnetic charge qm at point 
PO (x0, yo, z0) 
Function HmyMagCharge(qm, xO, yo, z0, x, y, z) As Double 
'where qm is magnetic charge (fictitious value) in amp-m 
'where xO,yO,zO is the position of the magnetic charge (m) 
'where x,y,z is the position of point P 
'direction of Hm due to qm is in direction from PO to P 

R = ((x - xO) " 2 + (y - YO) " 2 + (z - 20) A 2) A 0.5 'r is distance from PO to P 
If R <> 0 Then 

Hm = qm / (4 * PI * R A 2) 'inverse square law 
ry = y - yO 
Hmy = Hm * ry / R 'component in y dir'n 

End If 
HmyMagCharge = Hmy 

End Function 

'routine to calculate Hmz at a point P(x,y,z) due 
Po(xo,yo,zo) 
Function HmzMagCharge(qm, xO, yo, zO, x, y ,  z) As 

to magnetic charge qm at point 

Double 
'where qm is magnetic charge (fictitious value) in amp-m 
'where xO,yO,zO is the position of the magnetic charge (m) 
'where x,y,z is the position of point P 
'direction of Hm due to qm is in direction from PO to P 

R = ((x - xO) " 2 + (y - YO) " 2 + (z - 20) A 2) A 0.5 'r is distance from PO to P 
If R <> 0 Then 
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I 

Hm = qm / (4 * PI * R 2) 'inverse square law 
rz = z - zO 
Hmz = Hm * rz / R 'component in z dir'n 

End If 
HmzMagCharge = Hmz 

End Function 

'routine to calculate Hr in a 
loops (long solenoid) 
Function HrMultiLong (z, h, a, 
'where z is vertical distance 
'where h is horizontal offset 
(h, 2) 
'where a is the radius of the 
'where 1 is the lenqth of the 

vacuum at a point P due to multiple, concentric current 

L, N, i) As Double 
above center of topmost current loop 
from center of topmost current loop (i.e. point P is at 

current loop 
solenoid 

'where n is the number of current loops in solenoid length 1 
'where i is the current in all current loops (assumed to be the same), +ve ccw 
'where +ve Hr is in the radial dir'n 
'where solenoid length assumed to start at z=0 and go to z=-1 and solenoid axis is 
aligned with z axis 

Brsum = 0 'calc B then divide to uO to get H 
K = uO / (4 * PI) 'K factor for single loop equ'n in vacuum 
If N = 1 Then 

dz = 0 
Else 

dz = L / (N - 1) 'vertical distance between adjacent current loops 
End If 
For currentloopnum = 1 To N 

zl = z t (currentloopnum - 1) * dz 'distance from P to nth current loop 
Brsum = Brsum + BrSingleLoop2(zl, h, a, K, i) 'determine Bz by superposition 

Next 
HrMultiLong = Brsum / uO 'return Hr in amp/m 

End Function 

'routine to calculate Hz in a vacuum at a point P due to multiple, concentric current 
loops (long solenoid) 
Function HzMultiLong(z, h, a, L, N, i) As Double 
'where z is vertical distance above center of topmost current loop 
'where h is horizontal offset from center of topmost current loop (i.e. point P is at 
(h,z) 
'where a is the radius of the current loop 
'where 1 is the length of the solenoid 
'where n is the number of current loops in solenoid length 1 
'where i is the current in all current loops (assumed to be the same), tve ccw 
'where +ve Hz is in z dir'n 
'where solenoid length assumed to start at z=0 and go to z=-1 and solenoid axis is 
aligned with z axis 

Bzsum = 0 'calc B then divide to uO to get H 
K = uO / (4 * PI) 'K factor for single loop equ'n in vacuum 
If N = 1 Then 

dz = 0 
Else 

dz = L / (N - 1) 'vertical distance between adjacent current loops 
End If 
For currentloopnum = 1 To N 

zl = z + (currentloopnum - 1) * dz 'distance from P to nth current loop 
Bzsum = Bzsum + BzSingleLoop2(zl, h, a, Kt i) 'determine Bz by superposition 

Next 
HzMultiLong = Bzsum / uO 'return Hz in amp/m 

End Function 

'routine to calculate Br in a vacuum at a point P due to multiple, concentric current 
loops (long solenoid) with a ferromagnetic core 
Function BrMultiLongCore(z, h, a, L, N, i, S )  As Double 
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'where z is vertical distance above cenier of topmost current loop 
'where h is horizontal offset from center of topmost current loop (i.e. point P is at 
(x=h, y=O, z=z) ) 
'where a is the radius of the current loop 
'where 1 is the length of the solenoid 
'where n is the number of current loops in solenoid length 1 
'where i is the current in all current loops (assumed to be the same), tve ccw 
'where +ve Br is in radial dir'n 
'where solenoid length assumed to start at z=O and go to z=-1 and solenoid axis is 
aligned with z axis 
'where the core is assumed to not reach saturation 
'general procedure: for each end: break into small areas, calc HO, calc M, calc Hm 
I then calc B at point P 

Hmxsum = 0 'init 
qmsum = 0 
d r = a / 2  
dtheta = 2 * PI / 32 
dAsum = 0 
'calc for top solenoid end (z=0) 
For R = 0 To a - 0.000000001 Step dr 

For theta = 0 To 2 * PI - 0.000000001 Step dtheta 
HOzl = HzMultiLong(0, R t dr / 2, a, L, N, i) 'HOz at dA 
d A =  ((Rtdr) A 2 - R A 2) * dtheta / 2 'area dA 
dAsum = dAsum t dA 
m = S * HOzl 'magnetization of area dA (only affected by normal component 

of H which is HOz) 
qm = m * dA 'fictitious magnetic charge on area dA, M and dA normal in 

same dir'n 
qmsum = qmsum + qm 
xO = (R + dr / 2) * Cos(theta) 
yo = (R + dr / 2) * Sin(theta) 
zo = 0 
Hmx = HrnxMagCharge(qm, xO, yo, 20, h, 0, z) 'Hmx at point P 
Hmxsum = Hmxsum t Hmx 
'Hmy is assumed to sum to zero due to symmetry 

Next 
Next 
'calc for bottom solenoid end (z=-1) 
For R = 0 To a - 0.000000001 Step dr 

For theta = 0 To 2 * PI - 0.000000001 Step dtheta 
HOzl = HzMultiLong(-L, R t dr / 2, a, L, N, i) 'Hoz at dA 
dA = ((R t dr) A 2 - R 2) * dtheta / 2 'area dA 
dAsum = dAsum + dA 
m = S * HOzl 'magnetization of area dA (only affected by normal component 

of H which is HOz) 
qm = -m * dA 'fictitious magnetic charge on area dA, M and dA normal in 

opposite dir'n 

End 

qmsum = qmsum t qm 
xO = (R t dr / 2) * Cos(theta) 
yo = ( R  + dr / 2) * Sin(theta) 
zo = -L 
Hmx = HmxMagCharge(qm, xO, yo, 20, h, 0, z) 'Hmx at point P 
Hmxsum = Hmxsum + Hmx 
'Hmy is assumed to sum to zero due to symmetry 

Next 
Next 
HOx = HrMultiLong(z, h, a, L, N, i) 'HOx at point P 
Hx = Hmxsum t HOx 'total Hx at point P 
Br = uO * Hx 'Br at point P 
BrMultiLongCore = Br 
Function 
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'routine to calculate Bz in a vacuum atba point P due to multiple, concentric current 
loops (long solenoid) with a ferromagnetic core 
Function BzMultiLongCore(z, h, a, L, N, i, S) As Double 
'where z is vertical distance above center of topmost current loop 
'where h is horizontal offset from center of topmost current loop (i.e. point P is at 
(x=h, y=O, z=z) ) 
'where a is the radius of the current loop 
'where 1 is the length of the solenoid 
'where n is the number of current loops in solenoid length 1 
'where i is the current in all current loops (assumed to be the same), +ve ccw 
'where +ve Bz is in z dir'n 
'where solenoid length assumed to start at z=0 and go to z=-1 and solenoid axis is 
aligned with z axis 
'where the core is assumed to not reach saturation 
'general procedure: for each end: break into small areas, calc HO, calc M I  calc Hm 
1 then calc B at point P 

Hmzsum = 0 'init 
qmsum = 0 
d r = a / 2  
dtheta = 2 * PI / 32 
dAsum = 0 
'calc for top solenoid end (z=O) 
For R = 0 To a - 0.000000001 Step dr 

For theta = 0 To 2 * PI - 0.000000001 Step dtheta 
HOzl = HzMultiLong(0, R + dr / 2, a, L, N, i) 'Hoz at dA 
dA = ((R + dr) A 2 - R A 2) * dtheta / 2 'area dA 
dAsum = dAsum + dA 
m = S * HOzl 'magnetization of area dA (only affected by normal component 

of H which is HOz) 
qm = m * dA 'fictitious magnetic charge on area dA, M and dA normal in 

same dir'n 
qmsum = qmsum + qm 
xO = (R + dr / 2) * Cos(theta) 
yo = (R + dr / 2) * Sin(theta) 
zo = 0 
Hmz = HmzMagCharge(qm, xO, yo, 20, h, 0, z) 'Hmz at point P 
Hmzsum = Hmzsum + Hmz 

Next 
Next 
'calc for bottom solenoid end (z=-1) 
For R = 0 To a - 0.000000001 Step dr 

For theta = 0 To 2 * PI - 0.000000001 Step dtheta 
HOzl = HzMultiLong(-L, R + dr / 2, a, L, N, i) 'Hoz at dA 
d A =  ((R+ dr) A 2 - R A 2) * dtheta / 2 'area dA 
dAsum = dAsum + dA 
m = S * HOzl 'magnetization of area dA (only affected by normal component 

of H which is HOz) 
qm = -m * dA 'fictitious magnetic charge on area dA, M and dA normal in 

opposite dir'n 
qmsum = qmsum + qm 
xO = (R + dr / 2) * Cos(theta) 
yo = (R + dr / 2) * Sinttheta) 
zo = -L 
Hmz = HmzMagCharge(qm, xO, yo, 20, h, 0, z) 'Hmz at point P 
Hmzsum = Hmzsum + Hmz 

Next 
Next 
HOz = HzMultiLong(z, h, a, L, N, i) 'Hoz at point P 
Hz = Hmzsum + HOz 'total Hz at point P 
Bz = uO * Hz 'Bz at point P 
BzMultiLongCore = Bz 

End Function 
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'routine to calculate Bx at a point P(x,),z) due to magnetic dipole with charge qm at 
center point PO (x0, yo, 20) 
Function BxUipole(qm, xO, yo, 20, L, x, y, z) As Double 
'where qm is magnetic charge (fictitious value) at the dipole top pole in amp-m 
'note: -qm is the magnetic charge at the dipole bottom pole 
'where xO,yO,zO is the position of the center of the magnetic dipole (m) which is 
parellel to z-axis 
'where 1 is the length of the dipole 
'where x,y,z is the position of point P 
'direction of B due to qm is in direction from qm P 

'calc B due to top charge 
Bx = uO * HmxMagCharge(qm, xO, yo, zO t L / 2, x, y, z )  
'calc B due to bottom charge 
Bx = Bx + uO * HmxMagCharge(-qm, xO, yo, z0 - L 1 2, x, y, z) 
BxDipole = Bx 

End Function 

'routine to calculate By at a point P(x,y,z) due to magnetic dipole with charge qm at 
center point PO (x0, yo, 20) 
Function ByDipole(qm, xO, yo, z0, L, x, y, z) As Double 
'where qm is magnetic charge (fictitious value) at the dipole top pole in amp-m 
'note: -qm is the magnetic charge at the dipole bottom pole 
'where xO,yO,zO is the position of the center of the magnetic dipole (m) which is 
parellel to z-axis 
'where 1 is the length of the dipole 
'where x,y,z is the position of point P 
'direction of B due to qm is in direction from qm P 

'calc B due to top charge 
By = uO * HmyMagCharge(qm, xO, yo, zO + L / 2, x, y, z) 
'calc B due to bottom charge 
By = By t uO * HmyMagCharge(-qm, xO, yo, z0 - L / 2, x, y, z) 
ByDipole = By 

End Function 

'routine to calculate Bz at a point P(x,y,z) due to magnetic dipole with charge qm at 
center point PO(x0, yo, z0) 
Function BzDipole(qm, xO, yo, 20, L, x, y, z) As Double 
'where qm is magnetic charge (fictitious value) at the dipole top pole in amp-m 
'note: -qm is the magnetic charge at the dipole bottom pole 
'where xO,yO,zO is the position of the center of the magnetic dipole (m) which is 
parellel to z-axis 
'where 1 is the length of the dipole 
'where x, y, z is the position of point P 
'direction of B due to qm is in direction from qm P 

'calc B due to top charge 
Bz = uO * HmzMagCharge(qm, xO, yo, zO t L / 2, x, y, z) 
'calc B due to bottom charge 
Bz = Bz t uO * HmzMagCharge(-qm, xO, yo, zO - L / 2, x, y, z) 
BzDipole = Bz 

End Function 

'routine to calc magnetic charge qm for a multi long solenoid with a core 
Function qmMultiLongCore(a, L, N, i, S )  As Double 
'where a is the radius of the current loop 
'where 1 is the length of the solenoid 
'where n is the number of current loops in solenoid length 1 
'where i is the current in all current loops (assumed to be the same), tve ccw 
'where solenoid length assumed to start at z=0 and go to z=-1 and solenoid axis is 
aligned with z axis 
'where the core is assumed to not reach saturation 

Static aprev, lprev, nprev, iprev, sprev 
Static qmprev As Double 
If (a = aprev And L = lprev And N = nprev And i = iprev And S = sprev) Then 

qmsum = qmprev 
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Else 
qmsum = 0 1 

dr = a / 2 'note: get a 6% max approx. improvement in qm for dr=a/lO, 
dtheta=Z*pi/45 vs. dr=a/2, dtheta=2*pi/4 

dtheta = 2 * PI / 32 
dAsum = 0 
'calc for qm top solenoid end (z=O), qm for bottom end is -qm 
For R = 0 To a - 0.000000001 Step dr 

For theta = 0 To 2 * PI - 0.000000001 Step dtheta 
HOzl = HzMultiLong(0, R + dr / 2, a, L, N, i) 'HOz at dA 
dA = ( ( R  t dr) A 2 - R A 2) * dtheta / 2 'area dA 
dAsum = dAsum + dA 
m = S * HOzl 'magnetization of area dA (only affected by normal 

component of H which is HOz) 
qm = m * dA 'fictitious magnetic charge on area dA, M and dA normal in 

same dir'n 
qmsum = qmsum t qm 

Next 
Next 
qmprev = qmsum 
aprev = a 
lprev = L 
nprev = N 
iprev = i 
sprev = S 

End If 
qmMultiLongCore = qmsum 

End Function 

'routine to calculate Br in a vacuum at a point P due to multiple, concentric current 
loops (long solenoid) with a ferromagnetic core 
'this routine uses a dipole approximation to speed up computation 
Function BrMultiLongCoreZ(z, h, a, L, N, i, S) As Double 
'where z is vertical distance above center of topmost current loop 
'where h is horizontal offset from center of topmost current loop (i.e. point P 
(x=h,y=O, z=z) ) 
'where a is the radius of the current loop 
'where 1 is the length of the solenoid 
'where n is the number of current loops in solenoid length 1 
'where i is the current in all current loops (assumed to be the same), tve ccw 
'where +ve Br is in radial dir'n 
'where solenoid length assumed to start at z=O and go to z=-1 and solenoid axis 
aligned with z axis 
'where the core is assumed to not reach saturation 

qm = qmMultiLongCore(a, L, N, i, S) 
Br = BxDipole(qm, 0, 0, -L / 2, L, h, 0, z) 
BrMultiLongCoreZ = Br 

End Function 

'routine to calculate Bz in a vacuum at a point P due to multiple, concentric current 
loops (long solenoid) with a ferromagnetic core 
'this routine uses a dipole approximation to speed up computation 
Function BzMultiLongCore2(z, h, a, L, N, it S )  As Double 
'where z is vertical distance above center of topmost current loop 
'where h is horizontal offset from center of topmost current loop (i.e. point P is at 
(x=h, y=O, z=z) ) 
'where a is the radius of the current loop 
'where 1 is the length of the solenoid 
'where n is the number of current loops in solenoid length 1 
'where i is the current in all current loops (assumed to be the same), tve ccw 
'where +ve Br is in radial dir'n 
'where solenoid length assumed to start at z=0 and go to z=-1 and solenoid axis is 
aligned with z axis 
'where the core is assumed to not reach saturation 
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qm = qmMultiLongCore(a, L, N, i, S) 
Bz = BzDipole(qm, 0, 0, -L / 2, L, h, 0, z) 
BzMultiLongCore2 = Bz 

End Function 

'routine to calculate Br in a vacuum at a point P due to multiple, vertical dipoles 
arranged around a circle 
'each dipole is assumed to be modeling a long, multiturn solenoid with a ferromagnetic 
core 
Function BrDipoleCircle(z, h, a, L, N, i, S, j, c) As Double 
'where z is vertical distance above center of top of dipole circle 
'where h is horizontal offset from center of dipole circle (i.e. point P is at 
(x=h, y=O, z=z) ) 
'where a is the radius of the current loop in each solenoid 
'where 1 is the length of each solenoid 
'where n is the number of current loops in solenoid length 1 for a single solenoid 
'where i is the current in all current loops (assumed to be the same), tve ccw 
'where tve Br is in radial dir'n from center of dipole circle 
'where j is the number of dipoles in the circle 
'where c is the radius of the dipole circle 
'where solenoid Length assumed to start at z=0 and go to z=-1 and solenoid axis is 
aligned with z axis 
'where the core is assumed to not reach saturation 

qm = qmMultiLongCore(a, L, N, i, S) 'calc magnetic charge qm for all dipoles, 
assumed to be equal 

Brsum = 0 'init L 

For dn = 0 To j - 1 'do for all dipoles 
theta = 2 * PI * dn / j 
xO = c * Cos(theta) 
yo = c * Sinttheta) 
Bx = BxDipole(qm, xO, yo, -L / 2, L, h, 0, z) 
'note r in dir'n of x, therefore Br in dir'n of Bx 
'note By's cancel out due to symmetry 
Brsum = Brsum + Bx 

Next 
BrDipoleCircle = Brsum 

End Function 

'routine to calculate Bz in a vacuum at a point P due to multiple, vertical dipoles 
arranged around a circle 
'each dipole is assumed to be modeling a long, multiturn solenoid with a ferromagnetic 
core 
Function BzDipoleCircle(z, h, a, L, N, i, S, j, c) As Double 
'where z is vertical distance above center of top of dipole circle 
'where h is horizontal offset from center of dipole circle (i.e. point P is at 
(x=h, y=O, z=z) ) 
'where a is the radius of the current loop in each solenoid 
'where 1 is the length of each solenoid 
'where n is the number of current loops in solenoid length 1 for a single solenoid 
'where i is the current in all current loops (assumed to be the same), +ve ccw 
'where +ve Br is in radial dir'n from center of dipole circle 
'where j is the number of dipoles in the circle 
'where c is the radius of the dipole circle 
'where solenoid length assumed to start at z=0 and go to z=-1 and solenoid axis is 
aligned with z axis 
'where the core is assumed to not reach saturation 

qrn = qmMultiLongCore(a, L, N, i, S) 'calc magnetic charge qm for all dipoles, 
assumed to be equal 

Bzsum = 0 'init 
For dn = 0 To j - 1 'do for all dipoles 

theta = 2 * PI * dn / j 
xO = c * Cos(theta) 
yo = c * Sin(theta) 
Bz = BzDipole(qrn, xO, yo, -L / 2, L, h, 0, z) 
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Bzsum = Bzsum + Bz 
Next 
BzDipoleCircle = Bzsum 

End Function 

'routine to calculate resistance of a multi-turn long solenoid solenoid (ohms) 
Function RMultiLong(a, N, L, RO) As Double 
'where a is the radius of the innermost current loop (m) 
'where n is the number of current loops 
'where 1 is the length of the solenoid (m) 
'where rO is the resistivity (ohm-m) 

'calc wire diameter d (m) 
If N = 1 Then 

d = L 'assume wire diameter equal to length 
Else 

d = L / (N - 1) 'assume adjacent turns touching 
End If 
wl = 2 * PI * a * N 'wire length (m) 
xa = d A 2 / 4 * PI 'cross section area (mA2) 
RMultiLong = RO * wl / xa 

End Function 

'routine to calculate inductance of a multi-turn long solenoid with a core (H), 
assumed to be modeled as a series of discrete loops with a ferromagnetic core 
Function LMultiLong(a, L, N, S) As Double 
'where a is the radius of the current loop 
'where 1 is the length of the solenoid 
'where n is the number of current loops in solenoid length 1 
'where s is the magnetic susceptibility 
'where the core is assumed to not reach saturation 

'use an approximate method of calculating induction, refine later 
no = N / L 'turns per unit length 
LO = uO * no A 2 * L * (PI * a A 2) 'inductance for a solenoid without iron core 
L1 = (S + 1) * LO 'assume that inductance magnified by factor (stl) due to core 
LMultiLong = L1 

End Function 

'routine to calculate the Bz flux (T-mA2) due to a multi long solenoid through a 
single closed, offset circular loop 
'modeled as a dipole approximation for computation speed 
Function BzfluxMultiLongCore2(z, a, L, N, i, S, g, b) 
'where z is vertical distance above center of top of solenoid 
'where a is the radius of the current loop in the solenoid 
'where 1 is the length of the solenoid 
'where n is the number of current loops in solenoid length 1 for a single solenoid 
'where i is the current in all current loops in the solenoid (assumed to be the same), 
tve ccw 
'where s is the magnetic susceptibility of the core 
'where g is offset of circular loop from solenoid center (m) 
'where b is radius of circular loop (m) 
'where solenoid length assumed to start at z=0 and go to z=-1 and solenoid axis is 
aligned with z axis 
'where the core is assumed to not reach saturation 

'general idea is to integrate Bz over the surface area of the circular loop 
'can do this method because Bz is symmetric wrt solenoid origin even though g may 

be at an angle 
If (g = 0) Then 'circular loop is centered on solenoid center 

dtheta = 2 * PI 'no need for integration if radially symmetric 
Else 

dtheta = 2 * PI / 32 
End If 
dr = b / 10 
Bzfluxsum = 0 
dAsum = 0 
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For theta = 0 To 2 * PI - 0.000000001 Step dtheta 
For R = 0 To b - dr Step dr I 

h = ((g + R * Cos(theta)) A 2 + ( R  * Sin(theta)) " 2) A 0.5 
Bz = BzMultiLongCore2(z, h, a, L, N, i, S )  
dA = R * dr * dtheta 
Bzfluxsum = Bzfluxsum + Bz * dA 
dAsum = dAsum + dA 

Next R 
Next theta 
BzfluxMultiLongCore2 = Bzfluxsum 

End Function 

'routine to calc vertical force Fz (N, +ve upwards) due to a multi-turn long solenoid 
for eddy current loop 
'use dipole approximation of solenoid 
Function FzMultiLongCore2(~2, y2, 22, b, i-eddy, a, L, N, i-solenoid, S) 
'where x2, y2, z2 is the location of the center of the eddy current loop (m) wrt the 
center of the solenoid loop 
'where b is the radius of the eddy current loop (m) 
'where i-eddy is the induced eddy current (amps, +ve ccw) 
'where a is the radius of the current loop in the solenoid 
'where 1 is the length of the solenoid 
'where n is the number of current loops in solenoid length 1 for a single solenoid 
'where i-solenoid is the current in all current loops in the solenoid (assumed to be 
the same), tve ccw 
'where s is the magnetic susceptibility of the core 

'general idea is to integrate Fz around the circular eddy current loop 
If (x2 = 0 And y2 = 0) Then 'eddy current loop is centered on solenoid center 

dtheta = 2 * PI 'no need for integration if radially symmetric 
Else 

dtheta = 2 * PI / 32 
End If 
dl = b * dtheta 
Fzsum = 0 
For theta = 0 To 2 * PI - 0.000000001 Step dtheta 

x = x2 + b * Cos(theta) 'point P x coord 
y = y2 + b * Sin(theta) 'point P y coord 
phi = phi3(x2, y2, 0, 0, x, y) 'angle between radials to point P from centers 

of solendoid and eddy current loops 
h = (X " 2 + y A 2) A 0.5 'horizontal distance from P to center of solenoid 

current loop 
Br = BrMultiLongCore2(~2, h, a, L, N, i-solenoid, S) 'calc radial component of 

magnetic field (tve radially outwards) 
dFz = -i-eddy * dl * Br * Cos(phi) 'cross product dFz = -i * dl x Br 
Fzsum = Fzsum + dFz 

Next theta 
FzMultiLongCore2 = Fzsum 

End Function 

'routine to calc vertical force Fz (N, +ve upwards) due to a dipole circle for eddy 
current loop 
'use dipole approximation of solenoid for each solenoid in dipole circle 
Function FzDipoleCircle(x2, y2, 22, b, i-eddy, a, L, N, i-solenoid, S, j, c) 
'where x2, y2, 22 is the location of the center of the eddy current loop (m) wrt the 
center of the solenoid loop 
'where b is the radius of the eddy current loop (m) 
'where i-eddy is the induced eddy current (amps, +ve ccw) 
'where a is the radius of the current loop in each solenoid in the dipole circle 
'where 1 is the length of each solenoid 
'where n is the number of current loops in solenoid length 1 for a single solenoid 
'where i-solenoid is the current in all current loops [assumed to be the same), +ve 
CCW 
'where +ve Br is in radial dir'n from center of dipole circle 
'where s is the magnetic susceptibility of the core 
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'where j is the number of dipoles in the'circle 
'where c is the radius of the dipole circle 
'where solenoid length assumed to start at z=O and go to z=-1 and solenoid axis is 
aligned with z axis 
'where the core is assumed to not reach saturation 

'general idea is to integrate Fz around the circular eddy current loop 
If 1x2 = 0 And y2 = 0) Then 'eddy current loop is centered on solenoid center 

dtheta = 2 * PI 'no need for integration if radially symmetric 
Else 

dtheta = 2 * PI / 32 
End If 
dl = b * dtheta 
Fzsum = 0 
For theta = 0 To 2 * PI - 0.000000001 Step dtheta 

x = x2 + b * Cos(theta) 'point P x coord 
y = y2 + b * Sin(theta) 'point P y coord 
phi = phi3(x2, y2, 0, 0, x, y) 'angle between radials to point P from centers 

of solendoid and eddy current loops 
h = (X " 2 + y " 2) 0.5 'horizontal distance from P to center of solenoid 

current loop 
Br = BrDipoleCircle(z2, h, a, L, N, i-solenoid, S, j ,  c) 'calc radial 

component of magnetic field (tve radially outwards) 
dFz = -i-eddy * dl * Br * Cos(phi) 'cross product dFz = -i * dl x Br 
Fzsum = Fzsum + dFz 

Next theta 
FzDipoleCircle = Fzsum 

End Function 

'routine to calculate Br in a vacuum at a point P due to multiple, concentric current 
loops (long solenoid) with a ferromagnetic core 
'this routine uses a dipole approximation to speed up computation 
'this version uses dipole magnetic charge qm for a unit current to represent the 
solenoid 
Function BrMultiLongCore3(z, h, qm, L, i) As Double 
'where z is vertical distance above center of topmost current loop 
'where h is horizontal offset from center of topmost current loop (i.e. point P is at 
(x=h, y=O, z=z) ) 
'where qm is the magnetic charge of the top dipole 
'where 1 is the length of solenoid (distance between dipoles) 
'where i is the current in all current loops (assumed to be the same), tve ccw 
'where +ve Br is in radial dir'n 
'where solenoid length assumed to start at z=0 and go to z=-1 and solenoid axis is 
aligned with z axis 
'where the core is assumed to not reach saturation 

qml = qm * i 'the magnetic charge is assumed to scale linearly with current 
Br = BxDipole(qm1, 0, 0, -L / 2, L, h, 0, z) 
BrMultiLongCore3 = Br 

End Function 

'routine to calculate Bz in a vacuum at a point P due to multiple, concentric current 
loops (long solenoid) with a ferromagnetic core 
'this routine uses a dipole approximation to speed up computation 
'this version uses dipole magnetic charge qm for a unit current to represent the 
solenoid 
Function BzMult,iLongCore3(z, h, qm, L, i) As Double 
'where z is vertical distance above center of topmost current loop 
'where h is horizontal offset from center of topmost current loop (i 
(x=h,y=O, z=z) ) 
'where qm is the magnetic charge of the top dipole 
'where 1 is the length of solenoid (distance between dipoles) 
'where i is the current in all current loops (assumed to be the same) 
'where tve Br is in radial dir'n 
'where solenoid length assumed to start at z=0 and go to z=-1 and sol 
aligned with z axis 

e. point P is at 

, tve ccw 
enoid axis is 
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'where the core is assumed to not reach 'saturation 
qml = qm * i 'the magnetic charge is assumed to scale linearly with current 
Bz = BzDipole(qm1, 0, 0, -L / 2, L, h, 0, 2 )  
BzMultiLongCore3 = Bz 

End Function 

'routine to calculate Br in a vacuum at a point P due to multiple, vertical dipoles 
arranged around a circle 
'each dipole is assumed to be modeling a long, multiturn solenoid with a ferromagnetic 
core 
'this version uses dipole magnetic charge qm for a unit current to represent the 
solenoid 
Function BrDipoleCircle3(z1 h, qm, L, i, j, c) As Double 
'where z is vertical distance above center of top of dipole circle 
'where h is horizontal offset from center of dipole circle (i.e. point P is at 
(x=h,y=O, z=z) ) 
'where qm is the magnetic charge of the top dipole 
'where 1 is the length of solenoid (distance between dipoles) 
'where i is the current in all current loops (assumed to be the same), +ve ccw 
'where +ve Br is in radial dir'n from center of dipole circle 
'where j is the number of dipoles in the circle 
'where c is the radius of the dipole circle 
'where solenoid length assumed to start at z=0 and go to z=-1 and solenoid axis is 
aligned with z axis 
'where the core is assumed to not reach saturation 

qml = qm * i 'the magnetic charge is assumed to scale linearly with current, calc 
magnetic charge qm for all dipoles, assumed to be equal 

Brsum = 0 'init 
For dn = 0 To j - 1 'do for all dipoles 

theta = 2 * PI * dn / j 
xO = c * Cos(theta) 
yo = c * Sin(theta) 
Bx = BxDipole(qm1, xO, yo, -L / 2, L, h, 0, z) 
'note r in dir'n of x, therefore Br in dir'n of Bx 
'note By's cancel out due to symmetry 
Brsum = Brsum + Bx 

Next 
BrDipoleCircle3 = Brsum 

End Function 

'routine to calculate Bz in a vacuum at a point P due to multiple, vertical dipoles 
arranged around a circle 
'each dipole is assumed to be modeling a long, multiturn solenoid with a ferromagnetic 
core 
'this version uses dipole magnetic charge qm for a unit current to represent the 
solenoid 
Function BzDipoleCircle3(z1 h, qm, L, i, j, c) As Double 
'where z is vertical distance above center of top of dipole circle 
'where h is horizontal offset from center of dipole circle (i.e. point P is at 
(x=h, y=O, z=z) ) 
'where qm is the magnetic charge of the top dipole 
'where 1 is the length of solenoid (distance between dipoles) 
'where i is the current in all current loops (assumed to be the same), tve ccw 
'where +ve Br is in radial dir'n from center of dipole circle 
'where j is the number of dipoles in the circle 
'where c is the radius of the dipole circle 
'where solenoid length assumed to start at z=0 and go to z=-1 and solenoid axis is 
aligned with z axis 
'where the core is assumed to not reach saturation 

qml = qm * i 'the magnetic charge is assumed to scale linearly with current, calc 
magnetic charge qm for all dipoles, assumed to be equal 

Bzsum = 0 'init 
For dn = 0 To j - 1 'do for all dipoles 

theta = 2 * PI * dn / j 
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xO = c * Cos(theta) 
yo = c * Sin(theta) , 
Bz = BzDipole(qm1, xO, yo, -L / 2, L, h, Or z) 
Bzsum = Bzsum + Bz 

Next 
BzDipoleCircle3 = Bzsum 

End Function 

'routine to calculate the Bz flux (T-mA2) due to a multi long solenoid through a 
single closed, offset circular loop 
'modeled as a dipole approximation for computation speed 
'this version uses dipole magnetic charge qm for a unit current to represent the 
solenoid 
Function BzfluxMultiLongCore3(z, qm, L, i, g, b) 
'where z is vertical distance above center of top of solenoid 
'where qm is the magnetic charge of the top dipole 
'where 1 is the length of solenoid (distance between dipoles) 
'where i is the current in all current loops in the solenoid (assumed to be the same), 
+ve ccw 
'where g is offset of circular loop from solenoid center (m) 
'where b is radius of circular loop (m) 
'where solenoid length assumed to start at z=0 and go to z=-1 and solenoid axis is 
aligned with z axis 
'where the core is assumed to not reach saturation 

'general idea is to integrate Bz over the surface area of the circular loop 
'can do this method because Bz is symmetric wrt solenoid origin even though g may 

be at an angle 
If (g = 0) Then 'circular loop is centered on solenoid center 

dtheta = 2 * PI 'no need for integration if radially symmetric 
Else 

dtheta = 2 * PI / 32 
End If 
dr = b / 10 
Bzfluxsum = 0 
dAsum = 0 
For theta = 0 To 2 * PI - 0.000000001 Step dtheta 

For R = 0 To b - dr Step dr 
h = ((g + R * Cos(theta)) A 2 + ( R  * Sin(theta)) 2) A 0.5 
Bz = BzMultiLongCore3(z, h, qm, L, i )  
dA = R * dr * dtheta 
Bzfluxsum = Bzfluxsum + Bz * dA 
dAsum = dAsum + dA 

Next R 
Next theta 
BzfluxMultiLongCore3 = Bzfluxsum 

End Function 

'routine to calculate the Bz flux (T-mA2) due to a dipole circle through a single 
closed, offset circular loop 
'modeled as a dipole approximation for computation speed 
'this version uses dipole magnetic charge qm for a unit current to represent the 
solenoid 
Function BzfluxDipoleCircle3(z, qm, L, i, j, c, g, b) 
'where z is vertical distance above center of top of solenoid 
'where qm is the magnetic charge of the top dipole 
'where 1 is the length of solenoid (distance between dipoles) 
'where i is the current in all current loops in the solenoids (assumed to be the 
same), +ve ccw 
'where j is the number of dipoles in the circle 
'where c is the radius of the dipole circle 
'where g is offset of circular loop from dipole circle center (m) 
'where b is radius of circular loop (m) 
'where each solenoid length assumed to start at z=0 and go to z=-1 and all solenoid 
lonitudinal axis are aligned with z axis 
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'where the core is assumed to not reach saturation 
'general idea is to integrate Bz oveF the surface area of the circular loop 
'can do this method because Bz is symmetric wrt solenoid origin even though g may 

be at an angle 
If (g = 0) Then 'circular loop is centered on solenoid center 

dtheta = 2 * PI 'no need for integration if radially symmetric 
Else 

dtheta = 2 * PI / 32 
End If 
dr = b / 10 
Bzfluxsum = 0 
dAsum = 0 
For theta = 0 To 2 * PI - 0.000000001 Step dtheta 

For R = 0 To b - dr Step dr 
h = ((g + R * Cos(theta)) " 2 + (R * Sin(theta)) " 2) " 0.5 
Bz = BzDipoleCircle3(z, h, qm, L, i, j, c) 
dA = R * dr * dtheta 
Bzfluxsum = Bzfluxsum + Bz * dA 
dAsum = dAsum + dA 

Next R 
Next theta 
BzfluxDipoleCircle3 = Bzfluxsum 

End Function 

'routine to calc vertical force Fz (N, tve upwards) due to a multi-turn long solenoid 
for eddy current loop 
'use dipole approximation of solenoid 
'this version uses dipole magnetic charge qm for a unit current to represent the 
solenoid 
Function FzMultiLongCore3(~2, y2, 22, b, i-eddy, qm, L, i-solenoid) 
'where x2, y2, 22 is the location of the center of the eddy current loop (m) wrt the 
center of the solenoid loop 
'where b is the radius of the eddy current loop (m) 
'where i-eddy is the induced eddy current (amps, tve ccw) 
'where qm is the magnetic charge of the top dipole 
'where 1 is the length of solenoid (distance between dipoles) 
'where i-solenoid is the current in all current loops in the solenoid (assumed to be 
the same), +ve ccw 

'general idea is to integrate Fz around the circular eddy current loop 
If (x2 = 0 And y2 = 0) Then 'eddy current loop is centered on solenoid center 

dtheta = 2 * PI 'no need for integration if radially symmetric 
Else 

dtheta = 2 * PI / 32 
End If 
dl = b * dtheta 
Fzsum = 0 
For theta = 0 To 2 * PI - 0.000000001 Step dtheta 

x = x2 + b * Cos(theta1 'point P x coord 
y = y2 + b * Sin(theta) 'point P y coord 
phi = phi3(x2, y2, 0, 0, x, y) 'angle between radials to point P from centers 

of solendoid and eddy current loops 
h = (X " 2 + y A 2) A 0.5 'horizontal distance from P to center of solenoid 

current loop 
Br = BrMultiLongCore3(~2, h, qm, L, i-solenoid) 'calc radial component of 

magnetic field (tve radially outwards) 
dFz = -i-eddy * dl * Br * Cos(phi) 'cross product dFz = -i * dl x Br 
Fzsum = Fzsum + dFz 

Next theta 
FzMultiLongCore3 = Fzsum 

End Function 

'routine to calc vertical force Fz (N, tve upwards) due to a dipole circle for eddy 
current loop 
'use dipole approximation of solenoid for each solenoid in dipole circle 
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'this version uses dipole magnetic charge qm for a unit current to represent each 
solenoid 
Function FzDipoleCircle3(x2, y2, 22, b, i-eddy, qm, L, i-solenoid, j, cj 
'where x2, y2, 22 is the location of the center of the eddy current loop (m) wrt the 
center of the solenoid loop 
'where b is the radius of the eddy current loop (m) 
'where i-eddy is the induced eddy current (amps, tve ccw) 
'where qm is the magnetic charge of the top dipole 
'where 1 is the length of solenoid (distance between dipoles) 
'where i-solenoid is the current in all current loops (assumed to be the same), +ve 
CCW 

'where +ve Br is in radial dir'n from center of dipole circle 
'where j is the number of dipoles in the circle 
'where c is the radius of the dipole circle 
'where solenoid length assumed to start at z=0 and go to z=-1 and solenoid axis is 
aligned with z axis 
'where the core is assumed to not reach saturation 

'general idea is to integrate Fz around the circular eddy current loop 
If (x2 = 0 And y2 = 0) Then 'eddy current loop is centered on solenoid center 

dtheta = 2 * PI 'no need for integration if radially symmetric 
Else 

dtheta = 2 * PI / 32 
End If 
dl = b * dtheta 
Fzsum = 0 
For theta = 0 To 2 * PI - 0.000000001 Step dtheta 

x = x2 t b * Cos(theta) 'point P x coord 
y = y2 + b * Sin(theta1 'point P y coord 
phi = phi3(x2, y2, 0, 0, x, y) 'angle between radials to point P from centers 

of solendoid and eddy current loops 
h = (X " 2 t y A 2) A 0.5 'horizontal distance from P to center of solenoid 

current loop 
Br = BrDipoleCircle3(~2, h, qm, L, i-solenoid, j, c) 'calc radial component of 

magnetic field (tve radially outwards) 
dFz = -i-eddy * dl * Br * Cos(phi) 'cross product dFz = -i * dl x Br 
Fzsum = Fzsum + dFz 

Next theta 
FzDipoleCircle3 = Fzsum 

End Function 

'routine to calc radial force Fr (N, tve outwards) due to a multi-turn long solenoid 
for eddy current loop 
'use dipole approximation of solenoid 
'this version uses dipole magnetic charge qm for a unit current to represent the 
solenoid 
Function FrMultiLongCore3(~2, y2, 22, b, i-eddy, qm, L, i-solenoid) 
'where x2, y2, 22 is the location of the center of the eddy current loop ( m )  wrt the 
center of the solenoid loop 
'where b is the radius of the eddy current loop (m) 
'where i-eddy is the induced eddy current (amps, +ve ccw) 
'where qm is the magnetic charge of the top dipole 
'where 1 is the length of solenoid (distance between dipoles) 
'where i-solenoid is the current in all current loops in the solenoid (assumed to be 
the same), +ve ccw 

'general idea is to integrate Fz around the circular eddy current loop 
dtheta = 2 * PI / 32 
dl = b * dtheta 
Fxsum = 0 'sum components separately 
Fysum = 0 
If (x2 = 0 And y2 = 0) Then 'eddy current loop centered on solenoid, all radial 

forces cancel 
Fxsum = 0 
Fysum = 0 

Else 
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For theta = 0 To 2 * PI - 0.000000001 Step dtheta 
x = x2 + b * Cos(theta) 'point P x coord 
y = y2 + b * Sin(theta) 'point P y coord 
phi = phi3(x2, y2, 0, 0, x, y) 'angle between radials to point P from 

centers of solendoid and eddy current loops 
h = (X " 2 + y A 2) " 0.5 'horizontal distance from P to center of 

solenoid current loop 
Bz = BzMultiLonqCore3(~2, h, qm, L, i-solenoid) 'calc vertical component 

of magnetic field (+ve upwards) 
dFr = i-eddy * dl * Bz * Cos(phi) 'cross product dFr = i * dl x Bz, see 

June 19/99 pg 2 notes 
Fxsum = Fxsum + dFr * Cos (theta) 
Fysum = Fysum + dFr * Sin(theta) 

Next theta 
End If 
FrMultiLongCore3 = (Fxsum " 2 + Fysum " 2) " 0.5 

End Function 

'routine to calc force Fx (N) due to a multi-turn long solenoid for eddy current loop 
'use dipole approximation of solenoid 
'this version uses dipole magnetic charge qm for a unit current to represent the 
solenoid 
Function FxMultiLongCore3 (x2, y2, 22, b, i-eddy, qm, L, i-solenoid) 
'where x2, y2, 22 is the location of the center of the eddy current loop (m) wrt the 
center of the solenoid loop 
'where b is the radius of the eddy current loop (m) 
'where i-eddy is the induced eddy current (amps, +ve ccw) 
'where qm is the magnetic charge of the top dipole 
'where 1 is the length of solenoid (distance between dipoles) 
'where i-solenoid is the current in all current loops in the solenoid (assumed to be 
the same), +ve ccw 

'general idea is to integrate Fz around the circular eddy current loop 
dtheta = 2 * PI / 32 
dl = b * dtheta 
Fxsum = 0 'sum components separately 
Fysum = 0 
If (x2 = 0 And y2 = 0) Then 'eddy current loop centered on solenoid, all radial 

forces cancel 
Fxsum = 0 

Else 
For theta = 0 To 2 * PI - 0.000000001 Step dtheta 

x = x2 + b * Cos(theta) 'point P x coord 
y = y2 + b * Sin(theta) 'point P y coord 
phi = phi3(x2, y2, 0, 0, x, y) 'angle between radials to point P from 

centers of solendoid and eddy current loops 
h = (X " 2 + y " 2) " 0.5 'horizontal distance from P to center of 

solenoid current loop 
Bz = BzMultiLongCore3(~2, h, qm, L, i-solenoid) 'calc vertical component 

of magnetic field (+ve upwards) 
dFr = i-eddy * dl * Bz * Cos(phi) 'cross product dFr = i * dl x Bz, see 

June 19/99 pg 2 notes 
Fxsum = Fxsum + dFr * Cos(theta) 
Fysum = Fysum + dFr * Sin(theta) 

Next theta 
End If 
FxMultiLongCore3 = Fxsum 

End Function 

'routine to calc force Fy (N) due to a multi-turn long solenoid for eddy current loop 
'use dipole approximation of solenoid 
'this version uses dipole magnetic charge qm for a unit current to represent the 
solenoid 
Function FyMultiLongCore3(~2, y2, 22, b, i-eddy, qm, L, i-solenoid) 



Appendix A. Magnetic Wafer Handling Simulation Program 296 

'where x2, y2, 22 is the location of the center of the eddy current loop (m) wrt the 
center of the solenoid loop 
'where b is the radius of the eddy current loop (m) 
'where i-eddy is the induced eddy current (amps, tve ccw) 
'where qm is the magnetic charge of the top dipole 
'where 1 is the length of solenoid (distance between dipoles) 
'where i-solenoid is the current in all current loops in the solenoid (assumed to be 
the same), tve ccw 

'general idea is to integrate Fz around the circular eddy current loop 
dtheta = 2 * PI / 32 
dl = b * dtheta 
Fxsum = 0 'sum components separately 
Fysum = 0 
If (x2 = 0 And y2 = 0) Then 'eddy current loop centered on solenoid, all radial 

forces cancel 
Fysum = 0 

Else 
For theta = 0 To 2 * PI - 0.000000001 Step dtheta 

x = x2 + b * Cos(theta) 'point P x coord 
y = y2 + b * Sin(theta1 'point P y coord 
phi = phi3(x2, y2, 0, 0, x, y) 'angle between radials to point P from 

centers of solendoid and eddy current loops 
h = (X " 2 + y " 2) " 0.5 'horizontal distance from P to center of 

solenoid current loop 
Bz = BzMultiLongCore3(~2, h, qm, L, i-solenoid) 'calc vertical component 

of magnetic field (+ve upwards) 
dFr = i-eddy * dl * Bz * Cos(phi) 'cross product dFr = i * dl x Bz, see 

June 19/99 pg 2 notes 
Fxsum = Fxsum + dFr * Cos(theta) 
Fysum = Fysum t dFr * Sin(theta) 

Next theta 
End If 
FyMultiLongCore3 = Fysum 

End Function 

'routine to calc radial force Fr (N, +ve outwards) due to a dipole circle for eddy 
current loop 
'use dipole approximation of solenoid for each solenoid in dipole circle 
'this version uses dipole magnetic charge qm for a unit current to represent each 
solenoid 
Function FrDipoleCircle3(x2, y2, 22, b, i-eddy, qm, L, i-solenoid, j, c) 
'where x2, y2, 22 is the location of the center of the eddy current loop (m) wrt the 
center of the solenoid loop 
'where b is the radius of the eddy current loop (m) 
'where i-eddy is the induced eddy current (amps, +ve ccw) 
'where qm is the magnetic charge of the top dipole 
'where 1 is the length of solenoid (distance between dipoles) 
'where i-solenoid is the current in all current loops (assumed to be the same), +ve 
CCW 

'where +ve Br is in radial dir'n from center of dipole circle 
'where j is the number of dipoles in the circle 
'where c is the radius of the dipole circle 
'where solenoid length assumed to start at z=0 and go to z=-1 and solenoid axis is 
aligned with z axis 
'where the core is assumed to not reach saturation 

'general idea is to integrate Fz around the circular eddy current loop 
dtheta = 2 * PI / 32 
dl = b * dtheta 
Fxsum = 0 
Fysum = 0 
If (x2 = 0 And y2 = 0) Then 'eddy current loop centered on solenoid, all radial 

forces cancel 
Fxsum = 0 
Fysum = 0 
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Else I 

For theta = 0 To 2 * PI - 0.000000001 Step dtheta 
x = x2 + b * Cos(theta) 'point P x coord 
y = y2 + b * Sin(theta) 'point P y coord 
phi = phi3(x2, y2, 0, 0, x, y) 'angle between radials to point P from 

centers of solendoid and eddy current loops 
h = (X A 2 + y 2) A 0.5 'horizontal distance from P to center of 

solenoid current loop 
Bz = BzDipoleCircle3(z2, h, qm, L, i-solenoid, j, c) 'calc vertical 

component of magnetic field (tve upwards) 
dFr = i-eddy * dl * Bz * Cos(phi) 'cross product dFr = i * dl x Bz, see 

June 19/99 pg 2 notes 
Fxsum = Fxsum + dFr * Cos(theta) 
Fysum = Fysum + dFr * Sin(theta) 

Next theta 
End If 
FrDipoleCircle3 = (Fxsum A 2 + Fysum A 2) " 0.5 

End Function 

'routine to calc force Fx (N) due to a dipole circle for eddy current loop 
'use dipole approximation of solenoid for each solenoid in dipole circle 
'this version uses dipole magnetic charge qm for a unit current to represent each 
solenoid 
Function FxDipoleCircle3(~2, y2, 22, b, i-eddy, qm, L, i-solenoid, j, c) 
'where x2, y2, 22 is the location of the center of the eddy current loop (m) wrt the 
center of the solenoid loop 
'where b is the radius of the eddy current loop (m) 
'where i-eddy is the induced eddy current (amps, +ve ccw) 
'where qm is the magnetic charge of the top dipole 
'where 1 is the length of solenoid (distance between dipoles) 
'where i-solenoid is the current in all current loops (assumed to be the same), +ve 
CCW 

'where tve Br is in radial dir'n from center of dipole circle 
'where j is the number of dipoles in the circle 
'where c is the radius of the dipole circle 
'where solenoid length assumed to start at z=0 and go to z=-1 and solenoid axis is 
aligned with z axis 
'where the core is assumed to not reach saturation 

'general idea is to integrate Fz around the circular eddy current loop 
dtheta = 2 * PI / 32 
dl = b * dtheta 
Fxsum = 0 
Fysum = 0 
If (x2 = 0 And y2 = 0) Then 'eddy current loop centered on solenoid, all radial 

forces cancel 
Fxsum = 0 

Else 
For theta = 0 To 2 * PI - 0.000000001 Step dtheta 

x = x2 + b * Cos(theta) 'point P x coord 
y = y2 + b * Sin(theta) 'point P y coord 
phi = phi3(x2, y2, 0, 0, x, y) 'angle between radials to point P from 

centers of solendoid and eddy current loops 
h = (X " 2 + y A 2) A 0.5 'horizontal distance from P to center of 

solenoid current loop 
Bz = BzDipoleCircle3(22, h, qm, L, i-solenoid, j, c) 'calc vertical 

component of magnetic field (tve upwards) 
dFr = i-eddy * dl * Bz * Cos(phi) 'cross product dFr = i * dl x Bz, see 

June 19/99 pg 2 notes 
Fxsum = Fxsum + dFr * Cos (theta) 
Fysum = Fysum + dFr * Sin(theta) 

Next theta 
End If 
FxDipoleCircle3 = Fxsum 

End Function 
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'routine to calc force Fy (N) due to a qipole circle for eddy current loop 
'use dipole approximation of solenoid for each solenoid in dipole circle 
'this version uses dipole magnetic charge qm for a unit current to represent each 
solenoid 
Function FyDipoleCircle3(x2, y2, 22, b, i-eddy, qm, L, i-solenoid, j, c) 
'where x2, y2, 22 is the location of the center of the eddy current loop (m) wrt the 
center of the solenoid loop 
'where b is the radius of the eddy current loop (m) 
'where i-eddy is the induced eddy current (amps, tve ccw) 
'where qm is the magnetic charge of the top dipole 
'where 1 is the length of solenoid (distance between dipoles) 
'where i-solenoid is the current in all current loops (assumed to be the same), tve 
ccw 
'where tve Br is in radial dir'n from center of dipole circle 
'where j is the number of dipoles in the circle 
'where c is the radius of the dipole circle 
'where solenoid length assumed to start at z=0 and go to z=-1 and solenoid axis is 
aligned with z axis 
'where the core is assumed to not reach saturation 

'general idea is to integrate Fz around the circular eddy current loop 
dtheta = 2 * PI / 32 
dl - b * dtheta 
Fxsum = 0 
Fysum = 0 
If (x2 = 0 And y2 = 0) Then 'eddy current loop centered on solenoid, all radial 

forces cancel 
Fysum = 0 

Else 
For theta = 0 To 2 * PI - 0.000000001 Step dtheta 

x = x2 + b * Cos(theta) 'point P x coord 
y = y2 + b * Sin(theta) 'point P y coord 
phi = phi3(x2, y2, 0, 0, x, y) 'angle between radials to point P from 

centers of solendoid and eddy current loops 
h = (X " 2 + y A 2) A 0.5 'horizontal distance from P to center of 

solenoid current loop 
Bz = BzDipoleCircle3(z2, h, qm, L, i-solenoid, j, c) 'calc vertical 

component of magnetic field (tve upwards) 
dFr = i-eddy * dl * Bz * Cos(phi) 'cross product dFr = i * dl x Bz, see 

June 19/99 pg 2 notes 
Fxsum = Fxsum + dFr * Cos(theta) 
Fysum = Fysum t dFr * Sin(theta) 

Next theta 
End If 
FyDipoleCircle3 = Fysum 

End Function 

'routine to calc amplitude of waveform based on time 
Function calcWaveform(W As WaveformType, t) 
'where w is a waveform (WaveFormType), t is time (sec) 

If W.freq > 0 Then 
tp = 1 / W.freq 'period (sec) 
m = (W.maxva1 - W-minval) / (tp / 2) 
t2 = -W.minval / m 
ts = W.phaseshift / (2 * PI * W.freq) 
tl = ts - t2 
tprime = t - tl 
If tprime < 0 Then tprime = tprime + tp 
tprime = tprime - Int(tprime / tp) * tp 
If tprime <= tp / 2 Then 

y = m * tprime t W.minva1 
Else 
y = -m * (tprime - tp / 2) + W.maxva1 
End If 
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End If 
calcwaveform = y 

End Function 

'test function 
Function callcalcWaveform(freq, minval, maxval, phaseshift, t) 

Dim W As WaveformType 
W.freq = freq 'Hz 
W.minva1 = minval 
W.maxva1 = maxval 
W.phaseshift = phaseshift 'radians 
callcalcWaveform = calcWaveforrn(W, t) 

End Function 

'routine to calc B field at point P for a specific solenoid S at time t 
'uses dipole approximation for solenoid 
Function BSolenoid(S As SolenoidType, P As PointType, t As Double) As VectorQtyType 
'where S is the solenoid 
'where P is the point (x,y,z) 
'where t is the time in seconds 
'where solenoid length assumed to start at z=0 and go to z=-1 and solenoid axis is 
aligned with z axis 
'where the solenoid core is assumed to not reach saturation 

Dim b As VectorQtyType 
xO = S.Locati0n.x 'x coord of center of dipole, S.Location is the (x,y,z) coords 

of top center of solenoid 
yo = S.Locati0n.y 'y coord of center of dipole 
z0 = S.Location.2 - S.Length / 2 'z coord of center of dipole, adjust for solenoid 

length 
i = calcWaveform(S.W, t) 'calc current at time t 
qm = S.qm * i 'magnetic charge 
L = S-Length 'solenoid length 
x = P.x 'x coord of point P 
y = P.y 'y coord of point P 
z = P.z 'z coord of point P 
b.xmag = BxDipole(qm, xO, yo, 20, L, x, y, z) 'magnitude of x component of B at P 

due to dipole 
b.ymag = ByDipole(qm, xO, yo, 20, L, x, y, z) 'magnitude of y component of B at P 

due to dipole 
b.zmag = BzDipole(qm, xO, yo, 20, L, x, y, z) 'magnitude of z component of B at P 

due to dipole 
BSolenoid = b 

End Function 

'routine to perform vector addition of components of two vector quantities 
Function AddVectorQty(V1 As VectorQtyType, V2 As VectorQtyType) As VectorQtyType 

Dim V As VectorQtyType 
V.xmag = Vl.xmag + V2.xmag 
V.ymag = Vl.ymag + V2.ymag 
V.zmag = Vl.zmag + V2.zmag 
AddVectorQty = V 

End Function 

'routine to calculate the cross product of 2 vector quantities 
Function CrossProduct(V1 As VectorQtyType, V2 As VectorQtyType) As VectorQtyType 

Dim CP As VectorQtyType 
CP.xmag = Vl.ymag * V2.zmag - Vl.zmag * V2.ymag 
CP. ymag = Vl. zmag * V2 .xmag - Vl .xmag * V2. zmag 
CP.zmag = Vl.xmag * V2.ymag - Vl.ymag * V2.xmag 
CrossProduct = CP 'return vector cross product 

End Function 

'routine to calc B field at point P for all solenoids in array SArray at time t 
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Function BSolenoidArray(SArray0 As SolqnoidType, P As PointType, t As Double) As 
VectorQtyType 
'where SArray is an array of solenoids of type SolenoidType 
'where P is the point (x,y,z) 
'where t is the time in seconds 
'where solenoid length assumed to start at z=0 and go to z=-1 and solenoid axis is 
aligned with z axis 
'where the solenoid core is assumed to not reach saturation 

Dim b As VectorQtyType 
b.xmag = 0 
b.ymag = 0 
b. zmag = 0 
'determine i,j min and max bounds for array, i,j are indices used to acces array 

SArray(i, j ) 
imin = LBound(SArray, 1) 'lower bound of index i 
jmin = LBound(SArray, 2) 'lower bound of index j 
imax = UBound(SArray, 1) 'upper bound of index i 
jmax = UBound(SArray, 2) 'upper bound of index j 
'Debug. Print "P= " , - P.x; P.y; P.z 
For i = imin To imax 'loop through columns (x coord) 

For j = jmin To jmax 'loop through rows (y coord) 
'Debug.Print i; j; BSolenoid(SArray(i, j), PI t).xmag; BSolenoid(SArray(i, 

j , P, t) .mag; BSolenoid(SArray(i, j), P, t) .mag 
b = AddVectorQty(BSolenoid(SArray(i, j), P, t), b) 'add B field from 

individual solenoid to B 
Next j 

Next i 
'Debug.Print "B= " -  , B.xmag; B.ymag; B.zmag 
BSolenoidArray = b 

End Function 

'routine to create a solenoid array SArray with location and default values 
'still have to assign waveforms for each solenoid in array after this routine 
Function CreateSArray(SArray0 As SolenoidType, xsize As Integer, ysize As Integer, 
xpitch As Double, ypitch As Double, SDefault As SolenoidType) 
'where xsize is the number of columns in the array 
'where ysize is the number of rows in the array 
'where xpitch is the center to center spacing (m) in the x dir'n between solenoids 
'where ypitch is the center to center spacing (m) in the y dir'n between solenoids 
'where SDefault is the default Solenoid data to use to fill in the array, S.Location 
is filled in by this routine 
'assumes that (0,0,0) is the coord of the lower leftmost solenoid in the rectangular 
array grid 

ReDim SArray(xsize - 1, ysize - 1) 'dynamically size the solenoid array 
For i = 0 To xsize - 1 'loop through columns (x coord) 

For j = 0 To ysize - 1 'loop through rows (y coord) 
SArray(i, j) = SDefault 'assign default values 
SArray(i, j).Location.x = i * xpitch 'calc x coord of solenoid 
SArray(i, j).Location.y = j * ypitch 'calc y coord of solenoid 

Next j 
Next i 

End Function 

'routine to initialize solenoid type from basic parameters of length, etc. and set 
waveform to zero 
Function InitSolenoid(a, L, N, S) As SolenoidType 
'where a is the radius of the current loop (m) 
'where 1 is the length of the solenoid (m) 
'where n is the number of current loops in solenoid length 1 
'where S is the susceptibility of the core 
'where solenoid is assumed to be a long, multi-turn solenoid with a core 
'where solenoid length assumed to start at z=O and go to z=-1 and solenoid axis is 
aligned with z axis 
'where the core is assumed to not reach saturation 
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Dim SDefault As SolenoidType I 

SDefault.qm = qmMultiLongCore(a, L, N, 1, S) 'calc magnetic charge for unit 
current 

End 

SDefault-Length = L 'length 
SDefault.Radius = a 'radius 
SDefau1t.S = S 'susceptibility 
SDefau1t.N = N 'number of turns 
SDefault.W.freq = 0 'frequency 
SDefau1t.W.phaseshift = 0 'phaseshift 
SDefault.W.minva1 = 0 'min value of waveform 
SDefault.W.maxva1 = 0 'max value of waveform 
Initsolenoid = SDefault 'return solenoid 
Function 

'routine to determine whether a solenoid of SArray is inside or outside of eddy 
current loop 
'returns -1 for inside, 1 for outside, 0 for on or close to eddy current loop, 2 for 
far outside eddy current loop 
Function RelPosSolenoidLoop(S As SolenoidType, x2 As Double, y2 As Double, b As 
Double, inttol As Double, exttol As Double) 
'where x2, y2, 22 is the location of the center of the eddy current loop (m) wrt the 
solenoid array 
'where b is the radius of the eddy current loop (m) 
'where inttol is the tolerance from center of solenoid to the loop (m), must be at 
least this far away from loop to be considered as inside solenoid 
'where exttol is the tolerance from center of solenoid to the loop (m), must be at 
least this far away from loop to be considered as outside solenoid 

dist = Sqr((x2 - S.Location.x) " 2 + (y2 - S.Locati0n.y) ^ 2) 
If dist <= b - inttol Then pos = INSIDE 'inside 
If dist >= b + exttol And dist <= b + 5 * exttol Then pos = OUTSIDE 'outside 
If dist > b + 5 * exttol Then pos = FARLOOP 'far outside eddy current loop 
If dist > b - inttol And dist < b + exttol Then pos = NEARLOOP 'near eddy curent 

loop 
RelPosSolenoidLoop = pos 

End Function 

'routine to initialize waveforms for solenoids in solenoid array based on whether 
solenoids inside or outside of eddy current loop 
Function InitSArrayWaveform(SArray0 As SolenoidType, Wint As WaveformType, Wext As 
WaveformType, x2 As Double, y2 As Double, b As Double, inttol As Double, exttol As 
Double) 
'where SArray is a solenoid array 
'where Wint is the waveform to use for internal solenoids (inside current loop) 
'where Wext is the waveform to use for external solenoids (outside current loop) 
'where x2, y2 is the location of the center of the eddy current loop (m) wrt the 
solenoid array 
'where b is the radius of the eddy current loop (m) 
'where inttol is the tolerance from center of solenoid to the loop (m), must be at 
least this far away from loop to be considered as inside solenoid 
'where exttol is the tolerance from center of solenoid to the loop (m), must be at 
least this far away from loop to be considered as outside solenoid 

'determine i,j min and max bounds for array, i,j are indices used to acces array 
SArray(i, j 

imin = LBound(SArray, 1) 'lower bound of index i 
jmin = LBound(SArray, 2) 'lower bound of index j 
imax = UBound(SArray, 1) 'upper bound of index i 
jmax = UBound(SArray, 2) 'upper bound of index j 
For i = imin To imax 'loop through columns (x coord) 

For j = jmin To jmax 'loop through rows (y coord) 
pos = RelPosSolenoidLoop(SArray(i, j), x2, y2, b, inttol, exttol) 

'determine whether solenoid inside or outside of loop 
If pos = INSIDE Then SArray(i, j).W = Wint 
If pos = OUTSIDE Then SArrayli, j).W = Wext 

Next j 
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Next i 
End Function 

'routine to initialize a waveform 
Function InitWaveform(freq, phaseshift, minval, maxval) As WaveformType 

Dim W As WaveformType 
W.freq = freq 'frequency 
W.phaseshift = phaseshift 'phaseshift 
W.minva1 = minval Imin value of waveform 
W.maxva1 = maxval 'max value of waveform 
InitWaveform = W 

End Function 

'routine to set waveform for an individual solenoid 
Function SetWaveform(i, j, freq, phaseshift, minval, maxval) 

SolenoidArray(i, j).W.freq = freq 
SolenoidArray(i, j).W.phaseshift = phaseshift 
SolenoidArray(i, j).W.minval = minval 
SolenoidArray(i, j).W.maxval = maxval 

End Function 

'routine to create and solenoid array 
Function MakeSArray(xsize As Integer, ysize As Integer, xpitch As Double, ypitch As 
Double, - 

a As Double, L As Double, N As Double, S As Double, - 
x2 As Double, y2 As Double, b As Double, - 
freq As Double, phaseshiftint As Double, minvalint As Double, maxvalint As Double, 

- 
phaseshiftext As Double, minvalext As Double, maxvalext As Double) 

'where xsize is the number of columns in the array 
'where ysize is the number of rows in the array 
'where xpitch is the center to center spacing (m) in the x dir'n between solenoids 
'where ypitch is the center to center spacing (m) in the y dir'n between solenoids 
'where a is the radius of the solenoid current loop (m) 
'where 1 is the length of the solenoid (m) 
'where n is the number of current loops in solenoid length 1 
'where S is the susceptibility of the core 
'where x2, y2 is the location of the center of the eddy current loop (m) wrt the 
solenoid array 
'where b is the radius of the eddy current loop (m) 
'where freq is the frequency (Hz) of all solenoids in array 
'where phaseshiftint is the phaseshift (radians) of solenoids inside eddy current loop 
'where minvalint is the minimum value of the waveform (amps) of solenoids inside eddy 
current loop 
'where maxvalint is the maximum value of the waveform (amps) of solenoids inside eddy 
current loop 
'where phaseshiftext is the phaseshift (radians) of solenoids outside eddy current 
loop 
'where minvalext is the minimum value of the waveform (amps) of solenoids outside eddy 
current loop 
'where maxvalext is the maximum value of the waveform (amps) of solenoids outside eddy 
current loop 

Dim inttol As Double 
Dim exttol As Double 
inttol = 4 * a 'tolerance on determining whether solenoids are considered inside 

of eddy current loop 
exttol = 0.6 * a 'tolerance on determining whether solenoids are considered 

outside of eddy current loop 
Dim Wint As WaveformType 'waveform for internal solenoids 
Dim Wext As WaveformType 'waveform for external solenoids 
Wint = InitWaveform(freq, phaseshiftint, minvalint, maxvalint) 'init internal 

solenoid waveform 
Wext = InitWaveform(freq, phaseshiftext, minvalext, maxvalext) 'init external 

solenoid waveform 
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Call CreateSArray(SolenoidArray, xstze, ysize, xpitch, ypitch, InitSolenoid(a, L, 
N, S)) 'create the basic solenoid array with zero waveforms 

Call InitSArrayWaveform(SolenoidArray, Wint, Wext, x2, y2, b, inttol, exttol) 
'init current waveforms in solenoid array 
End Function 

'routine to return the current (waveform, amps) of a solenoid in array 
Function iSolenoid(i As Integer, j As Integer, t As Double) 
'where i,j are indices of solenoid in array 
'where t is the time (sec) 
'assumes that global solenoid array SolenoidArrayO used 

isolenoid = calcWaveform(SolenoidArray(i, j).W, t) 
End Function 

'routine to calculate the Bz flux (T-mA2) due to a solenoid array through a single 
closed, offset circular loop 
'modeled as a dipole approximation for computation speed 
'this version uses dipole magnetic charge qm for a unit current to represent the 
solenoid 
Function BzfluxSArray(x2, y2, 22, b, t) 
'where x2,y2,z2 is the position (m) of the center of the circular loop (assumed to lie 
in x-y plane) 
'where b is the radius of the circular loop (m) 
'where t is the time in seconds 
'where the core is assumed to not reach saturation 

'general idea is to integrate Bz over the surface area of the circular loop 
Dim P As PointType 'holder for point location 
Dim to As Double 
to = t 'need a variable for call by ref 
dtheta = 2 * PI / 32 'theta step 
dr = b / 5 'radius step 
Bzfluxsum = 0 'init flux to 0 
dAsum = 0 'init surface area to 0 
For theta = 0 To 2 * PI - 0.000000001 Step dtheta 'integrate over theta 

For R = 0 To b - dr Step dr 'integrate over r 
P.x = x2 t R * Cos(theta) 'calc point P 
P.y = y2 t R * Sin(theta) 'calc point P 
P.z = 22 'calc point P 
Bz = BSolenoidArray(SolenoidArray, P, tO).zmag 'calc Bz at point P at time 

dA = R * dr * dtheta 'calc surface area to use in summing flux 
Bzfluxsum = Bzfluxsum t Bz * dA 'sum flux contribution through dA 
dAsum = dAsum + dA 'calc total surface area 

Next R 
Next theta 
BzfluxSArray = Bzfluxsum 'return total Bz flux value 

End Function 

'routine to return the angle (rad) from the horizontal given a delta x and a delta y 
'angles are 0 fro horizontal right and tve ccw 
Function angl(dx, dy) As Double 

'calc angle to horizontal theta2, see notes Sep 8 / 9 9  
If dx <> 0 Then 'theta not vertical 

If dy >= 0 Then 
If dx > 0 Then 'quad I 

theta = Atn(dy / dx) 
Else 'quad 2 

theta = PI - Atn(dy / -dx) 
End If 

Else 
If dx > 0 Then 'quad I11 

theta = 2 * PI - Atn(-dy / dx) 
Else 'quad IV 

theta = PI + Atn(dy / dx) 
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End If , 
End If 

Else 'dx=O, theta must be t-90 deg. 
theta2 = PI / 2 * Sgn(dy) 

End If 
angl = theta 'return angle to horizontal 

End Function 

'routine to calc forces (N) and torques (N-m) on eddy current loop due to solenoid 
array 
'use dipole approximation of solenoid 
Function FTSArray(x2, y2, 22, R, t, i-eddy) As ForceTorqueType 
'where x2,y2,z2 is the position (m) of the center of the circular loop (assumed to lie 
in x-y plane) 
'where r is the radius of the circular loop (m) 
'where t is the time in seconds 
'where i-eddy is the eddy current (Amps) is the edyy current loop (+ve ccw) 
'where the core is assumed to not reach saturation 

'general idea is to integrate forces and torques around the circular eddy current 
loop 

Dim P As PointType 'holder for point location 
Dim to As Double 
Dim FT As ForceTorqueType 'dummy variable for holding results 
Dim b As VectorQtyType 'vector B field at point P 
Dim IL As VectorQtyType 'vector current i times length dl 
Dim F As VectorQtyType 'vector force on eddy current loop at point P 
to = t 'need a variable for call by ref 
dtheta = 2 * PI / 32 'theta step 
dl = R * dtheta 'length step 
FT.FX = 0 'init to zero 
FT.FY = 0 'init to zero 
FT-FZ = 0 'init to zero 
FT-TXY = 0 'init to zero 
FT.TXZ = 0 'init to zero 
FT.TYZ = 0 'init to zero 
For theta = 0 To 2 * PI - 0.000000001 Step dtheta 

P.x = x2 t R * Cos(theta) 'calc point P 
P.y = y2 + R * Sin(theta) 'calc point P 
P.z = 22 'calc point P 
b = BSolenoidArray(SolenoidArray, P, to) 'calc B at point P at time t 
'calculate the vector current and length IL based on current and dl 
dx = P.x - x2 'difference between origin of eddy current loop and point P 
dy = P.y - y2 'difference between origin of eddy current loop and point P 
dz = P.z - 22 'difference between origin of eddy current loop and point P 
theta2 = angl(dx, dy) 'calc angle from horizontal between P and PO 
1L.xmag = i-eddy * dl * Cos(theta2 + PI / 2) 'x component of IL 
1L.ymag = i-eddy * dl * Sin(theta2 + PI / 2) 'y component of IL 
1L.zmag = 0 'z component of L is zero since eddy current loop assumed to lie 

parallel to x-y plane (horizontal) 
'calc vector force on eddy current loop at point P 
F = CrossProduct(IL, b) 'calc vector force at PI F=il x B 
'sum forces and torques (Aug 24/99, Sep 8/99 notes) 
FT. FX = FT. FX t F.xmag 'sum x component of force 
FT.FY = FT.FY t F.yrnag 'sum y component of force 
FT.FZ = FT.FZ t F.zmag 'sum z component of force 
FT . TXY 

origin of eddy 
FT . TXZ 

origin of eddy 
FT . TYZ 

origin of eddy 
Next theta 
FTSArray = 

End Function 

= FT,TXY t dx * F.ymag - dy * F.xmag 'sum torque in x-y plane around 
current loop (tve ccw, right hand rule) 
= FT.TXZ t dx * F.zmag - dz * F.xmag 'sum torque in x-z plane around 
current loop (tve ccw, right hand rule) 
= FT.TYZ t dy * F.zmag - dz * F.yrnag 'sum torque in y-z plane around 
current loop (tve ccw, right hand rule) 

FT 'return forces and torques 
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'routine to calculate and store forces iN) and torques (N-m) on eddy current loop due 
to solenoid array 
Function FTSArray2Ix2, y2, 22, b, t, i-eddy, FTindex, refcell) As Double 
'where x2,y2,22 is the position (m) of the center of the circular loop (assumed to lie 
in x-y plane) 
'where b is the radius of the circular loop (m) 
'where t is the time in seconds 
'where i-eddy is the eddy current (Amps) is the edyy current loop (tve ccw) 
'where FTindex=0..6; O=CALC, l=Fx, 2=Fy, 3=Fz, 4=Txy, 5=Txz, 6=Tyz 
'where refcell is a reference cell that must be calculated first, required to maintain 
proper access to static data 
'where the core is assumed to not reach saturation 

Static FT As ForceTorqueType 
Dim FTcomponent As Double 'a single component of FT, either a force or a torque 
FTcomponent = 0 'init 
If FTindex = FTCALC Then FT = FTSArray(x2, y2, 22, b, t, i-eddy) 
If FTindex = FTFX Then FTcomponent = FT.FX 
If FTindex = FTFY Then FTcomponent = FT.FY 
If FTindex = FTFZ Then FTcomponent = FT.FZ 
If FTindex = FTTXY Then FTcomponent = FT.TXY 
If FTindex = FTTXZ Then FTcomponent = FT.TXZ 
If FTindex = FTTYZ Then FTcomponent = FT.TYZ 
FTSArray2 = FTcomponent 

End Function 

'routine to calc emf induced in solenoid by eddy current loop 
Function Semf(S As SolenoidType, x2 As Double, y2 As Double, 22 As Double, b As 
Double, i-eddy As Double) 
'where S is a solenoid in solenoid array 
'where x2,y2,22 is the position (m) of the center of the circular loop (assumed to lie 
in x-y plane) 
'where b is the radius of the circular loop (m) 
'where i-eddy is the eddy current (Amps) is the eddy current loop (+ve ccw) 

Const K = 0.0000001 'uo/(Q*pi) 
Dim emf As Double 
emf = 0 
deltaz = S.Length / (S.N - 1) 
For sloop = 1 To S.N 

dist = Sqr((S.Location.x - x2) " 2 + (S.Locati0n.y - y2) A 2) 
SBZflux = Bzflux(S.Location.z t (sloop - 1) * deltaz - 22, b, K, i-eddy, dist, 

S . Radius) 
emf = emf + -SBZflux 

Next 
'Debug. Print "emf= "; emf 
Semi = emf 'return value 

End Function 

'routine to calculate and store forces (N) and torques (N-m) on eddy current loop due 
to solenoid array 
Function FTSArray3(x2, y2, 22, b, t, i-eddy) As Double 
'where x2,y2,z2 is the position (m) of the center of the circular loop (assumed to lie 
in x-y plane) 
'where b is the radius of the circular loop (m) 
'where t is the time in seconds 
'where i-eddy is the eddy current (Amps) is the edyy current loop (tve ccw) 

FTSArray3 = FTSArray(x2, y2, 22, b, t, i-eddy) .FZ 
End Function 

'routine to calculate the forces, torques, power etc. for a complete cycle (phase of 
360 deg.) 
'assumed that solenoid array has been previously initialized 
Function FTPSArray(x2, y2, 22, a, RO, LO, freq) 
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'where x2,y2,z2 is the position (m) of :he center of the circular loop (assumed to lie 
in x-y plane) 
'where a is the radius of the eddy current loop (m) 
'where RO is resistance (ohm) of eddy current conductor 
'where LO is inductance ( H )  of eddy current conductor 

Static FTAvg As ForceTorqueType 
Dim FT As ForceTorqueType 
Static Power As Double 
Dim Bzflux As Double 
dphase = 1 'phase step (deg) 
dt = 1 / freq / 360 * dphase 'time step 
t = 0 'init time 
FTAvg.FX = 0 'init to zero 
FTAvg.FY = 0 'init to zero 
FTAvg.FZ = 0 'init to zero 
FTAvg.TXY = 0 'init to zero 
FTAvg.TXZ = 0 'init to zero 
FTAvg.TYZ = 0 'init to zero 
PowerAvg = 0 'init power 
i-eddy = 0 'init eddy current 
For phase = 0 To 360 + 0.000000001 Step dphase 

t = phase / dphase * dt 'current time 
Bzflux = BzfluxSArray(x2, y2, 22, a, t) 'Bz flux (W) 
If t > 0 Then 

dBzflux = (Bzflux - Bzfluxold) / dt 'change in Bzflux (W/s) 
emf-eddy = -dBzflux 'induced emf in eddy current loop (volts) 
i-eddy = (emf-eddy + LO * i-eddy / dt) / (RO + LO / dt) 'calc current in 

eddy current circuit 
FT = FTSArray(x2, y2, 22, a, t, i-eddy) 'calc forces and torque at point 

in time 
'sum forces and torques over entire cycle 
FTAvg . EX = FTAvg . EX + 
FTAvg . FY = FTAvg . FY + 
FTAvg . FZ = FTAvg . FZ + 
FTAvg.TXY = FTAvg.TXY 
FTAvq . TXZ = FTAvg . TXZ 
FTAvg .TYZ = FTAvg .TYZ 

End If 
Bzfluxold = Bzflux 

Next phase 

FT. Ex 
FT . FY 
FT . FZ 
+ FT.TXY 
+ FT.TXZ 
+ FT.TYZ 

'calc average forces and torques 
FTAvg.FX = FTAvg-FX / (360 / dphase) 'average over entire phase 
FTAvg.FY = FTAvg.FY / (360 / dphase) 'average over entire phase 
FTAvg.FZ = FTAvg.FZ / (360 / dphase) 'average over entire phase 
FTAvg.TXY = FTAvg.TXY / (360 / dphase) 'average over entire phase 
FTAvg.TXZ = FTAvg.TXZ / (360 / dphase) 'average over entire phase 
FTAvg.TYZ = FTAvg.TYZ / (360 / dphase) 'average over entire phase 

, ~ 2 ;  91 y2= I*; y2; " z2= It; 22; It FX= If; FTAvg.FX; " FY= "; 'Debug.Print "x2= ". 
FTAvg. FY; " FZ= "; FTAvg. FZ; " TXY= "; FTAvg. TXY; " TXZ= "; FTAvg.TXZ; " TYZ= "; 
FTAvg . TY Z 

*' a. 22; ","; FTAvg. EX; ","; FTAvg. FY; ", 'I; FTAvg. FZ; Debug.Print x2; ","; y2; , , 
I I  , II , . FTAvg.TXY; ","; FTAvg.TXZ; ","; FTAvg.TYZ 

FTPSArray = FTAvg. FZ 
End Function 

'routine to calculate the forces, torques, power etc. for a complete cycle (phase of 
360 deg. ) 
'assumed that solenoid array has been previously initialized 
Function FTPSArray2(x2 As Double, y2 As Double, 22 As Double, a As Double, RO As 
Double, LO As Double, freq As Double, dphase As Double) 
'where x2,y2,z2 is the position (m) of the center of the circular loop (assumed to lie 
in x-y plane) 
'where a is the radius of the eddy current loop (m) 
'where RO is resistance (ohm) of eddy current conductor 
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'where LO is inductance (H) of eddy current conductor 
'where freq is freq of simulation 
'where dphase is phase step (deg) for cbcle 

Static FTAvg As ForceTorqueType 
Dim FT As ForceTorqueType 
Dim i-eddy As Double 
Dim Bzflux As Double 
dt = 1 / freq / 360 * dphase 'time step 
t = 0 'init time 
FTAvg.FX = 0 'init to zero 
FTAvg.FY = 0 'init to zero 
FTAvq. FZ = 0 ' init to zero 
FTAvg.TXY = 0 'init to zero 
FTAvg.TXZ = 0 'init to zero 
FTAvg.TYZ = 0 'init to zero 
PowerAvg = 0 'init power 
i-eddy = 0 'init eddy current 
For phase = 0 To 360 + 0.000000001 Step dphase 

t = phase / dphase * dt 'current time 
Bzflux = BzfluxSArray(x2, y2, 22, a, t) 'Bz flux (W) 
If t > 0 Then 

dBzflux = (Bzflux - Bzfluxold) / dt 'change in Bzflux (W/s) 
emf-eddy = -dBzflux 'induced emf in eddy current loop (volts) 
i-eddy = (emf-eddy + LO * i-eddy / dt) / (RO + LO / dt) 'calc current in 

eddy current circuit 
'calc emf induced in solenoid (0,O) 
e = Semf lSolenoidArray(1, 21, x2, y2, 22, a, i-eddy) 
FT = FTSArray(x2, y2, 22, a, t, i-eddy) 'calc forces and torque at point 

in time 
'sum forces and torques over entire cycle 
FTAvg . FX = FTAvg . FX + FT . FX 
FTAvg . FY = FTAvg . FY + FT . FY 
FTAvg . FZ = FTAvg . FZ t FT . FZ 
FTAvg .TXY = FTAvg.TXY + FT-TXY 
FTAvg.TXZ = FTAvg.TXZ + FT.TXZ 
FTAvg.TYZ = FTAvg.TYZ t FT.TYZ 

End If 
Bzfluxold = Bzflux 

Next phase 
'calc average forces and torques 
FTAvg.FX = FTAvg.FX / (360 / dphase) 'average over entire phase 
FTAvg.FY = FTAvg.FY / (360 / dphase) 'average over entire phase 
FTAvg.FZ = FTAvg.FZ / (360 / dphase) 'average over entire phase 
FTAvg.TXY = FTAvq.TXY / (360 / dphase) 'average over entire phase 
FTAvg.TXZ = FTAvg.TXZ / (360 / dphase) 'average over entire phase 
FTAvg.TYZ = FTAvg.TYZ / (360 / dphase) 'average over entire phase 
'Debug.Print "xZ= "; x2; " y2= "; y2; " z2= "; 22; " FX= "; FTAvg . FX; " FY= " ; 

FTAvg. FY; " FZ= "; FTAvg. FZ; " TXY= " ; FTAvg. TXY; " TXZ= "; FTAvg . TXZ; " TYZ= " ; 
FTAvg . TYZ 

Debug.Print x2; ","; y2; " I ". , 22; ","; FTAvg.FX; ","; FTAvg.FY; ","; FTAvg.FZ; 
" , " ; FTAvg . TXY; " , " ; FTAvg . TXZ ; " , " ; FTAvg . TY Z 

FTPSArray2 = FTAvg. FZ 
End Function 

'routine to calculate real power used in a solenoid with a waveform 
Function realPower(i As Integer, j As Integer, R As Double, freq As Double, dphase As 
Double) 

dt = 1 / freq / 360 * dphase 'time step 
t = 0 'init time 
P = 0 'init power 
For phase = 0 To 360 - 0.000000001 Step dphase 

t = phase / dphase * dt 'current time 
i-solenoid = calcWaveform(SolenoidArray(i, j).W, t )  
P = P + i-solenoid 2 * R 
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Next 
r e a l p o w e r  = P  / (360 / d p h a s e )  ' r e t d r n  a v e r a g e  v a l u e  

End F u n c t i o n  
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Process Flow Simulation program2 

'program for calculation of process model for semiconductor fabrication 
'1999-2000, Nick Pfeiffer, Simon Fraser University 

'user defined constants 
Const Pi = 3.141592654 'PI 

'routine to find a property value in a table 
'the table is assumed to be a separate tab and starts at A2 (second row) 
'the property label is assumed to be in column 1 and the property value is in column 2 
'returns the property value (string or numeric) 
Function PropValue(Tab1eName As String, PropName As String) 

Set myRange = W0rksheets(TableName).Range(~'Al:B60~~) 
answer = Application.WorksheetFunction.VLookup(PropName, myRange, 2, False) 
If Application.WorksheetFunction.IsNA(answer Then Stop 'error, property name not 

found or table not found 
Propvalue = answer 

End Function 

'routine to find a property value in a 2d table 
'the table is assumed to be a separate tab 
'the table column reference labels are in row 3 
'the row reference labels are in column A 
'returns the property value (string or numeric) 
Function PropValue2(TableName As String, RowName As String, ColumnName As String) 

Set TableRange = Work~heets(TableName).Range(~~A3:~60~~) 
Set ColumnRange = Worksheets(TableName).Range("A3:~3") 
Column = Application.WorksheetFunction.Match(ColumnName, ColumnRange, 0) 
answer = Application.WorksheetFunction.VLookup(RowName, TableRange, Column, False) 
If Application.WorksheetFunction.IsNA(answer) Then Stop 'error, property name not 

found or table not found 
PropValue2 = answer 

End Function 

'conversion routine Pa to mbar 
Function Patombar (press) 
Patombar = press / 100 'convert Pa to mbar 

End Function 

'conversion routine mA3/sec to liter/sec 
Function m3pstolps(volflowrate) 
m3pstolps = volflowrate * 1000 'convert mA3/sec to liter/sec 

End Function 

'conversion routine liter/sec to mA3/sec 
Function lpstom3ps(volflowrate) 
lpstom3ps = volflowrate / 1000 'convert liter/sec to mA3/sec 

End Function 

'routine to return the normalized rough pump speed 
Function normroughpumpspeed(in1etpressure) 

Microsoft Visual Basic 6.0 
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'where inletpressure (mbar) is the pressure at the inlet of the pump 
'ref curve fit to 2 stage rotary pump data 
a = 0.004826 
b = 0.591344 
c = 0.935114 
d = 0.952672 
e = 0.410706 
f = 0.76086 
g = 0.0000863 
x = inletpressure 
y = a + b * c n  ( d / x )  + e * f A ( g / x ^ 2 )  
normroughpumpspeed = y 

End Function 

'routine to return the normalized roots pump speed 
Function normrootspumpspeed(inletpressure) 
'where inletpressure (mbar) is the pressure at the inlet of the pump 
'ref curve fit to roots pump data 
a = 0.10613 
b = 141.7207 
c = -8555.05 
d = 72267.78 
e = 0.116648 
f = 4.413042 
g = -5.39088 
h = 1.812804 
x = inletpressure 
If x < 1 Then 
y = a + b * x + c * x " 2 + d * x n 3  

Else 
y = e + f / x + g / x " 2 + h / x n 3  

End If 
normrootspumpspeed = y 

End Function 

'routine to return the normalized turbomolecular pump speed (with a suitable backing 
pump ) 
Function normturbopumpspeed(inletpressure) 
'where inletpressure (mbar) is the pressure at the inlet of the pump 
'ref curve fit to turbomolecular pump data (with a backing pump) 
a = 1.002665 
b = -24.2936 
c = 225.6546 
d = -651.086 
e = 448.7343 
f = O  
x = inletpressure 
y = a + b * x + c * x A 2 + d * x " 3 + e * x A 4 + f * x A 5  
normturbopumpspeed = y 

End Function 

'routine to return the normalized diffusion pump speed (with a suitable backing pump) 
Function normdiffusionpumpspeed(in1etpressure) 
'where inletpressure (rnbar) is the pressure at the inlet of the pump 
'ref curve fit to diffusion pump data (with a backing pump) 
a = l  
b = -99.5124 
c = 3144.802 
d = -28965.2 
e = 65174.14 
f = 0.000399 
g = -0.00000093 
x = inletpressure 
y = a + b * x + c * x n 2 + d * x " 3 t e * x " 4 + f * x " 5 + g * x " 6  
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normdiffusionpumpspeed = y 
End Function 

'routine to return the normalized pump speed 
Function normpumpspeed(pumptype, inletpressure) 
'where inletpressure (mbar) is the pressure at the inlet of the pump 
If pumptype = "rough" Then y = normroughpumpspeed(in1etpressure) 
If pumptype = "roots" Then y = normrootspumpspeed (inletpressure) 
If pumptype = "turbo" Then y = normturbopumpspeed(in1etpressure) 
If pumptype = "diffusion" Then y = normdiffusionpumpspeed(in1etpressure) 
normpumpspeed = y 

End Function 

'routine to return cost (USD) of rough pump (without accessories) 
Function roughpumpcost(pumpspeed) 
'where pumpspeed (liter/sec) is the pump speed 
'Quadratic Fit 
a = 3706.857636 
b = 193.2625251 
C = -0.094436197 
y = a t b * pumpspeed + c * pumpspeed A 2 
roughpumpcost = y 

End Function 

'routine to return cost (USD) of roots pump (without accessories) 
Function rootspumpcost(pumpspeed) 
'where pumpspeed (liter/sec) is the pump speed 
rootspumpcost = y 

End Function 

'routine to return cost (USD) of turbo pump (without accessories) 
Function turbopumpcost(pumpspeed) 
'where pumpspeed (liter/sec) is the pump speed 
'Quadratic Fit: y = a t bx t cx 2 
'Coefficient Data: 
a = 6604.25112 
b = 27.8152126 
c = 0.000307428 
y = a + b * pumpspeed + c * pumpspeed A 2 
turbopumpcost = y 

End Function 

'routine to return cost (USD) of diffusion pump (without accessories) 
Function diffusionpumpcost(pumpspeed) 
'where pumpspeed (liter/sec) is the pump speed 
dif fusionpumpcost = y 

End Function 

'routine to return the (USD) cost of pump (without accessories) 
Function pumpcost (pumptype, pumpspeed ) 
'where pumpspeed (liter/sec) is the pump speed 
If pumptype = "rough" Then y = roughpumpcost(pumpspeed) 
If pumptype = "roots" Then y = rootspumpcost(pumpspeed) 
If pumptype = "turbo" Then y = turbopumpcost(pumpspeed) 
If pumptype = "diffusion" Then y = diffusionpumpcost (pumpspeed) 
pumpcost = y 

End Function 

'routine to return mass (kg) of rough pump (without accessories) 
Function roughpumpmass(pumpspeed) 
'where pumpspeed (liter/sec) is the pump speed 
'Linear Fit: y = a t bx 
'Coefficient Data: 
a = -4.8366725 
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b = 5.5432651 
y = a + b * pumpspeed 
roughpumpmass = y 

End Function 

'routine to return mass (kg) of roots pump (without accessories) 
Function rootspumpmass(pumpspeed) 
'where pumpspeed (liter/sec) is the pump speed 
rootspumpmass = y 

End Function 

'routine to return mass (kg) of turbo pump (without accessories) 
Function turbopumpmass(pumpspeed) 
'where pumpspeed (liter/sec) is the pump speed 
'Quadratic Fit: y = a + bx + cx A 2 
'Coefficient Data: 
a = 8.3197851 
b = 0.039579148 
c = 0.00000363 
y = a + b * pumpspeed + c * pumpspeed 2 
turbopumpmass = y 

End Function 

'routine to return mass (kg) of diffusion pump (without accessories) 
Function diffusionpumpmass(pumpspeed) 
'where pumpspeed (liter/sec) is the pump speed 
diffusionpumpmass = y 

End Function 

'routine to return the mass (kg) of pump (without accessories) 
Function pumpmass(pumptype, pumpspeed) 
'where pumpspeed (liter/sec) is the pump speed 
If pumptype = "rough" Then y = roughpumpmass(pumpspeed) 
If pumptype = "roots" Then y = rootspumpmass(pumpspeed) 
If pumptype = "turbo" Then y = turbopumpmass(pumpspeed) 
If pumptype = "diffusion" Then y = diffusionpurnpmass(pumpspeed) 
pumpmass = y 

End Function 

'routine to return equipment volume (mA3) of rough pump (without accessories) 
Function roughpumpvolume(pumpspeed) 
'where pumpspeed (liter/sec) is the pump speed 
'Quadratic Fit 
'Coefficient Data: 
a = 0.049031219 
b = -0.003215997 
c = 0.0000942956 
y = a + b * pumpspeed + c * pumpspeed A 2 
roughpumpvolume = y 

End Function 

'routine to return equipment volume (mA3) of roots pump (without accessories) 
Function rootspumpvolume(pumpspeed) 
'where pumpspeed (liter/sec) is the pump speed 
rootspumpvolume = y 

End Function 

'routine to return equipment volume (mA3) of turbo pump (without accessories) 
Function turbopumpvolume(pumpspeed) 
'where pumpspeed (liter/sec) is the pump speed 
'Quadratic Fit 
'Coefficient Data: 
a = O  
b = 0.000041 
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c = -0.000000004 I 

y = a + b * pumpspeed + c * pumpspeed A 2 
turbopumpvolume = y 

End Function 

'routine to return equipment volume (mA3) of diffusion pump (without accessories) 
Function diffusionpumpvolume(pumpspeed) 
'where pumpspeed (liter/sec) is the pump speed 
diffusionpumpvolume = y 

End Function 

'routine to return the volume (mA3) of pump (without accessories) 
Function pumpvolume(pumptype, pumpspeed) 
'where pumpspeed (liter/sec) is the pump speed 
If pumptype = "rough" Then y = roughpumpvolume(pumpspeed) 
If pumptype = "roots" Then y = rootspumpvolume(pumpspeed) 
If pumptype = "turbo" Then y = turbopumpvolume(pumpspeed) 
If pumptype = "diffusion" Then y = diffusionpumpvolume(pumpspeed) 
pumpvolume = y 

End Function 

'routine to return instantaneous power (W) of rough pump (without accessories) 
Function roughpumppower(pumpspeed, inletpressure, exitpressure) 
'where pumpspeed (liter/sec) is the pump speed 
'where inletpressure (mbar) is the pressure at the inlet of the pump 
'where exitpressure (mbar) is the pressure at the outlet of the pump 
'assumes that fluid is air at 298 K 
motoreff = 0.75 'pump motor efficiency (75%) 
pumpspeed2 = pumpspeed * 3600 / 1000 'pump speed in mA3/hour 
R = 8.314 'kJ/kmole-Kt Rybergs Constant 
MW = 28.97 'kg/kmole, molecular weight of air 
t = 298 'degK, air temperature at pump inlet 
K1 = 8000000000# 'loss coefficient for pump exhaust orifice, from curve fit of SFU 

rough pump power 
P1 = inletpressure * 100 'Pa, inlet pressure 
P2 = exitpressure * 100 'Pa, outlet pressure 
density = P1 / ( R  / MW * 1000 * t) 'air density at pump inlet 
S = pumpspeed / 1000 'mA3/sec, volume flow rate at pump inlet 
P3 = P2 + density * S A 2 * K1 'Pa, internal pump pressure (higher than exit due to 

exhaust orifice) 
powerlossfactor = 2 'Wh/mA3, average loss factor for mechanical losses, double that 

of roots pump for same volume flow rate 
powermechloss = powerlossfactor * pumpspeed2 'W, power loss due to mechanical 

friction etc. 
deltaP = (P3 - Pl) 'Pa, pressure difference between internal pressure and inlet 

pressure 
powercompression = S * deltaP 'W 
roughpumppower = (powercompression + powermechloss) / motoreff 'W, total power 

consumption of electric motor for rough pump 
End Function 

'routine to return instantaneous power (W) of roots pump (without accessories) 
Function rootspumppower(pumpspeed, inletpressure, exitpressure) 
'where pumpspeed (liter/sec) is the pump speed 
'where inletpressure (mbar) is the pressure at the inlet of the pump 
'where exitpressure (mbar) is the pressure at the outlet of the pump 
'assumes that fluid is air at 298 K 
motoreff = 0.75 'pump motor efficiency (75%) 
deltaP = (exitpressure - inletpressure) * 100 'pressure difference in Pa 
pumpspeed2 = pumpspeed * 3600 / 1000 'pump speed in mA3/hour 
S = pumpspeed / 1000 'mA3/sec, volume flow rate at pump inlet 
powercompression = S * deltaP 'W, isochoric compression, ref. pg 16 Leybold appendix 
powerlossfactor = 1 'Wh/mA3, average loss factor for mechanical losses, ref. pg 16 

Leybold appendix 
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powermechloss = powerlossfactor * pumpspeed2 'W, power loss due to mechanical 
friction etc. 
rootspumppower = (powercompression + powermechloss) / motoreff 'W, total power 

consumption of electric motor for roots pump 
End Function 

'routine to return instantaneous power (W) of turbo pump (without accessories) 
Function turbopumppower(pumpspeed, inletpressure, exitpressure) 
'where pumpspeed (liter/sec) is the pump speed 
'where inletpressure (mbar) is the pressure at the inlet of the pump 
'where exitpressure (mbar) is the pressure at the outlet of the pump 
'Linear Fit: y = a + bx 
'Coefficient Data: 
a = 64.5763 
b = 1.0569912 
y = a + b * pumpspeed 
turbopumppower = y 

End Function 

'routine to return instantaneous power (W) of diffusion pump (without accessories) 
Function diffusionpumppower(pumpspeed, inletpressure, exitpressure) 
'where pumpspeed (liter/sec) is the pump speed 
'where inletpressure (mbar) is the pressure at the inlet of the pump 
'where exitpressure (mbar) is the pressure at the outlet of the pump 
diffusionpumppower = y 

End Function 

'routine to return the instantaneous power (W) of pump (without accessories) 
Function pumppower(pumptype, pumpspeed, inletpressure, exitpressure) 
'where pumpspeed (liter/sec) is the pump speed 
'where inletpressure (mbar) is the pressure at the inlet of the pump 
'where exitpressure (mbar) is the pressure at the outlet of the pump 
If pumptype = "rough" Then y = roughpumppower(pumpspeed, inletpressure, 

exitpressure) 
If pumptype = "roots" Then y = rootspumppower(pumpspeed, inletpressure, 

exitpressure) 
If pumptype = "turbo" Then y = turbopumppower(pumpspeed, inletpressure, 

exitpressure) 
If pumptype = "diffusion" Then y = diffusionpumppower(pumpspeed, inletpressure, 

exitpressure) 
pumppower = y 

End Function 

'routine to return conductance (mn3/sec) of straight pipe in laminar, Knudsen, and 
molecular flow regimes 
Function spconductance(diameter, length, inletpressure, exitpressure) 
'where diameter is the inside pipe diameter (m) 
'where length is the pipe length (m) 
'where inletpressure is the pressure at the inlet of the pipe (Pa) 
'where exitpressure is the pressure at the exit of the pipe (Pa) 
'assumes air at 20 deg. C 
'formula reference: pg 44 of Section 16, Product and Vacuum Technology Reference Book, 
Leybold 
d = diameter * 100 'diameter in cm 
1 = length * 100 'length in cm 
pavg = Patombar(in1etpressure + exitpressure) 'average pressure in mbar 
c =  135 * d A  4 / 1 * pavg + 12.1 * d 3 / l *  ((1 + 192 * d * pavg) / ( 1 +  237 * d 

* pavg)) 'conductance in liter/sec as per ref. formula 
spconductance = lpstom3ps(c) 

End Function 

'routine to return pump energy (J) and time (sec) used to pump a chamber from a higher 
pressure to a lower pressure with a single pump 
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Function vacsyslpump(pumptype, pipediam,eter, pipelength, ratedpumpspeed, 
startpressure, endpressure, chambervolume, outgasrate) 
'where pumptype is the type of pump used 
'where pipediameter is the inside diameter (m) of the pipe used between the chamber 
and the vacuum pump 
'where pipelength is the equivalent straight pipe length (m) of the pipe and fittings 
used between the chamber and the vacuum pump 
'where ratedpumpspeed is the rated speed of the pump (mA3/sec) 
'where startpressure is the starting pressure of the chamber (Pa) 
'where endpressure is the ending pressure of the chamber (Pa) 
'where chambervolume is the chamber volume (mA3) 
'where outgasrate is the outgassing throughput in Pa-mA3/sec 
'assumes that the chamber is filled with air at 25 deg. C 
'assumes that vacuum pump exhausts to atmosphere 
Tc = 298 'deg K, chamber temperature 
R = 8.314 'kJ/kmole-K, Rybergs Constant 
MW = 28.97 'kg/kmole, molecular weight of air (gas in chamber) 
Rair = R / MW 'kJ/kg-K, Rybergs Constant for air 
pumpexitpressure = 101300 'Pa, exit pressure at pump is atmospheric 
dt = 0.01 'sec, time step for calculation 
chamberpressure = startpressure 'init chamber pressure (Pa) 
pumpinletpressure = startpressure 'init pump inlet pressure (Pa) 
energysum = 0 'init 
For t = 0 To 9999 Step dt 
If chamberpressure <= endpressure Then Exit For 'end looping if end pressure 

reached 
c = spconductance(pipediameter, pipelength, chamberpressure, pumpinletpressure) 

'conductance in mA3/sec 
pumpspeed = ratedpumpspeed * normpumpspeed(pumptype, Patombar(pumpin1etpressure)) 

'pump speed (mA3/sec) at existing inlet pump pressure 
effpumpspeed = c * pumpspeed / (c t pumpspeed) 'effective pump speed (mA3/sec) at 

chamber 
throughput = effpumpspeed * chamberpressure 'throughput in Pa-mA3/sec 
pumpinletpressure = throughput / pumpspeed 'pressure at pump inlet (Pa) 
energysum = energysum + dt * pumppower(pumptype, m3pstolps(pumpspeed), 

Patombar(pumpinletpressure), Patombar(pumpexitpressure)) 
dv = effpumpspeed * dt 'volume of gas removed from chamber in time dt 
dvmoles = chamberpressure * dv / (R * Tc) 'number of moles removed from chamber 
outgasmoles = outgasrate * dt / (R * Tc) 'number of moles added to chamber by 

outgassing 
chambermoles = chamberpressure * chambervolume / (R * Tc) - dvmoles + outgasmoles 

'number of moles in chamber at end of dt 
chamberpressure = chambermoles / chambervolume * (R * Tc) 'chamber pressure at end 

of dt 
Next t 
vacsyslpump = Array(energysum, t) 'total energy (J) and time (s) used to pump down 

chamber 
End Function 

'routine to return pump energy (J) and time (sec) used to pump a chamber from a higher 
pressure to a lower pressure with two pumps in series 
Function vacsys2pump(pumpltype, pipeldiameter, pipellength, ratedpumplspeed, 
pump2type1 pipeadiameter, pipeillength, ratedpumpZspeed, startpressure, endpressure, 
chambervolume, outgasrate) 
'where pumptype is the type of pump used 
'where pipediameter is the inside diameter (m) of the pipe used between the chamber 
and the vacuum pump 
'where pipelength is the equivalent straight pipe length (m) of the pipe and fittings 
used between the chamber and the vacuum pump 
'where ratedpumpspeed is the rated speed of the pump (mn3/sec) 
'pump1 is the upstream (hivac) pump, pump2 is the downstream (roughing) pump 
'where startpressure is the starting pressure of the chamber (Pa) 
'where endpressure is the ending pressure of the chamber (Pa) 
'where chambervolume is the chamber volume (mA3) 
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'where outgasrate is the outgassing throughput in Pa-mA3/sec 
'assumes that the chamber is filled with'air at 25 deg. C 
'assumes that vacuum pump2 exhausts to atmosphere 
D m  dvomoles, outgasmoles, chambermoles As Double 
Tc = 298 'deg K, chamber temperature 
R = 8.314 'kJ/kmole-K, Rybergs Constant 
MW = 28.97 'kg/kmole, molecular weight of air (gas in chamber) 
Rair = R / MW 'kJ/kg-K, Rybergs Constant for air 
pumplexitpressure = startpressure 'Pa, exit pressure at pump is startpressure at 

start 
pump2exitpressure = 101300 'Pa, exit pressure at pump is atmospheric 
dt = 0.001 'sec, time step for calculation 
chamberpressure = startpressure 'init chamber pressure (Pa) 
pumplinletpressure = startpressure 'init pumpl inlet pressure (Pa) 
pump2inletpressure = startpressure 'init pump2 inlet pressure (Pa) 
energysum = 0 'init 
For t = 0 To 9999 Step dt 
If chamberpressure <= endpressure Then Exit For 'end looping if end pressure 

reached 
'calc pumpl 
cl = spconductance(pipeldiameter, pipellength, chamberpressure, 

pumplinletpressure) 'conductance in mA3/sec 
pumplspeed = ratedpumplspeed * normpumpspeed(pumpltype, 

Patombar(pumplin1etpressure)) 'pumpl speed (mA3/sec) at existing inlet pumpl pressure 
effpumplspeed = cl * pumplspeed / (cl t pumplspeed) 'effective pumpl speed 

(mA3/sec) at chamber 
throughputl = effpumplspeed * chamberpressure 'throughput in Pa-mA3/sec 
pumplinletpressure = throughputl / pumplspeed 'pressure at pumpl inlet (Pa) 
'calc chamber pressure 
dvO = effpumplspeed * dt 'volume of gas removed from chamber in time dt 
dvOmoles = chamberpressure * dvO / (R * Tc) 'number of moles removed from chamber 
outgasmoles = outgasrate * dt / (R * Tc) 'number of moles added to chamber by 

outgassing 
chambermoles = chamberpressure * chambervolume / (R * Tc) - dvOmoles + outgasmoles 

'number of moles in chamber at end of dt 
chamberpressure = chambermoles / chambervolume * (R * Tc) 'chamber pressure at end 

of dt 
'calc pump2 
c2 = spconductance(pipe2diameter, pipe2length, pumplexitpressure, 

pump2inletpressure) 'conductance in mA3/sec 
pump2speed = ratedpump2speed * normpumpspeed(p~mp2type~ 

Patombar(pump2inletpressure)) 'pump2 speed (mA3/sec) at existing inlet pump2 pressure 
effpump2speed = c2 * pump2speed / (c2 + pump2speed) 'effective pump2 speed 

(mA3/sec) at chamber 
pumplexitpressure = throughputl / effpump2speed 'from continuity of throughput, 

see Nick's Mar 28/00 notes 
pump2inletpressure = throughputl / pump2speed 'pressure at pump2 inlet (Pa) 
'calc energy 
energypumpl = dt * pumppower(pumpltype, m3pstolps(pumplspeed), 

Patombar(pumplinletpressure), Patombar(pump1exitpressure)) 
energypump2 = dt * pumppower(pump2type, m3pstolps(pump2speed), 

Patombar(pump2inletpressure), Patombar(pump2exitpressure)) 
energysum = energysum t energypumpl + energypump2 

Next t 
vacsys2pump = Array(energysum, t) 'total energy (J) and time (s) used to pump down 

chamber 
End Function 

'routine to return pump energy (J) and time (sec) used to pump a chamber from a higher 
pressure to a lower pressure (may use 1 or 2 pumps) 
Function vacsys(pump1type. pipeldiameter, pipellength, ratedpumplspeed, pump2type, 
pipeZdiameter, pipeZlength, ratedpump2speed1 startpressure, crossoverpressure, 
endpressure, chambervolume, outgasrate) 
'where pumptype is the type of pump used 
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'where pipediameter is the inside diameter (m) of the pipe used between the chamber 
and the vacuum pump 

I 

'where pipelength is the equivalent straight pipe length (m) of the pipe and fittings 
used between the chamber and the vacuum pump 
'where ratedpumpspeed is the rated speed of the pump (mA3/sec) 
'pump1 is the upstream (hivac) pump, pump2 is the downstream (roughing) pump 
'where startpressure is the starting pressure of the chamber (Pa) 
'where crossoverpressure is the pressure below which two pumps are used in series 
(above this only single pump2 used) (Pa) 
'where endpressure is the ending pressure of the chamber (Pa) 
'where chambervolume is the chamber volume (mfi3) 
'where outgasrate is the outgassing throughput in Pa-mA3/sec 
'assumes that the chamber is filled with air at 25 deg. C 
'assumes that vacuum pump2 exhausts to atmosphere 

pipelength = pipellength + pipe2length 'total pipe length 
pipediameter = pipeldiameter * pipellength / pipelength + pipe2diameter * 

pipe2length / pipelength 'average pipe diameter 
energytimel = vacsyslpump(pump2type, pipediameter, pipelength, ratedpump2speed1 

startpressure, crossoverpressure, chambervolume, outgasrate) 'energy and time from 
startpressure to crossover pressure 

energytime2 = vacsys2pump(pumpltype, pipeldiameter, pipellength, ratedpumplspeed, 
pump2type, pipe2diameter1 pipe2length, ratedpump2speed1 crossoverpressure, 
endpressure, chambervolume, outgasrate) 'energy and time from crossover pressure to 
chamber pressure 

vacsys = Array(energytimel(0) + energytime2(0), energytimel(1) + energytime2(1)) 
'return total energy (J) and time (s) 
End Function 

'routine to calculate outgas rate based on chamber volume where outgasrate is the 
outgassing throughput in Pa-mA3/sec 
Function outgasrate(chambervo1ume) 

'where chambervolume is the chamber volume (mA3) 
'using SFU sputter chamber as reference 
'assumes that outgasrate is proportional to chamber surface area 
outgasrateref = 0.000256 'Pa mA3/s, SFU chamber at pump speed of 2400 l/s and 

pressure of 7.97e-7 torr 
chambervolumeref = 0.174 'mA3, SFU sputter chamber 
k = outgasrateref / chambervolumeref A (2 / 3 )  'constant of proportionality 
outgasrate = k * chambervolume A (2 / 3) 'Pa-mA3/s, calculated outgas rate 

End Function 

'routine to return pump energy (J) and time (sec) used to pump a chamber from a higher 
pressure to a lower pressure (may use 1 or 2 pumps) 
Function vacsys2(startpressure, endpressure, chambervolume, desiredtime) 
'where startpressure is the starting pressure of the chamber (Pa) 
'where endpressure is the ending pressure of the chamber (Pa) 
'where chambervolume is the chamber volume (mA3) 
'assumes that the chamber is filled with air at 25 deg. C 

crossoverpressure = 1 'pressure at which high vacuum pump is used in series with 
roughing pump (Pa) 

'calculated rough pump (pump2) parameters 
pump2type = "rough" 'always use a roughing pump 
pump2speedeff = chambervolume / desiredtime * Log(startpressure / endpressure) 

'effective pumping speed 
ratedpump2speed = pump2speedeff 'assume conductance is infinite to guess at rated 

pump2 speed 
pipe2length = 5 'length of pipe from hivac pump to roughing pump (m) (based on SFU 

cleanroom) 
cdesired = ratedpump2speed * 10000 'desired conductance at atmospheric pressure 

(SFU cleanroom is 4200 for ref) 
For pipe2diameter = 0.01 To 1 Step 0.001 'guess pipe2 diameter (m) 

c = spconductance(pipe2diameter, pipe2length, 101300, 101300) 'conductance in 
mA3/sec at atmospheric pressure 

If c > cdesired Then Exit For 'exit loop when conductance meets requirements 
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Next pipe2diameter I 

'calculated hi vacuum pump (pumpl) parameters 
pumpltype = "turbo" 'hi vac pumnp, won't be used unless 

endpressure<crossoverpressure 
pumplspeedeff = outgasrate(chambervolume) / endpressure 'effective pumping speed 

at end pressure 
pipellength = 0.5 'length of pipe from chamber to hivac pump (m) (based on SFU 

cleanroom) 
cdesired = pumplspeedeff * 40 'desired conductance at crossover pressure (SFU 

cleanroom is 20 for ref) 
For pipeldiameter = 0.01 To 1 Step 0.005 'guess pipe1 diameter (m) 

c = spconductance(pipeldiameter, pipellength, crossoverpressure, 
crossoverpressure) 'conductance in mA3/sec at crossover pressure 

If c > cdesired Then Exit For 'exit loop when conductance meets requirements 
Next pipeldiameter 
cl = spconductance(pipeldiameter, pipellength, endpressure, endpressure) 

'conductance in mA3/sec at end pressure 
ratedpumplspeed = pumplspeedeff * cl / (cl - pumplspeedeff) 'the ?? is a safety 

factor to ensure that the pump can reach endpressure 
'calculate energy and time to pumpdown 
vacsys2 = vacsys(pumpltype, pipeldiameter, pipellength, ratedpumplspeed, 

pump2type, pipe2diameter, pipe2length, ratedpump2speed, startpressure, 
crossoverpressure, endpressure, chambervolume, outgasrate(chambervolume)) 
End Function 

'routine to calculate energy required to change the temperature of a silicon wafer 
from starttemp to endtemp 
'returns energy (J), tve if endtemperature is > starttemperature, -ve otherwise 
Function wafertemperatureenergy(starttemperature, endtemperature, wafersize) 

'where starttemperature is the starting temperature of the wafert (deg. K) 
'where endtemperature is the ending temperature of the wafert (deg. K) 
'where wafer size is the size of the wafer in mm 
specificheat = 700 'specific heat in J/kg-deg.K of silicon, ref. The Science and 

Engineering of Microelectronic Fabrication, Appendix 11, pg. 516 
density = 2330 'kg/mA3 'density of silicon 
thk = 0.0005 'm, thickness of the wafer 
mass = (wafersize / 1000) " 2 / 4 * Pi * thk * density 
If (starttemperature < endtemperature) Then 'heating 

waferenergy = mass * specificheat * (endtemperature - starttemperature) 
Else 'cooling, ignore 

waferenergy = 0 
End If 
wafertemperatureenergy = waferenergy 

End Function 

'routine to calculate a process step to return incremental values for a single wafer 
'returns incremental process energy (J), incremental process time (sec), and four 
incremental mass flows 
'each mass flow is in the form material name, material type, material mass (kg) 
Function calcprocess(wafersize As Single, startpressure As Single, starttemperature As 
Single, thickness As Single, desiredprocesspressure As Single, dose, desiredtime As 
Single, processname As String, equipmentname As String) 
'where wafersize is the diameter of the wafer (mm) 
'where startpressure is the pressure at the start of the process (Pa) 
'where starttemperature is the temperature at the start of the process (deg. K) 
'where thickness is the thickness to be deposited or etched (m) 
'where processpressure is the pressure of the process (Pa) 
'where dose is the implant dose per cmA2 (atoms/cmA2) 
'where desiredtime is the desired time for processing an entire batch (batchsize is 
specified in processname table) 
'where processname is the name of the process (must be an Excel worksheet with that 
name ) 
'where equipmentname is the name of the equipment used in the process (must be an 
Excel worksheet with that name) 
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Dim pumpdown As Variant 'holds energy and time for pumpdown 
Dim matllname As String, matl2name As String, matl3name As String, matl4name As 

String 
Dim matlltype As String, matl2type As String, matl3type As String, matl4type As 

String 
Dim processtemperature As Single 
Dim matllmass As Single, matl2mass As Single, matl3mass As Single, matl4mass As 

Single 
R = 8.314 'J/mole-K, Rybergs Constant 
'init return values 
processtime = 0 'counter for total batch process time 
matllmass = 0 
matl2mass = 0 
matl3mass = 0 
matl4mass = 0 
'check to make sure that processname table exists 
If PropValue(processname, "ProcessNameW) <> processname Then Stop 'error, process 

table not correct 
'check to make sure that equipmentname table exists 
If PropValue(equipmentname, "EquipmentName") <> equipmentname Then Stop 'error, 

equipment table not correct 
'calc wafer process and equipment ratios (ratio of surface area of wafer to 

reference wafer in table) 
waferprocessratio = wafersize A 2 / PropValue(processname, "Wafersize") A 2 'ratio 

of surface areas 
waferequipmentratio = wafersize A 2 / PropValue(equipmentname, "WaferSize") " 2 

'ratio of surface areas 
batchsize = PropValue(processname, "BatchSize") 
'calc pressures 
If desiredprocesspressure <> 0 Then 'use specified desired pressure 

processpressure = desiredprocesspressure 
Else 

processpressure = Val(PropValue(processname, "Pressure")) 'use pressure 
defined in process table 

End If 
If processpressure = 0 Then processpressure = startpressure 'process pressure not 

defined, use start pressure 
If Val(PropValue(processname, "BasePressureW)) <> 0 Then 'pumpdown to base 

pressure defined in process table 
basepressure = PropValue(processname, "BasePressureV) 

Else 
basepressure = processpressure 'no base pressure specified, default to process 

pressure 
End If 
If startpressure < basepressure Then basepressure = startpressure 'use lower of 

the starting pressure and the calc'd base pressure as the base pressure 
pumpdownpressure = basepressure 'pumpdown to base pressure 
processtype = PropValue(processname, "ProcessType") 'type of process 
'calc pump down to process pressure if req'd 
chambervolume = PropValue(equipmentname, "ChamberVolume") * waferequipmentratio 
If startpressure > pumpdownpressure Then 'must pumpdown 

If processtype = "PRESSURECHANGE" And desiredtime <> 0 Then 
desiredpumptime = desiredtime 'use specified time for pumpdown 

Else 'not a pressure change process or time not specified 
desiredpumptime = 240 'default to 240 seconds pumpdown if not specified 

End If 

pumpdown = vacsys2(startpressure, pumpdownpressure, chambervolume, 
desiredpumptime) 'returns energy (J), time (sec) 

pumpenergy = pumpdown(0) 'energy used in pumpdown (J) 
pumptime = pumpdown(1) 'time used to pumpdown (sec) 
processtime = processtime + pumptime 'add time (sec) for pumpdown to total 

process time for batch 
End If 
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Select Case processtype 'calc time and energy for each process type 
Case "DEPOSIT" 1 

If desiredtime = 0 Then 
deposittime = thickness / PropValue(processname, "DepositionRate") 

'time to deposit desired thickness 
Else 

deposittime = desiredtime 
End If 
processtime = processtime + deposittime 

Case "CLEAN" 
If desiredtime = 0 Then 

cleantime = PropValue(processname, "Time") 'time to clean 
Else 

cleantime = desiredtime 
End If 
processtime = processtime + cleantime 

Case "THERMAL" 
If desiredtime = 0 Then 

thermaltime = desiredtime 'time to thermal process 
Else 

thermaltime = desiredtime 
End If 
processtime = processime + thermaltime 

Case " PATTERNTRANSFER" 
If desiredtime = 0 Then 

patterntime = PropValue(processname, "Time") 'time to pattern 
Else 

patterntime = desiredtime 
End If 
processtime = processtime + patterntime 

Case "ETCH" 
If desiredtime = 0 Then 

etchtime = thickness / PropValue(processname, "EtchRate") 'time to 
etch desired thickness 

Else 
etchtime = desiredtime 

End If 
processtime = processtime + etchtime 

Case "DOPE" 
q = 1.6E-19 'C, unit charge 
dopearea = batchsize * (wafersize / 1000) A 2 / 4 * Pi 'area in mA2 for 

entire batch 
ioncurrent = PropValue(processname, "IonCurrent") 'beam current 
ionenergy = PropValue(processname, "IonEnergy") 'energy of each ion in 

electron volts 
totalcharge = dopearea * 10000 * dose * q 'total charge, assumes each ion 

has unit charge 
If desiredtime = 0 Then 

dopetime = totalcharge / ioncurrent 'time to provide dose over entire 
wafer 

Else 
dopetime = desiredtime 

End If 
If dopetime < 10 Then dopetime = 10 'assumes that minimum scan time is 10 

seconds 
dopeenergy = dopearea * 10000 * dose * ionenergy * q 'total energy for 

batch (J) (only energy used to accelerate ions considered) 
processtime = processtime t dopetime 

Case "TRANSPORT" 
If desiredtime = 0 Then 

transporttime = PropValue(processname, "Time") 'time to transport 
Else 

transporttime = desiredtime 
End If 
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processtime = processtime + transporttirne 
Case "PRESSURECHANGE" I 

If desiredtime <> 0 And pumptime = 0 Then 
processtime = processtime t desiredtime 'pumpdown time already 

calculated and added to processtime 
End If 

Case Else 
'Stop 'error, invalid ProcessType 

End Select 'case 
'calc masses used in process 
matllname = PropValue(processname, "MatllName") 
matlltype = Propvalue (processname, "MatllType" ) 
matl2name = PropValue(processname, "Matl2NameW) 
matl2type = PropValue(processname, "Matl2Type") 
matl3name = PropValue(processname, "Matl3NameW) 
matl3type = PropValue(processname, "Matl3TypeW) 
matl4name = PropValue(processname, "Matl4NameW) 
matlltype = PropValue(processname, "Matl4TypeV) 
If matllname <> "" Then 'there are materials used, skip otherwise 

chambermoles = (processpressure - basepressure) * chambervolume / (R * 
PropValue(processname, "Temperature")) 'number of moles of gas required to raise 
pressure in chamber 

If PropValue(processname, "MatllMassFlow") <> 0 Then 'mass flow rates are 
specified, calc masses based on specified mass flow rates 

matllmass = PropValue(processname, "MatllMassFlow") * waferprocessratio * 
(processtime - pumptime) 'mass1 

ElseIf PropValue(processname, "MatllVolumeRatio") <> 0 Then 'mass flow rates 
not specified, calc masses based on volume ratios 

matllmass = chambermoles * PropValue(processname, "MatllVolumeRatio") * 
Propvalue2 ("MATLPROP", matllname, "MW" ) / 1000 'mass of material 1 

End If 
If PropValue(processname, "Matl2MassFlow") <> 0 Then 'mass flow rates are 

specified, calc masses based on specified mass flow rates 
matl2mass = PropValue(processname, "Matl2MassFlow") * waferprocessratio * 

(processtime - pumptime) 'mass2 
ElseIf PropValue(processname, "Matl2VolumeRatio") <> 0 Then 'mass flow rates 

not specified, calc masses based on volume ratios 
matl2mass = chambermoles * PropValue(processname, "Matl2VolumeRatio") * 

PropValue2("MATLPROP", matl2name, "MW") / 1000 'mass of material 2 
End If 
If PropValue(processname, "Matl3MassFlow") <> 0 Then 'mass flow rates are 

specified, calc masses based on specified mass flow rates 
matl3mass = PropValue(processname, "Mat13MassFlowt') * waferprocessratio * 

(processtime - pumptime) 'mass3 
ElseIf PropValue(processname, "Matl3VolumeRatio") <> 0 Then 'mass flow rates 

not specified, calc masses based on volume ratios 
matl3mass = chambermoles * PropValue(processname, "Matl3VolumeRatio") * 

PropValue2("MATLPROP", matl3name1 "MW") / 1000 'mass of material 3 
End If 
If PropValue(processname, "Matl4MassFlow") <> 0 Then 'mass flow rates are 

specified, calc masses based on specified mass flow rates 
matl4mass = PropValue(processname, "Matl4MassFlow") * waferprocessratio * 

(processtime - pumptime) 'mass4 
ElseIf PropValue(processname, "Matl4VolumeRatio") <> 0 Then 'mass flow rates 

not specified, calc masses based on volume ratios 
matllmass = chambermoles * PropValue(processname, "Matl4VolumeRatio") * 

PropValue2 ("MATLPROP", matl4name, "MW" ) / 1000 'mass of material 4 
End If 

End If 
'calc energy due to heat of wafer and mass flows (ignore cooling, only consider 

heating here) 
processtemperature = PropValue(processname, "Temperature") 'process temperature 

(deg K) 
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wafermassenergy = batchsize * wafertemperatureenergy(starttemperature, 
processtemperature, wafersize) 'energy ( b )  req'd to heat wafer 

If equipmentname = "FURNACE-BATCH" Then wafermassenergy = 3 * wafermassenergy 
'accounts for mass of boat (carrier) which must also be heated) 

matllmassenergy = materialmassenergy(matllname, starttemperature, 
processtemperature, matllmass) 'energy (J) to heat massl 

matl2massenergy = materialmassenergy(matl2name, starttemperature, 
processtemperature, matl2mass) 'energy (J) to heat mass1 

matl3massenergy = materialmassenergy(matl3name, starttemperature, 
processtemperature, matl3mass) 'energy (J) to heat massl 

matl4massenergy = materialmassenergy(matl4name, starttemperature, 
processtemperature, matl4mass) 'energy (J) to heat massl 

matlmassenergy = matllmassenergy + matl2massenergy + matl3massenergy + 
matl4massenergy 'total energy req'd to raise massflow temperatures 

'calc equipment energy use 
'equipenergy = PropValue(equipmentname, "RatedPowerl') * processtime 'energy used 

by equipment (J) 
processenergy = PropValue(processname, "Power") * waferprocessratio * (processtime - pumptime) 'energy used by process (i.e. RF power) 
'calc incremental energy, time, and mass use for a single wafer 
'assume that incremental values are simply the batch values divided by the batch 

size 
incpumpenergy = pumpenergy / batchsize 
incwafermassenergy = wafermassenergy / batchsize 
incmatlmassenergy = matlmassenergy / batchsize . 
incdopeenergy = dopeenergy / batchsize 
incprocessenergy = processenergy / batchsize 
incprocesstime = processtime / batchsize 
incmatllmass = matllmass / batchsize 
incmatl2mass = matl2mass / batchsize 
incmatl3mass = matl3mass / batchsize 
incmatl4mass = matl4mass / batchsize 
'return values as an array 
calcprocess = Array(batchsize, processtime, incprocesstime, processtemperature, 

processpressure, basepressure, incpumpenergy, incwafermassenergy, incmatlmassenergy, 
incdopeenergy, incprocessenergy, matllname, matlltype, incmatllmass, matl2name, 
matl2type1 incmatl2mass, matl3name, matl3type, incmatl3mass, matl4name, matlritype, 
incmatl4mass) 
End Function 

'routine to calculate the energy used (J) to raise a mass of a material from starting 
to ending temperature 
Function materialmassenergy(materia1name As String, starttemp As Single, endtemp As 
Single, mass As Single) 

'where materialname is the name (label) of the material 
'where starttemp is the starting temperature (deg. K )  
'where endtemp is the ending temperature (deg. K) 
'where mass is material mass (kg) 
'basic equ'n: energy = specific heat * delta T * mass 
'if there is a phase change between start and end temperature, then 
' energy phase 1 = specific heat phase1 * (Ttransition-starttemp) * mass 

energy phase 2 = specific heat phase2 * (endtemp-Ttransition) * mass 
' total energy = energy phase 1 + energy phase 2 + transition energy 
' where transition energy is latent heat of vaporization 
Dim a1 As Single, a2 As Single, a3 As Single, a4 As Single, a5 As Single, R As 

Single 
Dim cpl As Single, cp2 As Single, cpla As Single, cplb As Single, cp2a As Single, 

cp2b As Single 
Dim energyl As Single, energy2 As Single, energytrans As Single 
' init 
energyl = 0 
energy2 = 0 
energytrans = 0 
'main calcs 
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If materialname <> "" Then 'assume material exists in table 
'calc tempo, templ, temp2 I 

transtemp = Propvalue2 ("MATLPROP", materialname, "TRANSITION-TEMP" ) 
If starttemp < transtemp And transtemp < endtemp Then 'phase change 

temp0 = starttemp 
templ = transtemp 
temp2 = endtemp 

ElseIf starttemp < transtemp Then 'only phase 1 
temp0 = starttemp 
templ = endtemp 
temp2 = endtemp 

Else 'only phase 2 
temp0 = starttemp 
templ = starttemp 
temp2 = endtemp 

End If 
'calc specific heat for phasel 
If PropValue2("MATLPROP", materialname, "PHASE-PHASE1") = "GAS" Then 'calc 

average specific heat 
'get coefficients for polynomial fit 
a1 = PropValue2 ("MATLPROP", materialname, "al") 
a2 = PropValue2 ("MATLPROP", materialname, "a2") 
a3 = PropValue2 ("MATLPROP", materialname, "a3") 
a4 = PropValue2 ("MATLPROP", materialname, "a4") 
a5 = PropValue2 ("MATLPROP", materialname, "a5") 
cpla = a1 + a2 * temp0 + a3 * temp0 A 2 + a4 * temp0 A 3 + a5 * temp0 A 4 

'cp/R at bottom temp 
cplb = a1 + a2 * templ t a3 * templ ^ 2 + a4 * templ A 3 + a5 * templ A 4 

'cp/R at top temp 

phase 1 

average 

R = PropValue2("MATLPROP", materialname, "R") 'R for material (kJ/kg-K) 
cpl = (cpla + cplb) / 2 * R 'calc average cp 

Else 'must be a LIQUID or SOLID, use single specific heat value listed 
cpl = PropValue2("MATLPROP", materialname, "CP-PHASE1") 'specific heat of 

(kJ/kg-K) 
End If 
'calc energy used for phasel 
energy1 = cpl * 1000 * (templ - tempo) * mass 'Joules 
'calc specific heat for phase2 
If Propvalue2 ( "MATLPROP" , materialname, " PHASE-PHASE2" ) = "GAS" Then calc 
specific heat 

'get coefficients for polynomial fit 
a1 = PropValue2 ("MATLPROP", materialname, "al") 
a2 = PropValue2("MATLPROP", materialname, "a2") 
a3 = PropValue2("MATLPROP", materialname, "a3") 
a4 = PropValue2("MATLPROP", materialname, "a4") 
a5 = PropValue2("MATLPROP", materialname, "a5") 
cp2a = a1 + a2 * templ + a3 * templ A 2 + a4 * templ A 3 + a5 * templ A 4 

'cp/R at bottom temp 
cp2b = a1 + a2 * temp2 + a3 * temp2 " 2 + a4 * temp2 A 3 + a5 * temp2 A 4 

'cp/R at top temp 

phase 2 

R = PropValue2("MATLPROP", materialname, "R") 'R for material (kJ/kg-K) 
cp2 = (cp2a + cp2b) / 2 * R 'calc average cp 

Else 'must be a LIQUID or SOLID, use single specific heat value listed 
cp2 = PropValue2("MATLPROP", materialname, "CP-PHASE2") 'specific heat of 

(kJ/kg-K) 
End If 
'calc energy used for phase2 
energy2 = cp2 * 1000 * (temp2 - templ) * mass 'Joules 
'calc transitionenergy if phase change 
If starttemp < transtemp And transtemp < endtemp Then 'phase change 

energytrans = PropValue2("MATLPROP", materialname, "TRANSITION-ENERGY") * 
1000 * mass 

Else 
energytrans = 0 'no phase change 
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End I f  
I 

End I f  'mater ialname <> "" 
materialmassenergy = energy1 + energy2 + energyt rans  ' t o t a l  energy i n  J o u l e s  

End Function 
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Process Parameters 

Table C.l- Deposition Process parameters3 

No. ProcessName Process Description ProcessType 
APCVD-PSG atmospheric pressure chemical vapor deposition of DEPOSIT 

phosphosilicate glass (dielectric) 
DEPOSIT-RESIST deposition of 
GROW-SIO2 thermal (dry) oxidation of silicon to form silicon dioxide 
GROW SI02 thermal (dry) oxidation of silicon to form silicon dioxide in 
- SPACE space 
GROW-SIO2-WET thermal (wet) oxidation of silicon to form silicon dioxide 
GROW-SIO2-WET thermal (wet) oxidation of silicon to form silicon dioxide in 
- SPACE space 
PECVD-CARBON plasma enhanced chemical vapor deposition of amorphous 

carbon 
PECVD-CARBON plasma enhanced chemical vapor deposition of amorphous 

SPACE carbon in space 
~ECVD-POLYSI plasma enhanced chemical vapor deposition of polysilicon 
PECVD-POLYSI plasma enhanced chemical vapor deposition of polysilicon in 

SPACE space 
$EcVD-SI~N~ plasma enhanced chemical vapor deposition of silicon nitride 
PECVD SI3N4 plasma enhanced chemical vapor deposition of silicon nitride 
SPACE in space 

~EcVD-~102 plasma enhanced chemical vapor deposition of silicon dioxide 

DEPOSIT 
DEPOSIT 
DEPOSIT 

DEPOSIT 
DEPOSIT 

DEPOSIT 

DEPOSIT 

DEPOSIT 
DEPOSIT 

DEPOSIT 
DEPOSIT 

DEPOSIT 
14 PECK S102 plasma enhanced chemical vapor deposition of silicon dioxide DEPOSIT 

SPACE in space 
15 SPUTTER-AL sputter deposition of aluminum DEPOSIT 
16 SPUTTER-AL sputter deposition of aluminum in space DEPOSIT 

SPACE 
17 SPUTTER-LOX sputter deposition of aluminum oxide DEPOSIT 
18 SPUTTER-LOX sputter deposition of aluminum oxide in space DEPOSIT 

not all parameters are used for each process so some table entries or even table subsections will be 
cmpty 
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Table C.l-  Deposition Process Parameters - continued 

Deposit Temperature Pressure Base Deposition Power Batch Wafer 
No. MatlName (deg K) (Pa) Pressure (Pa) Rate ( d s )  CW) Size Size (mm) 

1 PSG 673 101300 101300 2.66667E-09 1 200 
2 PhotoResist 288 101300 101300 2.08333E-09 24 200 
3 Si02 1373 101300 101300 3.47222E-11 120 200 
4 Si02 1373 10000 3.47222E-11 120 200 
5 Si02 1373 101300 101300 1.66667E-10 120 200 
6 Si02 1373 10000 1.66667E-10 120 200 
7 CARBON 673 5.32 0.0000133 1.08333E-09 200 1 200 
8 CARBON 673 5.32 0.0000133 1.08333E-09 200 1 200 
9 PolySilicon 898 26.6 0.0000133 1.66667E-10 200 1 200 
10 PolySilicon 898 26.6 0.0000133 1.66667E-10 200 1 200 
11 Si3N4 673 66.5 0.0000133 4.16667E-10 300 1 200 
12 Si3N4 673 66.5 0.0000133 4.16667E-10 300 1 200 
13 Si02 673 66.5 0.0000133 0.000000001 200 1 200 
14 Si02 673 66.5 0.0000133 0.000000001 200 1 200 
15 Al 288 0.665 0.0000133 5E-10 300 1 200 
16 Al 288 0.665 0.0000133 5E-10 300 1 200 
17 Al 288 1.33 0.0000931 1.66667E-10 100 1 200 
18 Al 288 1.33 0.000093 1 1.66667E-10 100 1 200 

Table C.l-  Deposition Process Parameters - continued 

Mat11 Mat12 
Mat11 Matll MatllMass Volume Mat12 Mat12 Matl2Mass Volume 

No. Name Type Flow (kds) Ratio Name Type Flow (kg/@ Ratio 
1 SiH4 GAS 0.000100898 pH3 GAS 5.04491E-06 
2 PHOTORESIST LIQUID 0.000085 
3 N2 GAS 3.7269E-05 0 2  GAS 5.324 14E-06 
4 0 2  GAS 1 
5 N2 GAS 3.7269E-05 0 2  GAS 5.32414E-06 
6 0 2  GAS 0.9 DIWATER GAS 0.1 
7 C4H8 GAS 1.18682E-06 
8 C4H8 GAS 1 
9 SiH4 GAS 1.35376E-06 
10 SiH4 GAS 1 
11 NH3 GAS 2.39728E-05 SiH4 GAS 7.44567E-06 
12 NH3 GAS 0.858 SiH4 GAS 0.142 
13 N20 GAS 9.30709E-06 He GAS 2.82033E-07 
14 N20 GAS 0.723 He GAS 0.241 
15 Al SOLID 8.4823E-08 Ar GAS 1 
16 Al SOLID 8.4823E-08 Ar GAS 1 
17 Al SOLID 2.82743E-08 Ar GAS 0.8 
18 A1 SOLID 2.82743E-08 Ar GAS 0.8 
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Table C.1- Deposition Process Parameters - continued 

Mat13 Mat14 
Mat13 Mat13 MatisMass Volume Mat14 Mat14 Matl4Mass Volume 

No. Name Type Flow (kg/@ Ratio Name Type Plow (kds) Ratio 
1 N2 GAS 0.000302695 
2 
3 
4 
5 DIWATER GAS 2.77778E-07 
6 
7 
8 
9 
10 
11 
12 
13 S S 4  GAS 3.3844E-07 
14 SiH4 GAS 0.036 
15 
16 
17 0 2  GAS 0.2 
18 0 2  GAS 0.2 

Table C.2 - Pattern Transfer (Lithographic) Process Parameters 

No. ProcessName Process Description ProcessType 
19 PATTERN-LITHO lithographic pattern transfer PATTERNTRANSFER 
20 PATTERN-LITHO lithographic pattern transfer in direct step and write PATTERNTRANSFER 

DSW exposure system 
21 PATTER~LITHO lithographic pattern transfer in direct step and write PATTERNTRANSFER 

DSW 193 exposure system using 193 nm W 

Table C.2 - Pattern Transfer (Lithographic) Process Parameters - continued 

Temperature Pressure Basepressure Time Power Wafersize 
No. (deg K) (Pa) @a) (s) (W) Batchsize (mm) 
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Table C.2 - Pattern Transfer (LitPographic) Process Parameters - continued 

Matll Mat12 
Matll Matll MatllMass Volume Mat12 Mat12 Matl2Mass Volume 

No. Name Type Flow (kg/@ Ratio Name Type Flo~v (kg/s) Ratio 
19 

Table C.2 - Pattern Transfer (Lithographic) Process Parameters - continued 

Mat13 Mat14 
Mat13 MatD Matl3Mass Volume Mat14 Mat14 Matl4Mass Volume 

No. Name Type Flow (kg/s) Ratio Name Type Flow (kgh) Ratio 
19 

Table C.3 - Etch Process Parameters 

No. ProcessName Process Description ProcessType 
22 DEVELOP-RESIST develop photoresist ETCH 
23 HF-DIP dip wafer in hydrofluoric acid ETCH 
24 ION-MILL ion milling ETCH 
25 PLASMAETCH-AL plasma etching of aluminum ETCH 
26 PLASMAETCH-AL-SPACE plasma etching of aluminum in space ETCH 
27 PLASMAETCH-ORGANICS plasma etching of organic films ETCH 
28 PLASMAETCH-ORGANICS-SPACE plasma etching of organic films in space ETCH 
29 PLASMAETCH-POLYSI plasma etching of polysilicon ETCH 
30 PLASMAETCH-POLYSI-SPACE plasma etching of polysilicon in space ETCH 
3 1 PLASMAETCH-RESIST plasma etching of photoresist ETCH 
32 PLASMAETCH-SI3N4 plasma etching of photoresist in space ETCH 
33 PLASMAETCH-SI02 plasma etching of silicon dioxide ETCH 
34 PLASMAETCH-SI02-SPACE plasma etching of silicon dioxide in space ETCH 
35 STRIP-RESIST total removal (stripping) of photoresist ETCH 
36 STRIP-SI02 total removal (stripping) of silicon dioxide ETCH 
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Table C.3 - Etch Pqocess Parameters - continued 

Temperature Pressure Basepressure EtchRate Time Power Wafersize 
No. (deg K) (Pa) (Pa) @IS) (s) ) Batchsize (mm) 
22 288 101300 101300 2.11864E-09 24 200 
23 288 101300 10 1300 1.66667E-09 720 50 200 
24 288 0.665 0.0000133 1.66667E-09 500 1 200 
25 288 23.94 0.0000133 8.33333E-09 100 1 200 
26 288 23.94 0.0000133 8.33333E-09 100 1 200 
27 288 33.25 0.0000133 8.33333E-09 100 1 200 
28 288 33.25 0.0000133 8.33333E-09 100 1 200 
29 288 13.3 0.0000 133 1.66667E-09 30 1 200 
30 288 13.3 0.0000133 1.66667E-09 30 1 200 
3 1 288 33.25 0.0000133 8.33333E-09 100 1 200 
32 288 33.25 0.0000133 3.33333E-09 100 1 200 
33 288 6.65 0.0000133 1.66667E-09 100 1 200 
34 288 6.65 0.0000133 1.66667E-09 100 1 200 
3 5 288 6.65 0.0000133 5.83333E-08 1800 1 200 
36 288 101300 101300 8.33333E-10 - 24 200 

Table C.3 - Etch Process Parameters - continued 

Mat11 Mat12 
Mat11 Mat11 MatllMass Volume Mat12 Mat12 Matl2Mass Volume 

No. Name Type Flow (kgls) Ratio Name Type Flow (kgts) Ratio 
22 PHOTORESIST LIQUID 3.19484E-09 DIWATER LIQUID 0.254237288 

DEVELOPER 
23 DIWATER LIQUID 0.694444444 HF LIQUID 0.052083333 
24 Ar GAS 1 
25 BC13 GAS 2.47674E-06 C12 GAS 4.99622E-07 
26 BC13 GAS 0.75 C12 GAS 0.25 
27 0 2  GAS 1.12813E-06 
28 0 2  GAS 1 
29 SF6 GAS 5.00609E-06 
30 SF6 GAS 1 
31 0 2  GAS 1.12813E-06 
32 SF6 GAS 5.00609E-06 
33 CF4 GAS 3.10236E-06 
34 CF4 GAS 1 
35 0 2  GAS 1.12813E-06 
36 DIWATER LIQUID 0.013888889 HF LIQUID 0.000833333 
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Table C.3 - Etch Prbcess Parameters - continued 

Mat13 Mat14 
Mat13 Mat13 Matl3Mass Volume Mat14 Mat14 Matl4Mass Volume 

No. Name Type Flow (kds) Ratio Name Type Flow (kgts) Ratio 
22 
23 
24 
25 
26 
27 
28 
29 
30 
3 1 
32 
3 3 
34 
3 5 
36 

Table C.4 - Doping Process Parameters 

No. ProcessName Process Description ProcessType 
37 ION-IMPLANT-N-lOOkeV implant N type dopant using 100 kEv DOPE 
38 ION-IMPLANT-N-100keV-SPACE implant N type dopant using 100 kEv in DOPE 

space 
3 9 ION-IMPLANT-N-15OkeV implant N type dopant using 150 kEv DOPE 
40 ION-IMPLANT-N-15OkeV-SPACE implant N type dopant using 100 kEv in DOPE 

space 
4 1 ION-IMPLANT-P- 16keV implant P type dopant using 16 kEv DOPE 
42 ION-IMPLANT-P-16keV-SPACE implant P type dopant using 16 kEv in space DOPE 
43 ION-IMPLANT-PP l80keV implant P type dopant using 180 kEv DOPE 
44 ION-IMPLANT-P-180keV-SPACE implant P type dopant using 180 kEv in DOPE 

space 
45 ION-IMPLANT-PP30keV implant P type dopant using 30 kEv DOPE 
46 ION-IMPLANTANTPP30keVPSPACE implant P type dopant using 30 kEv in space DOPE 
47 ION-IMPLANT-P-45 keV implant P type dopant using 45 kEv DOPE 
48 ION-IMPLANT-P-45keV-SPACE implant P type dopant using 45 kEv in space DOPE 
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Table C.4 - Doping ~ i o c e s s  Parameters - continued 

Temperature Pressure Basepressure Ioncurrent IonEnergy Batch Wafersize 
No. Dopant (deg K) (Pa) (Pa) (A) (eV) Size (mm) 

37 NType 288 0.0000133 0.0000133 0.005 100000 1 200 
38 NType 288 1 0.005 100000 1 200 
39 NType 288 0.0000133 0.0000133 0.005 150000 1 200 
40 NType 288 1 0.005 150000 1 200 
41 PType 288 0.0000133 0.0000133 0.005 16000 1 200 
42 PType 288 1 0.005 16000 1 200 
43 PType 288 0.0000133 0.0000133 0.0001 16000 1 200 
44 PType 288 1 0.0001 16000 1 200 
45 PType 288 0.0000133 0.0000133 0.005 30000 1 200 
46 PType 288 1 0.005 30000 1 200 
47 PType 288 0.0000133 0.0000133 0.005 45000 1 200 
48 PType 288 1 0.005 45000 1 200 

Table C.4 - Doping Process Parameters - continued 

Mat11 Mat12 
Matll Matll MatllMass Volume Mat12 Mat12 Matl2Mass Volume 

No. Name Type Flow (kgls) Ratio Name Type Flow (kgls) Ratio 
37 PH3 GAS 1.76 14E-06 
38 PH3 GAS 1 
39 PH3 GAS 1.7614E-06 
40 PH3 GAS 1 
41 BF3 GAS 3.5 1538E-06 
42 BF3 GAS 1 
43 BF3 GAS 7.03077E-08 
44 BF3 GAS 1 
45 BF3 GAS 3.51538E-06 
46 BF3 GAS 1 
47 BF3 GAS 3.51538E-06 
48 BF3 GAS 1 
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Table C.4 - Doping Process Parameters - continued 

MatD Mat14 
Mat13 MatD Matl3Mass Volume Mat14 Mat14 Matl4Mass Volume 

No. Name Type Flow (kg/s) Ratio Name Type Plow (kgs) Ratio 
37 
3 8 
3 9 
40 
41 
42 
43 
44 
45 
46 
47 
48 

Table C.5 - Thermal Process Parameters 

No. ProcessName Process Description ProcessType 
ANNEAL-AL anneal aluminum THERMAL 
ANNEAL-AL-SPACE 
ANNEAL-IMPLANT 
ANNE AL-IMPL ANT-SP ACE 
DIFFUSE-IMPLANT 
DIFFUSE-IMPLANT-SPACE 
HARDBAKE 
REFLOWREFLOW_OXIDEOXIDE 
REFLOWREFLOW_OXIDE_SPACEOXIDE-SPACE 
SOFTBAKE 

anneal aluminum in space 
anneal implant damage 
anneal implant damage in space 
diffuse implanted dopant 
diffuse implanted dopant in space 
hardbake organic photoresist 
reflow deposited oxide 
reflow deposited oxide in space 
softbake organic photoresist 

THERMAL 
THERMAL 
THERMAL 
THERMAL 
THERMAL 
THERMAL 
THERMAL 
THERMAL 
THERMAL 

Table C.5 - Thermal Process Parameters - continued 

Temperature Pressure Basepressure Time Power Batch Wafer 
No. (deg K) (Pa) (Pa) (s) ) Size Size (mm) 
49 723 101300 101300 120 200 
50 723 101300 101300 120 200 
51 1273 101300 101300 1 200 
52 1273 1 200 
53 1423 101300 101300 120 200 
54 1423 120 200 
55 393 101300 101300 24 200 
56 1173 101300 101300 120 200 
57 1173 120 200 
58 3 73 101300 101300 24 200 
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Table C.5 - Thermal Process Parameters - continued 

Mat11 Mat12 
Mat11 Matll MatllMass Volume Mat12 Mat12 Matl2Mass Volume 

No. Name Type Flow (kg/s) Ratio Name Type Flow (kg/s) Ratio 
49 N2 GAS 3.7269E-05 
50 
51 N2 GAS 3.10575E-07 
52 
53 N2 GAS 3.7269E-05 
54 
55 
56 N2 ' GAS 3.7269E-05 
57 
58 

Table C.5 - Thermal Process Parameters - continued 

Mat13 Mat14 
Mat13 Mat13 MatisMass Volume Mat14 Mat14 Matl4Mass Volume 

No. Name Type Flow (kgls) Ratio Name Type Flow (kg/s) Ratio 
49 

Table C.6 - Transport Process Parameters 

No. ProcessName Process Description ProcessType 
59 INTERPROCESSTRANSPORT transport cassette of wafers between separate TRANSPORT 

CASSETTE process equipment 
60 -&T'RAPR~CESSTRANSPORT transport batch of wafers within single piece of TRANSPORT 

BATCH process equipment 
61 -&T'RAPROCESSTRANSPORT transport single wafer within single piece of TRANSPORT 

WAFER process equipment 
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Table C.6 - TransportlProcess Parameters - continued 

Time Power Wafersize 
No. (s) 0 Batchsize (mm) 
59 307.8787879 24 200 
60 30 24 200 
6 1 10 1 200 

Table C.6 - Transport Process Parameters - continued 

Matll Mat12 
Matll Matll MatllMass Volume Mat12 Mat12 Matl2Mass Volume 

No. Name Type Flow &Is) Ratio Name Type Flow (kR/s) Ratio 
59 
60 
61 

Table C.6 - Transport Process Parameters - continued 

Mat13 Mat14 
MatD MatD MatUMass Volume Mat14 Mat14 Matl4Mass Volume 

No. Name Type Flow (kg/@ Ratio Name Type Row (kR/s) Ratio 
59 

Table C.7 - Cleaning Process Parameters 

No. ProcessName Process Description ProcessType 
62 RCA-SC1 RCA Standard Clean 1 CLEAN 
63 RCA-SC~ RCA Standard Clean 2 CLEAN 

Table C.7 - Cleaning Process Parameters - continued 

Temperature Pressure Basepressure Time Power W aferSize 
No. (deg K) P a )  (Pa) (s) 0 Batchsize (mm) 
62 3 53 101300 101300 1954.8 50 200 
63 353 101300 101300 1954.8 50 200 
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Table C.7 - Cleaning Trocess Parameters - continued 

Mat11 Mat12 
Mat11 Mat11 MatllMass Volume Mat12 Mat12 Matl2Mass Volume 

No. Name Type Flow (kds) Ratio Name Type Flow (kpls) Ratio 
62 DIWATER LIQUID 0.575506446 HF LIQUID 0.019183548 
63 DIWATER LIQUID 0.39006548 HCl LIQUID 0.022380806 

Table C.7 - Cleaning Process Parameters - continued 

MatD Mat14 
Mat13 Mat13 Matl3Mass Volume Mat14 Mat14 Matl4Mass Volume 

No. Name Type Flow (k&) Ratio Name Type Flow (kds) Ratio 
62 H202 LIQUID 0.025578064 NH40H LIQUID 0.025578064 

Table C.8 - Pressure Change ProcesiParameters 

No. ProcessName Process Description ProcessType 
64 VACUUMPUMPDOWN pump down vacuum chamber PRESSURECHANGE 
65 VACUUMPUMPUP pump up vacuum chamber PRESSURECHANGE 

Table C.8 - Pressure Change Process Parameters - continued 

Temperature Pressure Time Power Wafersize 
No. (deg K) @'a) 6 )  (w> Batchsize (mm) 

Table C.8 -Pressure Change Process Parameters - continued 

Mat11 Mat12 
Mat11 Matll MatllMass Volume Mat12 Mat12 Matl2Mass Volume 

No. Name Type Flow (kg@ Ratio Name Type Flow (kg/@ Ratio 
64 
L c 



Appendix C. Process Parameters 

Table C.8 - Pressure Change Process Parameters - continued 

MatD Mat14 
Mat13 Mat13 Matl3Mass Volume MatW Mat14 Matl4Mass Volume 

No. Name Type Plow (kg/@ Ratio Name Type Plow (kgls) Ratio 
64 
65 



Appendix D 

Vacuum Pump Specifications 

Table D. l -  Vacuum Pump Specifications Based on Manufacturers' Data 

Pump Pump Pump Pump Pump 
No. Mfr MO&I ~ ~ p e  catgory 

1 Edwards EXPB1.5/70/63IS0/0.7 Turbomolecular+Rotarv Combination 
2 Edwards 
3 Edwards 
4 Edwards 
5 Edwards 
6 Edwards 
7 Edwards 
8 Edwards 
9 Edwards 
10 Edwards 
11 Edwards 
12 Edwards 
13 Varian 
14 Varian 
15 Varian 
16 Varian 
17 Pfeiffer 
18 Pfeiffer 
19 Pfeiffer 
20 Pfeiffer 
21 Pfeiffer 
22 Pfeiffer 
23 Pfeiffer 
24 Pfeiffer 
25 Pfeiffer 
26 Pfeiffer 
27 Pfeiffer 

EXPB4/25OW 100ISO/4 
EXPB8/250/100CF/8 
EXPB8/250M/lOOIS0/8 
EXPF30/250M/100IS0/30 
EXPB8135 1/16OISO/8 
EXPF12/501/16OISO/12 
Pic0 
Coolstar 400+CryoDrive 1.5 
Coolstar 400+CryoDrive 1.5 
Coolstar 400+CryoDrive 1.5 
Coolstar 400+CryoDrive 1.5 
3000PVD 
VHS-4 
VHS-6 
VHS-250 
DIF 040L 
DIF 0631 
DIF 1001 
DIF 1601 
DIF 2501 
DIF 200 
DIF 320 
DIF 400 
DIF 500 
DIF 630 
DIF 800 

~urbomolecular+~ot& Combination 
Turbomolecular+Rotary Combination 
Turbomolecular+Rotary Combination 
Turbomolecular+Rotary Combination 
Turbomolecular+Rotary Combination 
Turbomolecular+Rotary Combination 
Turbo+Diaphragm Combination 
cry0 
cry0 
cry0 
cry0 
cry0 
Diff 
Diff 
Diff 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 

Cryogenic 
Cryogenic 
Cryogenic 
Cryogenic 
Cryogenic 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 28 Pfeiffer DIF 1000 - - - - -  
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Table D.l-  Vacuum Pump ~~ecifications Based on Manufacturers' Data - continued 

Pump Pump Pump Pump Pump 
No. Mfr Model Type catiory 
29 Varian M-4 Diff Diffusion 
30 Varian 
31 Varian 
32 Edwards 
33 Edwards 
34 Varian 
35 Varian 
36 Varian 
37 Varian 
38 Varian 
39 Edwards 
40 Edwards 
41 Edwards 
42 Edwards 
43 Edwards 
44 Edwards 
45 Edwards 
46 Edwards 
47 Edwards 
48 Edwards 
49 Edwards 
50 Edwards 
51 Edwards 
52 Edwards 
53 Edwards 
54 Edwards 
55 Edwards 
56 Pfeiffer 
57 Pfeiffer 
58 Pfeiffer 
59 Pfeiffer 
60 PfeSer 
61 Pfeiffer 
62 Pfeiffer 
63 Pfeiffer 
64 Pfeiffer 
65 Pfeiffer 
66 Pfeiffer 
67 Pfeiffer 
68 Pfeiffer 
69 Pfeiffer 
70 Edwards 
71 Edwards 
72 Edwards 
73 Edwards 

M-6 
VHS-10 
E050160 
SIlOO 
M-2 
HS-2 
HS-16 
HS-20 
HS-32 
Diffstak CR631150M 
Diffstak 631150M 
Diffstak CR1001300M 
Diffstak 1001300M 
Diffstak CR1601700M 
Diffstak 1601700M 
Diffstak CR25012000M 
Diffstak 25012000M 
E02K 
E04K 
E06K 
E09K 
HT10 
HT16 
HT20 
18B4A 
30B5A 
WKP 25000A 
WKP 18000A 
WKP 12000A 
WKP 6000 AD 
WKP 6000A 
WKP 4000 AD 
WKP 4000A 
WKP 8000A 
WKP 2000 AD 
WKP 1000 AD 
WKP lOOOA 
WKP 2000A 
WKP 250A 
WKP 500A 
E2M40 
E2M80 
E2M175 
E2M275 
iH600 

Diff 
Diff 
Diffusion 
Diffusion 
Diff 
Diff 
Diff 
Diff 
Diff 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Roots 
Roots 
Roots 
Roots 
Roots 
Roots 
Roots 
Roots 
Roots 
Roots 
Roots 
Roots 
Roots 
Roots 
Rotary 
Rotary 
Rotary 
Rotary 

Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Diffusion 
Roots 
Roots 
Roots 
Roots 
Roots 
Roots 
Roots 
Roots 
Roots 
Roots 
Roots 
Roots 
Roots 
Roots 
Roughing 
Roughing 
Roughing 
Roughing 

74 Edwards Rotary Roughing 
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Table D.l- Vacuum Pump ~pecificatibns Based on Manufacturers' Data - continued 
- 

Pump Pump Pump Pump Pump 
No. Mfr Model Type Catgory 
75 Edwards E2M30 Rotary Roughing 
76 Edwards 
77 Edwards 
78 Edwards 
79 Edwards 
80 Edwards 
81 Edwards 
82 Edwards 
83 Edwards 
84 Edwards 
85 Edwards 
86 Edwards 
87 Edwards 
88 Edwards 
89 Edwards 
90 Edwards 
91 Pfeiffer 
92 Pfeiffer 
93 Pfeiffer 
94 Pfeiffer 
95 Pfeiffer 
96 Pfeiffer 
97 Pfeiffer 
98 Pfeiffer 
99 Pfeiffer 
100 Pfeiffer 
101 Pfeiffer 
102 Pfeiffer 
103 Pfeiffer 
104 Pfeiffer 
105 Edwards 
106 Edwards 
107 Edwards 
108 Edwards 
109 Edwards 
110 Edwards 
111 PfeBer 
112 Pfeiffer 
113 Pfeiffer 
114 Pfeiffer 
115 Pfeiffer 
116 Pfeiffer 
117 Pfeiffer 
118 Pfeiffer 
119 Pfeiffer 

QMB5OOOF Mechanical Booster Roughing 
E2M18 
E2M18 
E2M28 
E2M30 
MlOOO 
E2M1.5 
E2M1.5 
RV3 
RV5 
RV8 
RV12 
E2M0.7 
E2M0.7 
ElM18 
Duo 016B 
Duo 0 l6BC 
Duo 035D 
Duo 035DC 
Duo 065D 
Duo 065DC 
Duo 120AC 
Duo 120A 
Duo 250AC 
Duo 250A 
Duo 2.5A 
Duo 2.5AC 
Duo 005M 
Duo OlOM 
QDP80 
iH80 
ESDP30 
ESDP12 
QDP40 
ElM18 
Uno 120A 
Uno 250A 
Uno 2.5A 
Uno 005A 
Uno 016B 
Uno 030B 
Uno 035D 
Uno 065D 
BA 25 1 

Rotary 
Mech 
Mech 
Mech 
Rotary 
Rotary 
Mech 
Rotary 
Rotary 
Rotary 
Rotary 
Mech 
Rotary 
Rotary . 
Rotary vane 
Rotary vane 
Rotary vane 
Rotary vane 
Rotary vane 
Rotary vane 
Rotary vane 
Rotary vane 
Rotary vane 
Rotary vane 
Rotary vane 
Rotary vane 
Rotary vane 
Rotary vane 
Rotary 
Rotary 
Scroll 
Scroll 
Rotary 
Mech 
Rotary vane 
Rotary vane 
Rotary vane 
Rotary vane 
Rotary vane 
Rotary vane 
Rotary vane 
Rotary vane 
Rotary vane 

Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 

120 Pfeiffer BA 501 Rotary vane Roughing 
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Table D.1- Vacuum Pump Specifications Based on Manufacturers' Data - continued 

Pump Pump Pump Pump Pump 
NO. ~ f r  MO&I ~~~e catiory 
121 Edwards ElM40 Rotary Roughing 
122 Edwards 
123 Edwards 
124 Edwards 
125 Varian 
126 Edwards 
127 Edwards 
128 Edwards 
129 Edwards 
130 Edwards 
131 Pfeiffer 
132 Edwards 
133 Edwards 
134 Edwards 
135 PfeifTer 
136 Pfeiffer 
137 Pfeiffer 
138 Edwards 
139 PfeifTer 
140 PfeifTer 
141 Edwards 
142 Edwards 
143 Edwards 
144 Edwards 
145 Edwards 
146 Edwards 
147 Trion 
148 Trion 
149 Edwards 
150 Edwards 
151 PfeifTer 
152 Pfeiffer 
153 Pfeiffer 
154 PfeifTer 
155 PfeifTer 
156 PfeifTer 
157 Edwards 
158 Pfeiffer 
159 Pfeiffer 
160 Pfeiffer 
161 Edwards 
162 Edwards 
163 Pfeiffer 
164 PfeifTer 
165 PfeifTer 

ElM80 
ElM175 
EM275 
CD 700 
Speedivac 2 
Speedivac 2 
GV80 
GV160 
E-Lab2 
UniDry 050 
GV250 
GV400 
TLAB 13-0.5 
MD 4C 
MD 4 
MD8 
TLAB 13-3 
MVP 015 
MZ 2D 
D-LAB 10-8 
D-LAB 20-8 
D-LAB 34-8 
D-LAB 10-100 
D-LAB 20-100 
D-LAB 34-100 
RotaryVane 
ProcessPump 
QMB250F 
QMB 1200F 
TPH 180 HM 
TMH 065 
TMH 260C 
TMU 260C 
TMH 260 
TMH 400 MC/T 
STP300 
TMH 520 
TMH 520C 
TMU 520C 
STP400 
STP600 
TMH 1000 
TMH 1000C/CT 
TMU 1000CICT 

~ o t &  
Rotary 
Rotary 
Mech 
Mech 
Rotaiy 
Mechanical 
Mechanical 
Rotary 
Mechanical 
Mechanical 
Mechanical 
Diaphragm 
Diaphragm 
Diaphragm 
Diaphragm 
Diaphragm 
Diaphragm 
Diaphragm 
Diaphragm 
Diaphragm 
Diaphragm 
Diaphragm 
Diaphragm 
Diaphragm 
Mech 
Mech 
Mechanical Booster 
Mechanical Booster 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 

~oughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
~oughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Roughing 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 166 PfeifTer TMH 1000 MCE Turbomolecular 
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Table D.l- Vacuum Pump Specifications Based on Manufacturers' Data - continued 

Pumo Pumo P u m ~  Pump Pump 
No. Mfr ~ o d k l  ~~~e catgory 
167 Pfeiffer TMH 1600 MCIT Turbomolecular Turbomolecular 
168 Edwards 
169 Pfeiffer 
170 Pfeiffer 
171 Pfeiffer 
172 Pfeiffer 
173 Pfeiffer 
174 Edwards 
175 Pfeiffer 
176 Pfeiffer 
177 Varian 
178 Varian 
179 Varian 
180 Varian 
181 Varian 
182 Varian 
183 Varian 
184 Pfeiffer 
185 Varian 
186 Edwards 
187 Edwards 
188 Edwards 
189 Edwards 
190 Edwards 
191 Edwards 
192 Edwards 
193 Edwards 
194 Edwards 
195 Varian 
196 Varian 
197 Edwards 
198 Edwards 
199 Edwards 

STPlOOO 
TMH 1600 
TMH 1600ClCT 
TMU 1600ClCT 
TPH 2200C 
TPU 2200C 
STP200 1 
TPH 2200 
TPH 5000 
V7OLP 
V250 
V250S 
V550 
v7001-m 
VlOOO 
V1800 
TMH 064 
V300SF 
EXT70 
EXT250 
EXT3 5 1 
E m 5 0  1 
STPH2OOC 
STPH3OOC 
STPH6OOC 
STPHlOOOC 
STPH2OOOC 
V70D 
V70 
EXT70 
EXT351 
EXT501 

Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbo 
Turbo 
Turbo 
Turbo 
Turbo 
Turbo 
Turbo 
Turbomolecular 
Turbo 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbo 
Turbo 
Turbo 
Turbo 
Turbo 

Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 
Turbomolecular 

200 Trion TurboPump Turbo Turbomolecular 
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Table D.l-  Vacuum Pump Specifications Based on Manufacturers' Data - continued 

Pump Pump Speed Pump Vacuum Pump Power Pump Weight Pump Cost Pump Volume 
No. (litrelsec) (torr4) (kg) %USD (m 

0.0359 

1 torr = 133.29 Pa 
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5 

Table D.l-  Vacuum Pump Specifications Based on Manufacturers' Data - continued 

Pump Pump Speed Pump Vacuum Pump Power Pump Weight Pump Cost Pump Volume 
No. (Iitrelsec) (torr) 0 %USD (m3) 
44 700 7E-8 1350 25.91 6834 0.0786 
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Table D.l -Vacuum Pump Specifications Based on Manufacturers' Data - continued 

Pump Pump Speed Pump Vacuum Pump Power Pump Weight Pump Cost Pump Volume 
No. Oitrelsec) (torr) (kg) %USD (m3) 

26.36 2220 0.0202 
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, 

Table D.l- Vacuum Pump Specifications Based on Manufacturers' Data - continued 

Pump Pump Speed Pump Vacuum Pump Power Pump Weight Pump Cost Pump Volume 
No. (litrehec) (torr) &8) %USD (m3) 
129 55.6 0.08 8500 230.00 0.203 1 
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Table D. l -  Vacuum Pump Specificatjons Based on Manufacturers' Data - continued 

Pump Pump Speed Pump Vacuum Pump Power Pump Weight Pump Cost Pump Volume 
No. (litretsec) (torr) 0%) %USD (m3) 
17 1 1100 7.5E-11 1000 51.00 27320 
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CMOS 12 Level Process Flow for 
Standard Earth-Based Facility 

Table E.l- CMOS 12 Level Process Flow (Standard ~arth)' 

Step 
No. Process Step Sub Process Step Sub Sub Process Step 

Clean Wafer Transport to RCA Clean 1 N-tub 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 Lithography (Mask # l  - NW) 
16 
17 
18 
19 
20 
21 N-Tub Etch 
22 
23 Strip Resist 

Grow thin oxide 

Apply photoresist 

Pattern N-Well. (Mask #1) 

Develop photoresist 

Etch oxide 

Strip photoresist 

RCA Clean 1 
Transport to RCA Clean 2 
RCA Clean 2 
Transport to furnace 
Load into furnace 
Thermal oxide growth 
Unload from furnace 
Transport to photoresist system 
Prebake wafers 
Transport to deposit resist 
Deposit resist 
Transport to softbake 
Softbake wafers 
Transport to aligner 
Expose wafer 
Transport to developer 
Develop resist 
Transport to hardbake 
Hardbake wafers 
Transport to etcher 
Etch oxide 
Transport to asher 

24 Strip photoresist 

details of the standard Earth-based process flow described in Section58 
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Table E.l-  CMOS 12 Level ~ rbcess  Flow (Standard Earth) - continued 

Step 
No. Process Step Sub Process Step Sub Sub Process Step 
25 Clean Wafer Transport to RCA Clean 
26 
27 
28 
29 Screening Oxide 
30 
3 1 
3 2 
33 N-Tub Implant 
34 
3 5 
36 
3 7 
3 8 
39 
40 
41 N-Tub Diffusion 
42 
43 
44 
45 Strip Oxide 
46 
47 Nitride 
48 
49 
50 
51 Oxide 
52 
53 
54 
55 Nitride Deposition 
56 
57 
58 
59 
60 
61 
62 
63 Lithography (Mask #2 - OD) 
64 
65 
66 
67 
68 

Grow thin oxide 

Deposit N type impurities 

DiffUse N type impurities 

Strip Oxide 

Clean Wafer 

Grow thin oxide 

Deposit nitride 

Apply photoresist 

Pattern nitride (Mask #2) 

Develop photoresist 

RCA clean 1 
Transport to RCA Clean 2 
RCA Clean 2 
Transport to furnace 
Load into furnace 
Thermal oxide growth 
Unload from furnace 
Transport cassette to implanter 
Transport to loadlock 
hmpdown loadlock 
Transport to implant chamber 
Implant n type 
Transport to loadlock 
hmpup  loadlock 
Transport to cassette 
Transport to furnace 
Load into furnace 
Diffuse impurities 
Unload from furnace 
Transport to oxide strip 
Strip oxide 
Transport to RCA Clean 
RCA Clean 1 
Transport to RCA Clean 2 
RCA Clean 2 
Transport to furnace 
Load into furnace 
Thermal oxide growth 
Unload from furnace 
Transport to CVD chamber 
Deposit nitride 
Transport to photoresist system 
Prebake wafers 
Transport to deposit resist 
Deposit resist 
Transport to softbake 
Softbake wafers 
Transport to aligner 
Expose wafer 
Transport to developer 
Develop resist 
Transport to hardbake 
Hardbake wafers 

69 Nitride Etch Etch nitride Transport to etcher 
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Table E.1- CMOS 12 Level process Flow (Standard Earth) - continued 

NO. Process Step Sub Process Step Sub Sub Process Step 
Etch nitride 

7 1 Strip Resist 
72 
73 Channel Stop 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 Lithography (Mask #3 - 

NwI) 
84 
85 
86 
87 
88 
89 Oxide Etch 
90 
9 1 Channel Stop Implant 
92 
93 
94 
95 
96 
97 
98 
99 Anti-Punch-Through 
100 
101 
102 
103 
104 
105 
106 
107 Strip Resist 
108 
109 Field Oxide 
110 
11 1 
112 

Strip photoresist 

Clean Wafer 

Apply photoresist 

Pattern oxide (Mask #3) 

Develop photoresist 

Etch oxide 

Deposit P type impurities 

Deposit P type impurities 

Strip photoresist 

Clean Wafer 

Grow thick oxide 

Transport to asher 
Strip photoresist 
Transport to RCA Clean 
RCA Clean 1 
Transport to RCA Clean 2 
RCA Clean 2 
Transport to photoresist system 
Prebake wafers 
Transport to deposit resist 
Deposit resist 
Transport to softbake 
Softbake wafers 
Transport to aligner 

Expose wafer 
Transport to developer 
Develop resist 
Transport to hardbake 
Hardbake wafers 
Transport to etcher 
Etch oxide 
Transport cassette to implanter 
Transport to loadlock 
Pumpdown loadlock 
Transport to implant chamber 
Implant p type 
Transport to loadlock 
Pumpup loadlock 
Transport to cassette 
Transport cassette to implanter 
Transport to loadlock 
Pumpdown loadlock 
Transport to implant chamber 
Implant p type 
Transport to loadlock 
Pumpup loadlock 
Transport to cassette 
Transport to asher 
Strip photoresist 
Transport to RCA Clean 
RCA Clean 1 
Transport to RCA Clean 2 
RCA Clean 2 
Trans~ort to furnace 1 13 Field Oxidation 
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Table E. l -  CMOS 12 Level ~rbcess  Flow (Standard Earth) - continued 

Step 
No. Process Step Sub Process Step Sub Sub Process Step 
114 Load into furnace 
115 
116 
117 Etchback 
118 
119 
120 
121 
122 
123 
124 
125 Gate 
126 
127 
128 
129 Gate Oxidation 
130 
131 
132 
133 
134 
135 
136 
137 Screening Poly 
138 
13 9 Threshold Adjust Implant 
140 
14 1 
142 
143 
144 
145 
146 
147 Gate Poly 
148 
149 
150 
151 
152 
153 
154 
155 Lithography (Mask #4 - PS) 
156 
157 
158 
159 

Etch oxide 

Strip thin oxide on nitride 

Strip nitride 

Strip pad oxide 

Clean Wafer 

Grow thin oxide 

Clean Wafer 

Deposit polysilicon 

Deposit P type impurities 

Deposit polysilicon 

Apply photoresist 

Thermal oxide growth 
Unload from furnace 
Transport to etcher 
Etch oxide 
Transport to HF dip 
HF dip to remove oxide 
Transport to etcher 
Etch nitride 
Transport to oxide strip 
Strip oxide 
Transport to RCA Clean 
RCA Clean 1 
Transport to RCA Clean 2 
RCA Clean 2 
Transport to furnace 
Load into furnace 
Thermal oxide growth 
Unload from furnace 
Transport to RCA Clean 
RCA Clean 1 
Transport to RCA Clean 2 
RCA Clean 2 
Transport to CVD chamber 
Deposit polysilicon 
Transport cassette to implanter 
Transport to loadlock 
Pumpdown loadlock 
Transport to implant chamber 
Implant p type 
Transport to loadlock 
Pumpup loadlock 
Transport to cassette 
Transport to CVD chamber 
Deposit polysilicon 
Transport to photoresist system 
Prebake wafers 
Transport to deposit resist 
Deposit resist 
Transport to softbake 
softbake wafers 

Pattern polysilicon (Mask #4) Transport to aligner 
Expose wafer 

Develop photoresist Transport to developer 
Develow resist 
~rans ior t  to hardbake 
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Table E.l- CMOS 12 Level Ptocess Flow (Standard Earth) - continued 

Step 
NO. Process Step Sub Process Step Sub Sub Process Step 
160 Hardbake wafers 
161 Poly Etch 
162 
163 Strip Resist 
164 
165 N-S/D 
166 
167 
168 
169 
170 
171 
172 
173 
174 

Etch polysilicon Transport to etcher 
Etch polysilicon 

Strip photoresist Transport to asher 
Strip photoresist 

Clean Wafer Transport to RCA Clean 
RCA Clean 1 
Transport to RCA Clean 2 
RCA Clean 2 

Apply photoresist Transport to photoresist system 
Prebake wafers 
Transport to deposit resist 
Deposit resist 
Transport to softbake 
Softbake wafers 

175 Lithography (Mask #5 - SN) Pattern N sourcetdrain (Mask Transport to aligner 
#5)  

176 
177 
178 
179 
180 
181 N-LDD Implant 
182 
183 
184 
185 
186 
187 
188 
189 Spacer 
190 
191 
192 
193 Oxide 
194 
195 Anisotropic Etch 
196 
197 Screening Oxide 
198 
199 
200 
20 1 
202 
203 
204 

Expose wafer 
Develop photoresist Transport to developer 

Develop resist 
Transport to hardbake 
Hardbake wafers 

Deposit N type impurities Transport cassette to implanter 
Transport to loadlock 
Pumpdown loadlock 
Transport to implant chamber 
Implant n type 
Transport to loadlock 
Pumpup loadlock 
Transport to cassette 

Clean Wafer Transport to RCA Clean 
RCA Clean 1 
Transport to RCA Clean 2 
RCA Clean 2 

Deposit oxide Transport to CVD chamber 
Deposit oxide 

Etch oxide Transport to etcher 
Etch oxide 

Grow thin oxide Transport to furnace 
Load into furnace 
Thermal oxide growth 
Unload from furnace 

Apply photoresist Transport to photoresist system 
Prebake wafers 
Transport to deposit resist 
Deposit resist 
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s 

Table E. l -  CMOS 12 Level Process Plow (Standard Earth) - continued 

step 
No. Process Step Sub Process Step Sub Sub Process Step 

Transport to softbake 205 
206 
207 Lithography (Mask #5 - SN) 

208 
209 
2 10 
211 
212 
2 13 N Source/Drain Implant 
2 14 
215 
2 16 
217 
218 
219 
220 
22 1 Strip Resist 
222 
223 P-S/D 
224 
225 
226 
227 
228 
229 
230 
23 1 
232 
233 Lithography (Mask #6 - SP) 

234 
235 
236 
237 
238 
239 P Source~Drain Implant 
240 
24 1 
242 
243 
244 
245 
246 
247 

Strip photoresist 

Clean Wafer 

Apply photoresist 

Softbake wafers 
Pattern N source/drain (Mask Transport to aligner 
#5) 

Expose wafer 
Develop photoresist Transport to developer 

Develop resist 
Transport to hardbake 
Hardbake wafers 

Deposit N type impurities Transport cassette to implanter 
Transport to loadlock 
Pumpdown loadlock 
Transport to implant chamber 
Implant n type 
Transport to loadlock 
Pumpup loadlock 
Transport to cassette 
Transport to asher 
Strip photoresist 
Transport to RCA Clean 
RCA Clean 1 
Transport to RCA Clean 2 
RCA Clean 2 
Transport to photoresist system 
Prebake wafers 
Transport to deposit resist 
Deposit resist 
Transport to softbake 
Softbake wafers 

Pattern P sourceldrain (Mask Transport to aligner 
#6) 

Expose wafer 
Develop photoresist Transport to developer 

Develop resist 
Transport to hardbake 
Hardbake wafers 

Deposit P type impurities Transport cassette to implanter 
Transport to loadlock 
Pumpdown loadlock 
Transport to implant chamber 
Implant p type 
Transport to loadlock 
Pumpup loadlock 
Transport to cassette 

Strip photoresist  rans sport to asher 
248 Strip photoresist 
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Table E.1- CMOS 12 Level ~rdcess Flow (Standard Earth) - continued 

Step 
NO. ~rocess step Sub Process Step Sub Sub Process Step 
249 Anneal P and N type implant Transport to rapid thermal 

250 
251 Contacts 
252 
253 
254 
255 Oxide 
256 
257 Reflow 
258 
259 
260 
26 1 
262 
263 
264 
265 
266 
267 Lithography (Mask #7 - CO) 
268 
269 
270 
27 1 
272 
273 Oxide Etch 
274 
275 Strip Resist 
276 
277 Metal 1 
278 
279 
280 
28 1 A1 Deposition 
282 
283 
284 
285 
286 
287 
288 
289 Lithography (Mask #8 - IN) 
290 

damage 

Clean Wafer 

Deposit oxide 

Reflow oxide 

Apply photoresist 

Pattern oxide (Mask #7) 

Develop photoresist 

Etch oxide 

Strip photoresist 

Clean Wafer 

Deposit aluminum 

Apply photoresist 

processor 
Anneal damage 
Transport to RCA Clean 
RCA Clean 1 
Transport to RCA Clean 2 
RCA Clean 2 
Transport to CVD chamber 
Deposit oxide 
Transport to furnace 
Load into furnace 
Reflow oxide 
Unload from furnace 
Transport to photoresist system 
Prebake wafers 
Transport to deposit resist 
Deposit resist 
Transport to softbake 
Softbake wafers 
Transport to aligner 
Expose wafer 
Transport to developer 
Develop resist 
Transport to hardbake 
Hardbake wafers 
Transport to etcher 
Etch oxide 
Transport to asher 
Strip photoresist 
Transport to RCA Clean 
RCA Clean 1 
Transport to RCA Clean 2 
RCA Clean 2 
Transport to sputter chamber 
Deposit aluminum 
Transport to photoresist system 
Prebake wafers 
Transport to deposit resist 
Deposit resist 
Transport to softbake 
Softbake wafers 

Pattern aluminum (Mask #8) Transport to aligner 
Expose wafer 

Develop photoresist Transport to developer 
292 Develop resist 
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Table E. l -  CMOS 12 Level Prdcess Flow (Standard Earth) - continued 
-- 

Step 
NO. Process Step Sub Process Step Sub Sub Process Step 

Transport to hardbake 
294 
295 A1 Etch 
296 
297 
298 
299 Planarize 
300 
301 
302 
303 Plasma Oxide 
304 
305 Resist Spin-On 
306 
307 
308 
309 
3 10 
311 Etchback 
3 12 
3 13 
3 14 
315 Vias 
3 16 
3 17 
3 18 
319 
320 
321 
3 22 
323 
324 
325 Lithography (Mask #9 - 

COS) 
326 
327 
328 
329 
330 
33 1 Oxide Etch 
332 
333 Strip Resist 
334 
335 Metal 2 
336 
337 

Etch aluminum 

Strip photoresist 

Clean Wafer 

Deposit thick oxide 

Apply photoresist 

Etch oxide and photoresist 

Strip photoresist 

Clean Wafer 

Apply photoresist 

Pattern oxide (Mask #9) 

Develop photoresist 

Etch oxide 

Strip photoresist 

Clean Wafer 

Hardbake wafers 
Transport to etcher 
Etch aluminum 
Transport to asher 
Strip photoresist 
Transport to RCA Clean 
RCA Clean 1 
Transport to RCA Clean 2 
RCA Clean 2 
Transport to CVD chamber 
Deposit oxide 
Transport to photoresist system 
Prebake wafers 
Transport to deposit resist 
Deposit resist 
Transport to softbake 
Sofibake wafers 
Transport to etcher 
Etch oxide and photoresist 
Transport to asher 
Strip photoresist 
Transport to RCA Clean 
RCA Clean 1 
Transport to RCA Clean 2 
RCA Clean 2 
Transport to photoresist system 
Prebake wafers 
Transport to deposit resist 
Deposit resist 
Transport to softbake 
Softbake wafers 
Transport to aligner 

Expose wafer 
Transport to developer 
Develop resist 
Transport to hardbake 
Hardbake wafers 
Transport to etcher 
Etch oxide 
Transport to asher 
Strip photoresist 
Transport to RCA Clean 
RCA Clean 1 
Transport to RCA Clean 2 
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Table E.l-  CMOS 12 Level Prbcess Plow (Standard Earth) - continued 
- 

Steu 
NO: Process Step Sub Process Step Sub Sub Process Step 
338 RCA Clean 2 
339 A1 Deposition 
340 
341 
342 
343 
344 
345 
346 
347 Lithography (Mask # 10 - 

INS) 
348 
349 
350 
35 1 
352 
353 AlEtch 
354 
355 Strip Resist 
3 56 
357 

358 
359 
360 
361 Package 
362 
363 
364 
365 
366 
367 
368 
369 
370 
371 
372 
373 

Deposit aluminum Transport to sputter chamber 
Deposit aluminum 

Apply photoresist Transport to photoresist system 
Prebake wafers 
Transport to deposit resist 
Deposit resist 
Transport to softbake 
Softbake wafers 

Pattern aluminum (Mask # 10) Transport to aligner 

Develop photoresist 

Etch aluminum 

Strip photoresist 

Anneal to form ohmic 
contacts 

Clean Wafer 

Deposit cover glass 

Apply photoresist 

Pattern cover glass openings 
(Mask #11) 

Expose wafer 
Transport to developer 
Develop resist 
Transport to hardbake 
Hardbake wafers 
Transport to etcher 
Etch aluminum 
Transport to asher 
Strip photoresist 
Transport to furnace 

Load into furnace 
Anneal 
Unload from furnace 
Transport to RCA Clean 
RCA Clean 1 
Transport to RCA Clean 2 
RCA Clean 2 
Transport to CVD chamber 
Deposit oxide 
Transport to photoresist system 
Prebake wafers 
Transport to deposit resist 
Deposit resist 
Transport to softbake 
Softbake wafers 
Transport to aligner 

Expose wafer 
Transport to developer 
Develop resist 
Transport to hardbake 
Hardbake wafers 

Develop photoresist 

Etch cover glass Transport to etcher 
3 80 Etch oxide 
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Table E.l- CMOS 12 Level Pkocess Flow (Standard Earth) - continued 

Step 
NO. Process Step Sub Process Step Sub Sub Process Step 
381 Strip photoresist Transport to asher 
382 Strip photoresist 
383 Final wafer clean Transport to RCA Clean 
384 RCA Clean 1 
3 85 Transport to RCA Clean 2 
386 RCA Clean 2 

Table E.2 - CMOS 12 Level Process Row Input Parameters (Standard Earth) 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO. (mm) a )  (IC) (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 

1 200 101300 288 . INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
RCA-SC1 WETBENCH 

15 INTRAPROCESS WETBENCH 
TRANSPORT-B 
ATCH 
RCA-SC2 WETBENCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

600 INTRAPROCESS FURNACE-BA 
TRANSPORT-B TCH 
ATCH 
GROW-S102 FURNACE-BA 

TCH 
1200 INTRAF'ROCESS FURNACE-BA 

TRANSPORT-B TCH 
ATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

1500 PREBAKE PHOTORESIST 
SYSTEM 

15 TNTRAPROCESS PHOTORESIST 
TRANSPORT-W -SYSTEM 
AFER 
DEPOSIT-RESIS PHOTORESIST 
T SYSTEM 
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Table E.2 - CMOS 12 Level Process Flow' Input Parameters (Standard Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No. (mm) (Pa) (K) (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
13 200 101300 288 15 INTiRAPROCESS PHOTORESIST 

TRANSPORT-W -SYSTEM 
AFER 

14 200 101300 288 1500 SOFTBAKE PHOTORESIST 
SYSTEM 

15 200 101300 288 INTERPROCESS -INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

16 200 101300 288 PATTERN_LITH LITHO-DSW 
0-DSW 

17 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

18 200 101300 288 1200 HARDBAKE DEVELOP-SYS 
TEM 

19 200 101300 288 15 INTRAPROCESS DEVELOP-SYS 
TRANSPORT-W TEM 
AFER 

20 200 101300 288 1E-06 DEVELOP-RESI DEVELOP-SY S 
ST TEM 

21 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

22 200 101300 288 1E-07 PLASMAETCH- PLASMA-ETC 
S102 HER 

23 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

24 200 101300 288 1E-06 STRIP-RESIST ASHER 
1 25 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 

26 200 101300 288 RCA-SC1 WETBENCH 
27 200 101300 288 15 INTRAPROCESS WETBENCH 

TRANSPORT-B 
ATCH 

28 200 101300 288 RCA-SC2 WETBENCH 
29 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 

30 200 101300 288 600 INTRAPROCESS FURNACEBA 
TRANSPORT-B TCH 
ATCH 
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Table E.2 - CMOS 12 Level Process Plow* Input Parameters (Standard Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No. mm a m 
31 200 101300 288 5E-08 GROW-SIO2 FURNACE-BA 

TCH 
1200 INTRAPROCESS FURNACE-BA 

TRANSPORT-B TCH 
ATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

15 INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 
VACUUMPUMP ION-IMPLANT 
DOWN ER 
INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 
ION-IMPLANT- ION-IMPLANT 
N-1 5OkeV ER 
INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 

5 VACUUMPUMP ION-IMPLANT 
UP ER 

15 INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

600 INTRAPROCESS FURNACE-BA 
TRANSPORT-B TCH 
ATCH 

9000 DIFFUSE-IMPL FURNACE-BA 
ANT TCH 

1200 INTRAF'ROCESS FURNACE-BA 
TRANSPORT-B TCH 
ATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
S102 HER 
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Table E.2 - CMOS 12 Level Process Flow input Parameters (Standard Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Stew Size Press Temw Thk Press (atoms Time 
NO: (mm) (Pa) 0- (m) (Pa) km2) (sec) ProcessName ProcessEquip 
47 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 
RCA SC1 WETBENCH 
~ R O C E S S  WETBENCH 
TRANSPORT-B 
ATCH 
RCA SC2 WETBENCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
INTRAPROCESS FURNACE-BA 
TRANSPORT-B TCH 
ATCH 
GROW-S102 FURNACE-BA 

TCH 
INTRAPROCESS FURNACE-BA 
TRANSPORT-B TCH 
ATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-SI3N4 PLASMA-CVD 

SYSTEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PREBAKE PHOTORESIST 

SYSTEM 
INTRAPROCESS PHOTORESIST 
TRANSPORT-W -SYSTEM 
AFER 
DEPOSIT-RESIS PHOTORESIST 
T SYSTEM 
INTRAPROCESS PHOTORESIST 
TRANSPORT-W -SYSTEM 
AFER 
SOFTBAKE PHOTORESIST 

SYSTEM 
INTERPROCESS -INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN-LITH LITHO-DS W 
0 DSW 
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Table E.2 - CMOS 12 Level Process Flow input Parameters (Standard Earth) - continued 
-- -- 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO. (mm) (Pa) (K)- (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
65 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 
HARDBAKE DEVELOP-SY S 

TEM 
INTRAPROCESS DEVELOP-SYS 
TRANSPORT-W TEM 
AFER 
DEVELOP-RESI DEVELOP-SY S 
ST TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
SI3N4 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
STRIP-RESIST ASHER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
RCA SCl WETBENCH 
~ R O C E S S  WETBENCH 
TRANSPORT-B 
ATCH 
RCA-SC2 WETBENCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PREBAKE PHOTORESIST 

SYSTEM 
INTRAPROCESS PHOTORESIST 
TRANSPORT-W -SYSTEM 
AFER 
DEPOSIT-RESIS PHOTORESIST 
T SYSTEM 
INTRAPROCESS PHOTORESIST 
TRANSPORT-W -SYSTEM 
AFER 
SOFTBAKE PHOTORESIST 

SYSTEM 
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Table E.2 - CMOS 12 Level Process PIOW' Input Parameters (Standard Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO. (mm) (Pa) 0- (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
83 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN-LITH LITHO-DSW 
0 DSW 
IG~ERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

1200 HARDBAKE DEVELOP-SYS 
TEM 

15 INTRAPROCESS DEVELOP-SY S 
TRANSPORT-W TEM 
AFER 
DEVELOP-RESI DEVELOP-SY S 
ST TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

15 INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 
VACUUMPUMP ION-IMPLANT 
DOWN ER 
INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 
ION-IMPLANT- ION-IMPLANT 
P-l6keV ER 
INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 

5 VACUUMPUMP ION-IMPLANT 
UP ER 

15 INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
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Table E.2 - CMOS 12 Level Process Flow Input Parameters (Standard Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No. (mm) (Pa) CK) (m) (Pa) lcm2) (sec) ProcessName ProcessEquip 
100 200 101300 288 15 INTRAPROCESS ION-IMPLANT - 

TRANSPORT-W ER 
AFER 
VACUUMPUMP ION-IMPLANT 
DOWN ER 
INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 
ION_IMPLANT_ ION-IMPLANT 
P-18OkeV ER 
INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 
VACUUMPUMP ION-IMPLANT 
UP ER 
INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
STRIP-RESIST ASHER 
INTERPROCES S INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
RCA-SC1 WETBENCH 
INTRAPROCESS WETBENCH 
TRANSPORT-B 
ATCH 
RCA SC2 WETBENCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
INTRAPROCESS FURNACE-B A 
TRANSPORT-B TCH 
ATCH 
GROW-SIO2-W FURNACE-BA 
ET TCH 
INTRAPROCESS FURNACE-BA 
TRANSPORT-B TCH 
ATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
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Table E.2 - CMOS 12 Level Process Flow Input Parameters (Standard Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO. (mm) (Pa) (K)- (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
118 200 101300 288 5E-07 PLASMAETCH PLASMA ETC 

INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

60 HEDIP WETBENCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
SI3N4 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
RCA-SC1 WETBENCH 

15 INTRAPROCESS WETBENCH 
TRANSPORT-B 
ATCH 
RCA-SC2 WETBENCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

600 INTRAPROCESS FURNACE-BA 
TRANSPORT-B TCH 
ATCH 
GROW-S102 FURNACE-BA 

TCH 
1200 INTRAPROCESSFURNACE-BA 

TRANSPORT-B TCH 
ATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
RCA-SC 1 WETBENCH 

15 INTRAPROCESS WETBENCH 
TRANSPORT-B 
ATCH 
RCA SC2 WETBENCH 
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Table E.2 - CMOS 12 Level Process FloW Input Parameters (Standard Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No* (mm) (Pa) (K) (m) (Pa) /cmz) (sec) ProcessName ProcessEquip 
137 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-POLYSI PLASMA-CVD 

SYSTEM 
INTERPROCESS MTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

15 INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 
VACUUMPUMP ION-IMPLANT 
DOWN ER 
INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 
ION-IMPLANT- ION-IMPLANT 
P-45keV ER 
INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 

5 VACUUMPUMP ION-IMPLANT 
UP ER 

15 INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-POLY SI PLASMA-CVD 

SYSTEM 
INTERPROCESS MTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

1500 PREBAKE PHOTORESIST 
SYSTEM 

15 INTRAPROCESS PHOTORESIST 
TRANSPORT-W -SYSTEM 
AFER 
DEPOSIT-RESIS PHOTORESIST 
T SYSTEM 

15 INTRAPROCESS PHOTORESIST 
TRANSPORT-W -SYSTEM 
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Table E.2 - CMOS 12 Level Process Flow Input Parameters (Standard Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No. (mm) (Pa) (K) (m) (Pa) /cm2) (see) ProcessName ProcessEquip 
154 200 101300 288 1500 SOFTBAKE PHOTORESIST 

SYSTEM 
155 200 101300 288 INTERPROCESS -&TERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 

156 200 101300 288 PATTERN-LITH LITHO-DSW 
0-DSW 

157 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

158 200 101300 288 1200 HARDBAKE DEVELOP-SYS 
TEM 

159 200 101300 288 15 INTRAPROCESS DEVELOP-SYS 
TRANSPORT-W TEM 
AFER 

160 200 101300 288 1E-06 DEVELOP-RESI DEVELOP-SYS 
ST TEM 

161 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

162 200 101300 288 5E-07 PLASMAETCH- PLASMA-ETC 
POLYSI HER 

163 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

164 200 101300 288 1E-06 STRIP-RESIST ASHER 
165 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 

166 200 101300 288 RCA-SC1 WETBENCH 
167 200 101300 288 15 INTRAPROCESS WETBENCH 

TRANSPORT-B 
ATCH 

168 200 101300 288 RCA SC2 WETBENCH 
169 200 101300 288 INTE~~ROCESS INTEWROCES 

TRANSPORT-C SCONVEYOR 
A S S E r n  

170 200 101300 288 1500 PREBAKE PHOTORESIST 
SYSTEM 

171 200 101300 288 15 INTRAPROCESS PHOTORESIST 
TRANSPORT-W -SYSTEM 
AFER 

172 200 101300 288 1E-06 DEPOSIT-RESIS PHOTORESIST 
T SYSTEM 
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I 

Table E.2 - CMOS 12 Level Process Flow Input Parameters (Standard Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO. (mm) (Pa) (K) (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
173 200 101300 288 15 INTRAPROCESS PHOTORESIST 

TRANSPORT-W -SYSTEM 
AFER 
SOFTBAKE PHOTORESIST 

SYSTEM 
~ R P R O C E S S  - ~ R P R O C E S  
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN-LITH LITHOODSW 
0-DS W 
INTERPROCES S INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
HARDBAKE DEVELOP-SY S 

TEM 
INTRAPROCESS DEVELOP-SYS 
TRANSPORT-W TEM 
AFER 
DEVELOP-RESI DEWLOP-SY S 
ST TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 
VACUUMPUMP ION-IMPLANT 
DOWN ER 
INTR4PROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 
ION IMPLANT- ION-IMPLANT 
~ - 1 6 O k e ~  ER 
INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 
V A C W U M P  ION-IMPLANT 
UP ER 
INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
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Table E.2 - CMOS 12 Level Process Flow hput Parameters (Standard Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
I%. (mm) (Pa) O() (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
190 200 101300 288 RCA-SC1 WETBENCH 

INTRAPROCESS WETBENCH 
TRANSPORT-B 
ATCH 
RCA-SC2 WETBENCH 
INTERPROCES S INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-S102 PLASMA-CVD 

SYSTEM 
INTERPROCESS -INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
INTRAPROCESS FURNACE-BA 
TRANSPORT-B TCH 
ATCH 
GROW-SI02 FURNACE-BA 

TCH 
INTRAPROCESS FURNACE-BA 
TRANSPORT-B TCH 
ATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PREBAKE PHOTORESIST 

SYSTEM 
INTRAPROCESS PHOTORESIST 
TRANSPORT-W -SYSTEM 
AFER 
DEPOSIT-RESIS PHOTORESIST 
T SYSTEM 
INTRAPROCESS PHOTORESIST 
TRANSPORT-W -SYSTEM 
AFER 
SOFTBAKE PHOTORESIST 

SYSTEM 
INTERPROCESS -INTERPROCES 
TRANSPORT C SCONVEYOR - 
ASSETTE 
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Table E.2 - CMOS 12 Level Process Flow &put Parameters (Standard Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose 

Step Size Press Temp Thk Press (atoms 
No. (mm) (Pa) 09 (m) (Pa) /cm2) 
208 200 101300 288 

Process 
Time 
(sec) ProcessName ProcessEquip 

PATTERN-LITH LITI-IO-DSW 
0 DSW 
~ R P R O C E S S  INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
HARDBAKE DEVELOP-SY S 

TEM 
INTRAPROCESS DEVELOP-SY S 
TRANSPORT-W TEM 
AFER 
DEVELOP-RESI DEVELOP-SYS 
ST TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 
VACUUMPUMP ION-IMPLANT 
DOWN ER 
INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 
ION_IMPLANT_ ION-IMPLANT 
N lOOkeV ER 
IGTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 
VACUUMPUMP ION-IMPLANT 
UP ER 
INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 
INTERPROCES S INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
STRIP-RESIST ASHER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
RCA-SC1 WETBENCH 
INTRAPROCESS WETBENCH 
TRANSPORT-B 
ATCH 
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Table E.2 - CMOS 12 Level Process Flow3 Input Parameters (Standard Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk 
NO. (mm) (Pa) (K) (m) 
226 200 101300 288 

Press (atoms Time 
(Pa) /cm2) (sec) ProcessName ProcessEquip 

RCA SC2 WETBENCH 
NI~~RPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PREBAKE PHOTORESIST 

SYSTEM 
INTRAPROCESS PHOTORESIST 
TRANSPORT-W -SYSTEM 
AFER 
DEPOSIT-RESIS PHOTORESIST 
T SYSTEM 
INTRAPROCESS PHOTORESIST 
TRANSPORT-W -SYSTEM 
AFER 
SOFTBAKE PHOTORESIST 

SYSTEM 
INTERPROCESS - ~ R P R O C E S  
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN-LITH LITHO-DSW 
0-DSW 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
HARDBAKE DEVELOP-SYS 

TEM 
INTRAPROCESS DEVELOP-SYS 
TRANSPORT-W TEM 
AFER 
DEVELOP-RESI DEVELOP-SYS 
ST TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 
VACUUMPUMP ION-IMPLANT 
DOWN ER 
INTRAPROCESS ION-IMPLANT 
TRANSPORT-W ER 
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Table E.2 - CMOS 12 Level Process Flow Input Parameters (Standard Earth) - continued 
-- 

Dep.1 Desired Implant ~esired- 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No. (mm) a )  (K) (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
243 200 1.33E- 288 1.33E-05 3E+15 ION-IMPLANT- ION-IMPLANT 

05 P-30keV ER 
244 200 1.33E- 288 1.33E-05 INTRAF'ROCESS ION-IMPLANT 

05 TRANSPORT-W ER 
AFER 

245 200 1.33E- 288 101300 5 VACUUMPUMP ION-IMPLANT 
05 UP ER 

246 200 101300 288 15 INTRAF'ROCESS ION-IMPLANT 
TRANSPORT-W ER 
AFER 

247 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

248 200 101300 288 1E-06 STRIP-RESIST ASHER 
249 200 101300 288 INTERPROCESS NIERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 

250 200 101300 288 30 ANNEAL-IMPL RTP-SYSTEM 
ANT 

251 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

252 200 101300 288 RCA SC1 WETBENCH 
253 200 101300 288 15 INTI&ROCESS WETBENCH 

TRANSPORT-B 
ATCH 

254 200 101300 288 RCA SC2 WETBENCH 
255 200 101300 288 INT~RPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 

256 200 101300 288 3E-07 PECVD-S102 PLASMA CVD 
SYSTEM 

257 200 101300 288 INTERPROCESS ~TERPROCES 
TRANSPORT-C SCONVEYOR 
ASSElTE 

258 200 101300 288 600 INTRAPROCESS FURNACE-BA 
TRANSPORT-B TCH 
ATCH 

1800 REFLOW-OXID FURNACE-BA 
E TCH 

1200 INTRAPROCESS FURNACE-BA 
TRANSPORT B TCH 
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Table E.2 - CMOS 12 Level Process  low' Input Parameters (Standard Earth) - continued 

DepJ Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No* (mm) (Pa) (K) (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
261 200 101300 288 INTERPROCES S INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 

1500 PREBAKE PHOTORESIST 
SYSTEM 

15 INTRAPROCESS PHOTORESIST 
TRANSPORT-W -SYSTEM 
AFER 
DEPOSIT-RESIS PHOTORESIST 
T SYSTEM 

15 INTRAPROCESS PHOTORESIST 
TRANSPORT-W -SYSTEM 
AFER 

1500 SOFTBAKE PHOTORESIST 
SYSTEM 

INTERPROCESS ~ ~ R P R O C E S  
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN-LITH LITHO-DS W 
0-DS W 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCQNVEY OR 
ASSETTE 

1200 HARDBAKE DEVELOP-SYS 
TEM 

15 INTRAF'ROCESS DEVELOP-SY S 
TRANSPORT-W TEM 
AFER 
DEVELOP-RESI DEVELOP-SY S 
ST TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
STRIP-RESIST ASHER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

278 200 101300 288 RCA SC1 WETBENCH 
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, 
Table E.2 - CMOS 12 Level Process Flow Input Parameters (Standard Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
~i (mm) (Pa) 0- (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
279 200 101300 288 15 INTRAPROCESS WETBENCH 

TRANSPORT-B 
ATCH 
RCA SC2 WETBENCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
SPUTTER-AL SPUTTER-SYS 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

1500 PREBAKE PHOTORESIST 
SYSTEM 

15 INTRAPROCESSFHOTORESIST 
TRANSPORT-W -SYSTEM 
AFER 
DEPOSIT-RESIS PHOTORESIST 
T SYSTEM 

15 INTRAPROCESS FHOTORESIST 
TRANSPORT-W -SYSTEM 
AFER 

1500 SOFTBAKE PHOTORESIST 
SYSTEM 

INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN-LITH LITHO-DS W 
0-D S W 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

1200 HARDBAKE DEVELOP-SYS 
TEM 

15 INTRAPROCESS DEVELOP-SY S 
TRANSPORT-W TEM 
AFER 
DEVELOP-RESI DEVELOP-SY S 
ST TEM 
INTERPROCE S S INTERPROCE S 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
AL HER 
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Table E.2 - CMOS 12 Level Process Flow Input Parameters (Standard Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO: (mm) (Pa) 0- (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
297 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 
STRIP-RESIST ASHER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSE'ITE 
RCA SC1 WETBENCH 
INTGWROCESS WETBENCH 
TRANSPORT-B 
ATCH 
RCA-SC2 WETBENCH 
INTERPROCES S INTERPROCE S 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-S102 PLASMA-CVD 

SYSTEM 
INTERPROCESS ~NTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PREBAKE PHOTORESIST 

SYSTEM 
15 INTRAPROCESS PHOTORESIST 

TRANSPORT-W -SYSTEM 
AFER 
DEPOSIT-RESIS PHOTORESIST 
T SYSTEM 

15 INTRAPROCESS PHOTORESIST 
TRANSPORT-W -SYSTEM 
AFER 

1500 SOFTBAKE PHOTORESIST 
SYSTEM 

INTERPROCESS - ~ R P R O C E S  
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCES S INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
STRIP-RESIST ASKER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSE'ITE 
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Table E.2 - CMOS 12 Level Process Flow' Input Parameters (Standard Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO. (mm) (Pa) - (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
316 200 101300 288 RCA SC1 WETBENCH 

TRANSPORT-B 
ATCH 
RCA-SC2 WETBENCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PREBAKE PHOTORESIST 

SYSTEM 
INTRAPROCESS PHOTORESIST 
TRANSPORT-W -SYSTEM 
AFER 
DEPOSIT-RESIS PHOTORESIST 
T SYSTEM 
INTRAPROCESS PHOTORESIST 
TRANSPORT-W -SYSTEM 
AFER 
SOFTl3AKE PHOTORESIST 

SYSTEM 
INTERPROCESS -INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN-LITH LITHO-DSW 
0-D S W 
MTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
HARDBAKE DEVELOP-SY S 

TEM 
INTRAPROCESS DEVELOP-SYS 
TRANSPORT-W TEM 
AFER 
DEVELOP-RESI DEVELOP-SY S 
ST TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

334 200 101300 288 1E-06 STRIP RESIST ASHER 
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Table E.2 - CMOS 12 Level Process Flow' Input Parameters (Standard Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
~i (mm) (Pa) 0- (m) (Pa) ;cm2) (sec) ProcessName ProcessEquip 
335 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 
RCA SC1 WETBENCH 
~ R O C E S S  WETBENCH 
TRANSPORT-B 
ATCH 
RCA SC2 WETBENCH 
INTE~RPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
SPUTTER-& SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PREBAKE PHOTORESIST 

SYSTEM 
INTRAPROCESS PHOTORESIST 
TRANSPORT-W -SYSTEM 
AFER 
DEPOSIT-RESIS PHOTORESIST 
T SYSTEM 
INTRAPROCESS PHOTORESIST 
TRANSPORT-W -SYSTEM 
AFER 
SOFTBAKE PHOTORESIST 

SYSTEM 
INTERPROCESS ~ ~ R P R O C E S  
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN-LITH LITHO-DS W 
0-DS W 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
HARDBAKE DEVELOP-SYS 

TEM 
INTRAPROCESS DEVELOP-SY S 
TRANSPORT-W TEM 
AFER 

1E-06 DEVELOP-RESI DEVELOP-SY S 
ST TEM 
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Table E.2 - CMOS 12 Level Process Flow 'input Parameters (Standard Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO. (mm) @a) OC; (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
353 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
AL HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
STRIP-RESIST ASHER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSE'ITE 

300 INTRAPROCESSFURNACE-BA 
TRANSPORT-B TCH 
ATCH 

1800 ANNEAL-AL FURNACE-BA 
TCH 

600 INTRAPROCESS FURNACE-BA 
TRANSPORT-B TCH 
ATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
RCA SCl WETBENCH 

15 ~ R O C E S S  WETBENCH 
TRANSPORT-B 
ATCH 
RCA SC2 WETBENCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-SI02 PLASMA-CVD 

SYSTEM 
INTERPROCESS -INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

1500 PREBAKE PHOTORESIST 
SYSTEM 

15 INTRAPROCESS PHOTORESIST 
TRANSPORT-W -SYSTEM 
AFER 
DEPOSIT-RESIS PHOTORESIST 
T SYSTEM 
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Table E.2 - CMOS 12 Level Process Flow Input Parameters (Standard Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO. (mm) (Pa) 0- (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
371 200 101300 288 15 INTRAPROCESS PHOTORESIST 

TRANSPORT-W -SYSTEM 
AFER 
SOFTBAKE PHOTORESIST 

SYSTEM 
INTERPROCESS ~NTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN-LITH LITI-IO-DS W 
0 DSW 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
HARDBAKE DEVELOP-SY S 

TEM 
INTRAPROCESS DEVELOP-SY S 
TRANSPORT-W TEM 
AFER 
DEVELOP-RESI DEVELOP-SYS 
ST TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C .SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
STRIP-RESIST ASHER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
RCA-SC1 WETBENCH 
INTRAPROCESS WETBENCH 
TRANSPORT-B 
ATCH 
RCA SC2 WETBENCH 



Appendix F 

Sample Results for CMOS 12 Level 
Process Flow for Standard Earth-Based 
Fabrication Facility 

In order to aid the reader in understanding the calculations pedormed by the 

numerical process model, the results for a subset of the CMOS 12 level process flow 

shown in Table E.l, consisting of steps 1 through 46 (all of the steps to form the N 

tub of layer 1) are shown in Table F. 1. 

Table F.l- Sample Results for CMOS 12 Level Process Flow (Standard Earth) 

Process Process 
Step Batch Process Time Incremental Temperature Pressure 
No. ProcessType Size (sec) Process Time (sec) ( K) (Pa) 

1 TRANSPORT 24 307.8787879 12.82828283 288 101300 
2 CLEAN 50 1954.8 39.096 353 101300 
3 TRANSPORT 24 15 0.625 288 101300 
4 CLEAN 50 1954.8 39.096 353 101300 
5 TRANSPORT 24 307.8787879 12.82828283 288 101300 
6 TRANSPORT 24 600 25 288 101300 
7 DEPOSIT 120 2880.000034 24.00000028 1373 101300 
8 TRANSPORT 24 1200 50 288 101300 
9 TRANSPORT 24 307.8787879 12.82828283 288 101300 
10 THERMAL 24 1500 62.5 373 101300 
11 TRANSPORT 1 15 15 288 101300 
12 DEPOSIT 24 479.9999988 19.99999995 288 101300 
13 TRANSPORT 1 15 15 288 101300 
14 THERMAL 24 1500 62.5 373 101300 
15 TRANSPORT 24 307.8787879 12.82828283 288 101300 
16 PATTERNTRANSFER 1 72 72 288 101300 
17 TRANSPORT 24 307.8787879 12.82828283 288 101300 

results for the process flow described in Table 5.18 
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Table N.1- Sample Results for CMOS 12 Level Process Flow (Standard Earth) - continued 

Step Batch Process Time 
NO. ProcessType Size (sec) 
18 THERMAL 24 1200 
19 TRANSPORT 
20 ETCH 
21 TRANSPORT 
22 ETCH 
23 TRANSPORT 
24 ETCH 
25 TRANSPORT 
26 CLEAN 
27 TRANSPORT 
28 CLEAN 
29 TRANSPORT 
30 TRANSPORT 
31 DEPOSIT 
32 TRANSPORT 
33 TRANSPORT 
34 TRANSPORT 
35 PRESSURECHANGE 
36 TRANSPORT 
37 DOPE 
38 TRANSPORT 
39 PRESSURECHANGE 
40 TRANSPORT 
41 TRANSPORT 
42 TRANSPORT 
43 THERMAL 
44 TRANSPORT 
45 TRANSPORT 
46 ETCH 

Process Process 
Incremental Temperature Pressure 

Process Time (sec) ( K) @'a) 
50 393 101300 

Table P.1- Sample Results for CMOS 12 Level Process Flow (Standard Earth) - continued 

Base Incremental Incremental Incremental Incremental Incremental 
Step Pressure Pump Wafer Mass Material Mass Doping Energy Process Energy 
No. (Pa) Energy (4 Energy (J) Energy (J) (4 

0 
(4 

1 101300 0 0 0 0 
2 101300 0 1665.279776 6866990.08 0 0 
3 101300 0 0 0 0 0 
4 101300 0 1665.279776 4623400.64 0 0 
5 101300 0 0 0 0 0 
6 101300 0 0 0 0 0 
7 101300 0 83392.08723 1138.627734 0 0 
8 101300 0 0 0 0 0 
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Table F.l- Sample Results for CMOS 12 Level Process Flow (Standard Earth) - continued 
-- 

Base Incremental Incremental Incremental Incremental Incremental 
Step Pressure Pump Wafer Mass Material Mass Doping Energy Process Energy 
No. a )  Energy (J) Energy (J) Enerpy (J) (J) (J) 
9 101300 0 0 0 
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Table F.1- Sample Results for CMOS $2 Level Process Flow (Standard Earth) - continued 

Incremental Incremental 
Step MatllMass Matl2Mass 
No. MatllName MatllType (kg) MatlZName MatlZType 

0 
(kg) 
0 1 

2 DIWATER LIQUID 
3 
4 DIWATER LIQUID 
5 
6 
7 N2 GAS 
8 
9 
10 
11 
12 PHOTORESIST LIQUID 
13 
14 
15 
16 
17 
18 
19 
20 PHOTORESIST LIQUID 

DEVELOPER 
2 1 
22 CF4 GAS 
23 
24 0 2  GAS 
25 
26 DIWATER LIQUID 
27 
28 DIWATER LIQUID 
29 
30 
31 N2 GAS 
32 
3 3 
34 
3 5 
36 
37 pH3 GAS 
3 8 
3 9 
40 
4 1 
42 
43 N2 GAS 
44 

22.5 HF 
0 

15.25 HCl 
0 
0 

0.000894456 0 2  
0 
0 
0 
0 

0.0017 
0 
0 
0 
0 
0 
0 
0 

6.283 19E-08 DIWATER 

0 
0.000186142 

0 
1.93394E-05 

0 
22.5 HF 

0 
15.25 HCl 

0 
0 

0.000447228 0 2  
0 
0 
0 
0 
0 

8.85376E-05 
0 
0 
0 
0 
0 

0.002795 174 

LIQUID 

LIQUID 

GAS 

LIQUID 

LIQUID 

LIQUID 

GAS 
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Table F. l-  Sample Results for CMOS 12 Level Process Flow (Standard Earth) - continued 

Incremental Incremental 
Step MatllMass MatMMass 
No. MatllName MatllType (kg) Matl2Name Matl2Type 
45 0 

(kg) 
0 

46 CF4 GAS 0.000186142 0 

Table F.1- Sample Results for CMOS 12 Level Process Flow (Standard Earth) - continued 

Incremental Incremental 
Step Matl3Mass Matl4Mass 
No. Matl3Name Matl3Type (kg) Matl4Name Matl4Type 

1 0 
(kg) 

H202 LIQUID 1 
0 

H202 LIQUID 0.875 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

H202 1 
0 

H202 0.875 
0 
0 
0 
0 
0 
0 
0 

LIQUID 

LIQUID 

0 
NH4OH LIQUID 1 

0 
GAS 0.001 184539 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

40H LIQUID 1 
0 

GAS 0.001 184539 
0 
0 
0 
0 
0 
0 
0 
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Table F.l- Sample Results for CMOS 12 ~ d v e l  Process Flow (Standard Earth) - continued 

Incremental Incremental 
Step Matl3Mass Matl4Mass 
No. MatDName Matl3Type (kg) Matl4Name Matl4Type 
36 0 

(kg) 
0 
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Material Properties 

Table G.l- Material Properties 

MATERIAL MW CP-PHASE1 PHASE TRANS TRANS CP-PHASE2 PHASE 
(glmole) (kJlkg-KC) -PHASE1 -TEMP -ENERGY (kJIkg-K) -PHASE2 

SiH4 
pH3 
N2 
DI WATER 
HF 
H202 
NH40H 
HC1 
0 2  
PhotoResist 
PhotoResist 
Developer 
BF3 
NH3 
N20 
He 
SF6 
CF4 
BC13 
C12 
'41 
Ar 
C4H8 
CARBON 

32.118 1.333956037 GAS 
33.998 1.17812784 GAS 
28.014 1.0416 GAS 
18.015 4.184 LIQUID 

4.184 LIQUID 
4.184 LIQUID 
4.184 LIQUID 
4.184 LIQUID 

31.998 0.9216 GAS 
4.184 LIQUID 
4.184 LIQUID 

67.805 0.946933978 GAS 9999 
17.031 2.177 GAS 9999 
44.013 0.922 GAS 9999 
4.003 5.1926 GAS 9999 
146.054 0.937881388 GAS 9999 
88.003 0.941275197 GAS 9999 
117.17 0.636072121 GAS 9999 
70.906 0.48 GAS 9999 

0.9 SOLID 657 
39.948 0.5203 GAS 9999 
56.108 1.7 GAS 9999 

0.711 SOLID 9999 

2259 1.8723 GAS 
2259 1.8723 GAS 
2259 1.8723 GAS 
2259 1.8723 GAS 
2259 1.8723 GAS 

2259 1.8723 GAS 
2259 1.8723 GAS 
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Equipment Parameters 
Table H. l -  Equipment Types 

Equipment 
- NO. EquipmentName Equipment Description EquipmentType 

1 PHOTORESIST system for depositing organic uhotoresist DEPOSIT - - 
SYSTEM 

PLASMA-CVD system for plama enhanced chemical vapor 
- SYSTEM deposition 
SPUTTER-SYSTEM system for sputter deposition 
LITHO-D SW direct step on wafer lithographic system 

LITHO-DSW-193 direct step on wafer lithpgraphic system using 
193 nm exposure 

ASMER system for plasma etching of organic photoresist 
DEVELOP-SYSTEM develop track for organic photoresist 
PLASMA-ETCHER system for plasma etching 
ION-IMPLANTER system for implanting P and N type ions 
FURNACE-BATCH horizontal furnace for batch thermal processes 
RTP_SYSTEM system rapid thermal processing for single 

wafers 
INTERPROCESS conveyor for wafer cassette transport between 
CONVEYOR separate equipment 
WETBENCH system for batch wet cleaning 

DEPOSIT 

DEPOSIT 
PATTERN 
TRANSFER - 
PATTERN 
- TRANSFER 

ETCH 
ETCH 
ETCH 
DOPE 

THERMAL 
THERMAL 

TRANSPORT 

CLEAN 

Table H.2 - Equipment Parameters 

Equipment Mass Volume ChamberVolume Cost RatedPower Wafersize 
No. (kg) (m3) (m3) WSW (w) (mm) 

1 300 0.8 $750,000 5000 200 



Appendix I 

CMOS 12 Level Process Flow for Dry 
Space-Based Facility 

Table 1.1 - CMOS 12 Level Process Flow (Dry space)' 

NO: Process Step Sub Process Step Sub Sub Process Step 
1 N-tub Clean Wafer Transport to dry clean process 

Grow thin oxide 

Apply inorganic two layer 
resist 

13 
14 Lithography (Mask # l  - NW) Pattern N-Well. (Mask #1) 
15 

Develop two level resist 

19 Strip Resist Strip top layer of resist 

~emove  organ& 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to furnace 
Load into furnace 
Thermal oxide growth 
Unload from furnace 
Transport to resist system 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to top resist layer 
deposit system 
Deposit top layer (AlOx) resist 
Transport to aligner 
Expose wafer 
Transport to plasma etch system 
Plasma etch unexposed Al 
Plasma etch exposed amorphous 
carbon 
Transport to ion mill process 
Remove top resist layer AlOx 

7 details of the dry space-based process flow described in Chapter 7 
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Table 11 - CMOS 12 ~eve1'~rocess Plow (Dry Space) - continued 

Step 
No. Process Step Sub Process Step Sub Sub Process Step 
21 N-Tub Etch Etch oxide Transport to etcher 
22 
23 
24 
25 
26 
27 
28 Screening Oxide 
29 
30 
3 1 
32 N-Tub Implant 
33 
34 N-Tub Diffusion 
3 5 
36 
37 
38 Strip Oxide 
3 9 
40 Nitride 
4 1 
42 
43 
44 
45 Oxide 
46 
47 
48 
49 Nitride Deposition 
50 
5 1 

54 
55 Lithography (Mask #2 - OD) 
56 
57 
58 
59 

60 Strip Resist 
6 1 

Clean Wafer 

Grow thin oxide 

Deposit N type impurities 

Diffuse N type impurities 

Strip Oxide 

Clean Wafer 

Grow thin oxide 

Deposit nitride 

Apply inorganic two layer 
resist 

Pattern nitride (Mask #2) 

Develop two level resist 

Strip top layer of resist 

Etch oxide 
Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to furnace 
Load into furnace 
Thermal oxide growth 
Unload from furnace 
Transport cassette to implanter 
Implant n type 
Transport to m a c e  
Load into furnace 
Diffuse impurities 
Unload from furnace 
Transport to oxide strip 
Strip oxide 
Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to furnace 
Load into furnace 
Thermal oxide growth 
Unload from furnace 
Transport to CVD chamber 
Deposit nitride 
Transport to resist system 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to top resist layer 
deposit system 
Deposit top layer (AlOx) resist 
Transport to aligner 
Expose wafer 
Transport to plasma etch system 
Plasma etch unexposed A1 
Plasma etch exposed amorphous 
carbon 
Transport to ion mill process 
Remove top resist layer AlOx 

62 Nitride Etch Etch nitride Transport to etcher 
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Table L l  - CMOS 12 ~ e v k l  Process Flow (Dry Space) - continued 

Step 
No. Process Step Sub Process Step Sub Sub Process Step 
63 Etch nitride 
64 Channel Stop 
65 
66 
67 
68 
69 

Clean Wafer 

Apply inorganic two layer 
resist 

73 Lithography (Mask #3 - NWI) Pattern oxide (Mask #3) 
74 

78 Strip Resist 
79 
80 Oxide Etch 
81 
82 Channel Stop Implant 
83 
84 Anti-Punch-Through Implant 
85 
86 Field Oxide 
87 
88 
89 
90 
9 1 Field Oxidation 
92 
93 
94 
95 Etchback 
96 
97 
98 
99 
100 
101 Gate 
102 
103 

Develop two level resist 

Strip top layer of resist 

Etch oxide 

Deposit P type impurities 

Deposit P type impurities 

Clean Wafer 

Grow thick oxide 

Etch oxide 

Strip nitride 

Strip pad oxide 

Clean Wafer 

Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to resist system 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to top resist layer 
deposit system 
Deposit top layer (AlOx) resist 
Transport to aligner 
Expose wafer 
Transport to plasma etch system 
Plasma etch unexposed Al 
Plasma etch exposed amorphous 
carbon 
Transport to ion mill process 
Remove top resist layer AlOx 
Transport to etcher 
Etch oxide 
Transport cassette to implanter 
Implant p type 
Transport cassette to implanter 
Implant p type 
Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to furnace 
Load into furnace 
Thermal oxide growth 
Unload from furnace 
Transport to etcher 
Etch oxide 
Transport to etcher 
Etch nitride 
Transport to oxide strip 
Strip oxide 
Transport to dry clean process 
Remove organics 
Remove oxide 

104 Transport to ion mill process 



Appendix I. CMOS 12 Level Process Flow for Dty Space-Based Facility 

, 
Table L1- CMOS 12 Level Process Flow (Dry Space) - continued 

Step 
No. Process Step Sub Process Step Sub Sub Process Step 
105 Remove metals & particles 
106 Gate Oxidation 
107 
108 
109 
110 
11 1 
112 
113 
114 
1 15 Screening Poly 
116 
117 Threshold Adjust Implant 
118 
1 19 Gate Poly 
120 
121 

124 
125 Lithography (Mask #4 - PS) 
126 
127 
128 
129 

130 Strip Resist 
13 1 
132 Poly Etch 
133 
134 N-S/D 
135 
136 
137 
138 
139 

Grow thin oxide 

Clean Wafer 

Deposit polysilicon 

Deposit P type impurities 

Deposit polysilicon 

Apply inorganic two layer 
resist 

Transport to furnace 
Load into furnace 
Thermal oxide growth 
Unload from furnace 
Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to CVD chamber 
Deposit polysilicon 
Transport cassette to implanter 
Implant p type 
Transport to CVD chamber 
Deposit polysilicon 
Transport to resist system 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to top resist layer 
deposit system 
~eposi t  top layer (AlOx) resist 

Pattern polysilicon (Mask #4) ~ r & s ~ o r t t o  aiign& 
Emose wafer 

Develop two level resist 

Strip top layer of resist 

Etch polysilicon 

Clean Wafer 

Apply inorganic two layer 
resist 

~ r k s ~ o r t  to plasma etch system 
Plasma etch unexposed A1 
Plasma etch exposed amorphous 
carbon 
Transport to ion mill process 
Remove top resist layer AlOx 
Transport to etcher 
Etch polysilicon 
Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to resist system 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to top resist layer 
deposit system 

142 Deposit top layer (AlOx) resist 
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1 

Table 1.1 - CMOS 12 Level Process Flow (Dry Space) - continued 

Step 
~i Process Step Sub Process Step Sub Sub Process Step 
143 Lithography (Mask #5 - SN) Pattern N sourceldrain (Mask Transport to aligner 

148 N-LDD Implant 
149 
150 Spacer 
151 
152 
153 
154 
155 Oxide 
156 
157 Anisotropic Etch 
158 
159 Screening Oxide 
160 
161 
162 
163 

166 
167 Lithography (Mask #5 - SN) 

172 Strip Resist 
173 
174 N SourceDrain Implant 
175 
176 P-S/D 
177 
178 
179 

#5) 

Develop two level resist 

Deposit N type impurities 

Clean Wafer 

Deposit oxide 

Etch oxide 

Grow thin oxide 

Apply inorganic two layer 
resist 

Expose wafer 
Transport to plasma etch system 
Plasma etch unexposed Al 
Plasma etch exposed amorphous 
carbon 
Transport cassette to implanter 
Implant n type 
Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to CVD chamber 
Deposit oxide 
Transport to etcher 
Etch oxide 
Transport to furnace 
Load into furnace 
Thermal oxide growth 
Unload from furnace 
Transport to resist system 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to top resist layer 
deposit system 
Deposit top layer (AlOx) resist 

Pattern N sourceldrain (Mask Transport to aligner 
#5) 

Expose wafer 
Develop two level resist Transport to plasma etch system 

Plasma etch unexposed A1 
Plasma etch exposed amorphous 
carbon 

Strip top layer of resist Transport to ion mill process 
Remove top resist layer AlOx 

Deposit N type impurities Transport cassette to implanter 
Implant n type 

Clean Wafer Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
~emove metals & ~arhcles 
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, 
Table L1-  CMOS 12 Level Process Plow (Dry Space) - continued 

Step 
No. Process Step Sub Process Step Sub Sub Process Step 
181 Apply inorganic two layer Transport to resist system 

resist 
182 Deposit bottom layer (amorphous 

carbon) resist 
183 Transport to top resist layer 

deposit system 
184 Deposit top layer (AlOx) resist 
185 Lithography (Mask #6 - SP) Pattern P sourceldrain (Mask Transport to aligner 

#6) 
186 Expose wafer 
187 Develop two level resist Transport to plasma etch system 
188 Plasma etch unexposed Al 
189 Plasma etch exposed amorphous 

carbon 
190 Strip Resist Strip top layer of resist Transport to ion mill process 
191 Remove top resist layer AlOx 
192 P SourceDrain Implant Deposit P type impurities Transport cassette to implanter 
193 Implant p type 
194 Strip bottom layer of resist Transport to dry clean process 
195 Remove organics 
196 Anneal P and N type implant Transport to rapid thermal 

damage processor 
197 Anneal damage 
198 Contacts Clean Wafer Transport to dry clean process 
199 Remove organics 
200 Remove oxide 
20 1 Transport to ion mill process 
202 Remove metals & particles 
203 Oxide Deposit oxide Transport to CVD chamber 
204 Deposit oxide 
205 Reflow Reflow oxide Transport to furnace 
206 Load into furnace 
207 Reflow oxide 
208 Unload from furnace 
209 Apply inorganic two layer Transport to resist system 

resist 
210 Deposit bottom layer (amorphous 

carbon) resist 
211 Transport to top resist layer 

deposit system 
212 Deposit top layer (AlOx) resist 
213 Lithography (Mask #7 - CO) Pattern oxide (Mask #7) Transport to aligner 
214 Exwose wafer 
215 Develop two level resist ~ r k s ~ o r t  to plasma etch system 
216 Plasma etch unexposed Al 
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, 
Table L l  - CMOS 12 Level Process Flow (Dry Space) - continued 

N; Process Step Sub Process Step Sub Sub Process Step 
217 Plasma etch exposed amorphous 

218 Strip Resist 
219 
220 Oxide Etch 
22 1 
222 Metal 1 
223 
224 
225 
226 
227 Al Deposition 
228 
229 

Strip top layer of resist 

Etch oxide 

Clean Wafer 

Deposit aluminum 

Apply inorganic two layer 
resist 

233 Lithography (Mask #8 - IN) Pattern aluminum (Mask #8) 

carbon 
Transport to ion mill process 
Remove top resist layer AlOx 
Transport to etcher 
Etch oxide 
Transport to dry clean process 
Remove organics 
Remove oxide 

238 Strip resist 
239 
240 Al Etch 
24 1 
242 Planarize 
243 
244 
245 
246 
247 Plasma Oxide 
248 
249 Resist Spin-On 

251 Etchback 
252 
253 Vias 
254 

Develop two level resist 

Strip top layer of resist 

Etch aluminum 

Clean Wafer 

Deposit thick oxide 

Apply bottom level only 
inorganic two layer resist 

Etch oxide and resist 

Clean Wafer 

Transport to ion mill process 
Remove metals & particles 
Transport to sputter chamber 
Deposit aluminum 
Transport to resist system 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to top resist layer 
deposit system 
Deposit top layer (AlOx) resist 
Transport to aligner 
Expose wafer 
Transport to plasma etch system 
Plasma etch unexposed Al 
Plasma etch exposed amorphous 
carbon 
Transport to ion mill process 
Remove top resist layer AlOx 
Transport to etcher 
Etch aluminum 
Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to CVD chamber 
Deposit oxide 
Transport to resist system 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to etcher 
Etch oxide and resist 
Transport to dry clean process 
Remove organics 

255 Remove oxide 
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Table 1.1 - CMOS 12 Level process Flow (Dry Space) - continued 

Step 
No. Process Step Sub Process Step Sub Sub Process Step 
256 Transport to ion mill process 

Remove metals & particles 
Transport to resistsystem Apply inorganic two layer 

resist 

26 1 
262 Lithography (Mask #9 - COS) Pattern oxide (Mask #9) 
263 
264 Develop two level resist 
265 
266 

267 Strip Resist 
268 
269 OxideEtch 
270 
271 Metal 2 
272 
273 
274 
275 
276 Al Deposition 
277 
278 

Strip top layer of resist 

Etch oxide 

Clean Wafer 

Deposit aluminum 

Apply inorganic two layer 
resist 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to top resist layer 
deposit system 
Deposit top layer (AlOx) resist 
Transport to aligner 
Expose wafer 
Transport to plasma etch system 
Plasma etch unexposed Al 
Plasma etch exposed amorphous 
carbon 
Transport to ion mill process 
Remove top resist layer AlOx 
Transport to etcher 
Etch oxide 
Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to sputter chamber 
Deposit aluminum 
Transport to resist system 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to top resist layer 
deposit system 

281 ~ i ~ o s i t  tbp layer (AlOx) resist 
282 Lithography (Mask #10 - INS) Pattern aluminum (Mask #lo) Transport to aligner 
283 Expose wafer 
284 Develop two level resist Transport to plasma etch system 
285 Plasma etch unexposed Al 
286 Plasma etch exposed amorphous 

carbon 
287 Strip Resist Strip top layer of resist Transport to ion mill process 
288 Remove top resist layer AlOx 
289 Al Etch Etch aluminum Transport to etcher 
290 Etch aluminum 
29 1 Transport to dry clean process 
292 Remove organics 
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I 

Table L1-  CMOS 12 Level Process Flow (Dry Space) - continued 

Step 
No. Process Step Sub Process Step Sub Sub Process Step 
293 Anneal to form ohmic Transport to furnace 

contacts 
294 
295 
296 
297 Package 
298 
299 
300 
301 
302 
303 
304 

3 13 Strip resist 
3 14 
3 15 
3 16 
3 17 
3 18 
3 19 
320 
32 1 

Clean Wafer 

Deposit cover glass 

Apply inorganic two layer 
resist 

Load into furnace 
Anneal 
Unload from furnace 
Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to CVD chamber 
Deposit oxide 
Transport to resist system 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to top resist layer 
deposit system 
~ e ~ o s i t  top layer (AlOx) resist 

Pattern cover glass openings Transport to aligner 
(Mask # 1 1) 

Expose wafer 
Develop two level resist Transport to plasma etch system 

Plasma etch unexposed Al 
Plasma etch exposed amorphous 
carbon 

Strip top layer of resist Transport to ion mill process 
Remove top resist layer AlOx 

Etch cover glass Transport to etcher 
Etch oxide 

Final wafer clean Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
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Table 1.2 - CMOS 12 Level Process Plow Input Parameters (Dry Space) 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No. (mm) (Pa) (K) (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
1 200 1.33E- 288 NIERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSE'ITE 
PLASMAETCH- PLASMA-ETC 
ORGANICS-SP HER 
ACE 
PLASMAETCH- PLASMA-ETC 
S102 SPACE HER 
INTE-WROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

60 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
GROW-SI02-SP FURNACEBA 
ACE TCH 

120 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSE'ITE 
PECVD-CARBO PLASMA-CVD 
N-SPACE SYSTEM 
INTERPROCESS -INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
SPUTTER ALO SPUTTER-SYS 
X-SPACE- TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN-LITH LITHO-DS W-1 
0-DSW-193 93 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

17 200 1.33E- 288 4.00E- PLASMAETCH- PLASMA-ETC 
05 08 AL SPACE HER 
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Table L2 - CMOS 12 Level Process Flow Input Parameters (Dry Space) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO. (mm) a )  (K) (m) a )  /cm2) (sec) ProcessName ProcessEquip 
18 200 1.33E- 288 1.00E- PLASMAETCH PLASMA ETC - 

05 06 ORGANICS SP- HER - 
ACE 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SYS 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
SI02-SPACE HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS-SP HER 
ACE 
PLASMAETCH- PLASMA-ETC 
SI02-SPACE HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

60 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
GROW-SIO2-SP FURNACE-BA 
ACE TCH 

120 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

5.00E+ ION-lMPLANT_ ION-IME'LANT 
15 N 15OkeV-SPA ER 

cE 
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Table 12 - CMOS 12 Level Process Flow Input Parameters (Dry Space) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO. (mm) (Pa) (Kj (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
34 200 1.33E- 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 

60 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 

9000 DIFFUSE-IMPL FURNACE-BA 
ANT SPACE TCH 

120 INT&PROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
SIO2-SPACE HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS-SP HER 
ACE 
PLASMAETCH- PLASMA-ETC 
SIO2-SPACE HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEY OR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCES S INTERPROCES 
TRANSPORT-C S CONVEYOR 
ASSETTE 

60 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
GROW-SI02-SP FURNACE-BA 
ACE TCH 

120 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
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Table L2 - CMOS 12 Level Process Plow Input Parameters (Dry Space) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No. (mm) (Pa) (K) (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
50 200 1.33E- 288 1.50E- PECVRSI3N4- PLASMA-CVD 

05 07 SPACE SYSTEM 
51 200 1.33E- 288 INTERPROCESS -INTERPROCES 

05 TRANSPORT-C SCONVEYOR 
ASSETTE 

52 200 1.33E- 288 1.00E- PECVD-CARBO PLASMA-CVD 
05 06 N-SPACE SYSTEM 

53 200 1.33E- 288 INTERPROCESS -~ITERPROCES 
05 TRANSPORT-C SCONVEYOR 

ASSETTE 
54 200 1.33E- 288 4.00E- SPUTTER ALO SPUTTER-SYS 

05 08 X-SPACE- TEM 
55 200 1.33E- 288 INTERPROCESS INTERPROCES 

05 TRANSPORT-C SCONVEYOR 
ASSETTE 

56 200 1.33E- 288 PATTERN_LITH LITHO-DS W-1 
05 0-DSW-193 93 

57 200 1.33E- 288 INTERPROCESS INTERPROCES 
05 TRANSPORT-C SCONVEYOR 

ASSETTE 
58 200 1.33E- 288 4.00E- PLASMAETCH- PLASMA-ETC 

05 08 ALSPACE HER 
59 200 1.33E- 288 1.00E- PLASMAETCH- PLASMA-ETC 

05 06 ORGANICS-SP HER 
ACE 

60 200 1.33E- 288 INTERPROCESS INTERPROCES 
05 TRANSPORT-C SCONVEYOR 

ASSETTE 
61 200 1.33E- 288 4.00E- ION-MILL SPUTTER-SY S 

05 08 TEM 
62 200 1.33E- 288 INTERPROCESS INTERPROCES 

05 TRANSPORT-C SCONVEYOR 
ASSETTE 

63 200 1.33E- 288 1.50E- PLASMAETCH- PLASMA-ETC 
05 07 SI3N4-SPACE HER 

64 200 1.33E- 288 INTERPROCESS INTERPROCES 
05 TRANSPORT-C SCONVEYOR 

ASSETTE 
65 200 1.33E- 288 1.00E- PLASMAETCH- PLASMA-ETC 

05 06 ORGANICS-SP HER 
ACE 

66 200 1.33E- 288 1.00E- PLASMAETCH- PLASMA-ETC 
05 07 S102 SPACE HER 
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Table 12 - CMOS 12 Level Process ~ l d w  Input Parameters (Dry Space) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No. (mm) (Pa) (K) (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
67 200 1.33E- 288 INTERPROCESS INTERPROCES 

05 TRANSPORT-C SCONVEYOR 
ASSETTE 

68 200 1.33E- 288 1.00E- ION-MILL SPUTTER-SY S 
05 08 TEM 

69 200 1.33E- 288 INTERPROCESS INTERPROCES 
05 TRANSPORT-C SCONVEY OR 

ASSETTE 
70 200 1.33E- 288 1.00E- PECVD-CARBO PLASMA-CVD 

05 06 N-SPACE SYSTEM 
71 200 1.33E- 288 INTERPROCESS -INTERPROCES 

05 TRANSPORT-C SCONVEYOR 
ASSETTE 

72 200 1.33E- 288 4.00E- SPUTTER ALO SPUTTER-SYS 
05 08 x SPACE- TEM 

73 200 1.33E- 288 *RPROCESS INTERPROCES 
05 TRANSPORT-C SCONVEYOR 

ASSETTE 
74 200 1.33E- 288 PATTERN LITH LITHOPSW-1 

05 0-DSW-193 93 
75 200 1.33E- 288 INTERPROCESS INTERPROCES 

05 TRANSPORT-C SCONVEYOR 
ASSETTE 

76 200 1.33E- 288 4.00E- PLASMAETCH- PLASMA-ETC 
05 08 AL-SPACE HER 

77 200 1.33E- 288 1.00E- PLASMAETCH- PLASMA-ETC 
05 06 ORGANICS-SP HER 

ACE 
78 200 1.33E- 288 INTERPROCESS INTERPROCES 

05 TRANSPORT-C SCONVEYOR 
ASSETTE 

79 200 1.33E- 288 4.00E- ION-MILL SPUTTER-SY S 
05 08 TEM 

80 200 1.33E- 288 INTERPROCESS INTERPROCES 
05 TRANSPORT-C SCONVEYOR 

ASSETTE 
81 200 1.33E- 288 1.00E- PLASMAETCH- PLASWETC 

05 07 SI02-SPACE HER 
82 200 1.33E- 288 INTERPROCESS INTERPROCES 

05 TRANSPORT-C SCONVEYOR 
ASSETTE 

83 200 1.33E- 288 5.00E+ ION IMPLANT ION-IMPLANT 
05 13 P 1 6 k e ~  SPACE ER 
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Table L2 - CMOS 12 Level Process FI&V Input Parameters (Dry Space) - continued 
-- 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO. (mm) (Pa) (K)- (m) (Pa) /cmZ) (sec) ProcessName ProcessEquip 
84 200 1.33E- 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 

8.00E+ ION-IMPLANT ION-IMPLANT 
P - ~ ~ o ~ ~ v - s P A C  ER 
E 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH PLASMA-ETC 
ORGANICS-SP HER 
ACE 
PLASMAETCH- PLASMA-ETC 
SI02-SPACE HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

60 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
GROW-SI02-W FURNACEBA 
ET-SPACE TCH 

120 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
SI02-SPACE HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
SI3N4-SPACE HER 
INTERPROCESS INTERPROCES 
TRANSPORT C SCONVEYOR - 
ASSETTE 
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Table 12 - CMOS 12 Level Process Flow Input Parameters (Dry Space) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No. (mm) (Pa) (K) (m) (Pa) /cm2) (sec) ProcessName ProcessEquiy 
100 200 1.33E- 288 2.50E- PLASMAETCH- PLASMA-ETC 

SIO2-SPACE HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS-SP HER 
ACE 
PLASMAETCH- PLASMA-ETC 
SI02-SPACE HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

60 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
GROW-SIO2-SP FURNACE-BA 
ACE TCH 

120 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS-SP HER 
ACE 
PLASMAETCH- PLASMA-ETC 
SI02-SPACE HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
A S S E r n  
ION-MILL SPUTTER-SYS 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD POLYSI PLASMA-CVD 
SPACE SYSTEM 
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Table L2 - CMOS 12 Level Process Fldw Input Parameters (Dry Space) - continued 
-- 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO. mm) a) ; 
117 200 1.33E- 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 

9.00E+ ION-IMPLANT- ION-IMPLANT 
11 P-45keV-SPACE ER 

INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVDPOLY SI PLASMA-CVD 
- SPACE SYSTEM 
INTERPROCESS -~ERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-CARBO PLASMA-CVD 
N-SPACE SYSTEM 
INTERPROCESS -INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
SPUTTER a 0  SPUTTER-SYS 
X-SP ACE- TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN LITH LITHRDS W-1 
o-Dsw-~<~ 93 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
AL-SPACE HER 
PLASMAETCH- PLASMA-ETC 
ORGANICS-SP HER 
ACE 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH PLASMA ETC 
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Table I.2 - CMOS 12 Level Process F ~ O W  Input Parameters (Dry Space) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No. (mm) (Pa) (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
134 200 1.33E- 288 INTERPROCESS INTERPROCES 

05 TRANSPORT-C SCONVEYOR 
ASSETTE 

135 200 1.33E- 288 1.00E- PLASMAETCH- PLASMA-ETC 
05 06 ORGANICS-SP HER 

ACE 
136 200 1.33E- 288 1.00E- PLASMAETCH- PLASMA-ETC 

05 07 S102 SPACE HER 
137 200 1.33E- 288 INTE-RPROCESS 'INTERPROCES 

05 TRANSPORT-C SCONVEYOR 
ASSETTE 

138 200 1.33E- 288 1.00E- ION-MILL SPUTTER-SYS 
05 08 TEM 

139 200 1.33E- 288 INTERPROCESS INTERPROCES 
05 TRANSPORT-C SCONVEYOR 

ASSETTE 
140 200 1.33E- 288 1.00E- PECVD-CARBO PLASMA-CVD 

05 06 N-SPACE SYSTEM 
141 200 1.33E- 288 INTERPROCESS - ~ ~ R P R O C E S  

05 TRANSPORT-C SCONVEYOR 
ASSETTE 

142 200 1.33E- 288 4.00E- SPUTTER ALO SPUTTER-SYS 
05 08 X-SP ACE- TEM 

143 200 1.33E- 288 INTERPROCESS INTERPROCES 
05 TRANSPORT-C SCONVEYOR 

ASSETTE 
144 200 1.33E- 288 PATTERN-LITH LITHO-DS W-1 

05 0-DSW-193 93 
145 200 1.33E- 288 INTERPROCESS INTERPROCES 

05 TRANSPORT-C SCONVEYOR 
ASSETTE 

146 200 1.33E- 288 4.00E- PLASMAETCH- PLASMA-ETC 
05 08 AL-SPACE HER 

147 200 1.33E- 288 1.00E- PLASMAETCH- PLASMA-ETC 
05 06 ORGANICS-SP HER 

ACE 
148 200 1.33E- 288 INTERPROCESS INTERPROCES 

05 TRANSPORT-C SCONVEYOR 
ASSETTE 

149 200 1.33E- 288 2.00E+ ION-IMPLANT- ION-IMPLANT 
05 13 N-100keV-SPA ER 

CE 
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Table 12 - CMOS 12 Level Process F ~ O W  Input Parameters (Dry Space) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Ster, Size Press Temr, Thk Press (atoms Time 
NO. (mm) (Pa) (K)- (m) (Pa) lcm2) (sec) ProcessName ProcessEquip 
150 200 1.33E- 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMQTC 
ORGANICS-SP HER 
ACE 
PLASMAETCH- PLASMA-ETC 
S102 SPACE HER 
INTETRPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
MTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-SI02-S PLASMA-CVD 
PACE SYSTEM 
INTERPROCESS - ~ R P R O C E S  
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
SI02-SPACE HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

60 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
GROW-SI02-SP FURNACE-BA 
ACE TCH 

120 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-CARBO PLASMA-CVD 
N-SPACE SYSTEM 
INTERPROCESS -INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
SPUTTER ALO SPUTTER-SYS 
x SPACE- TEM 
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Table 12 - CMOS 12 Level Process Flbw Input Parameters (Dry Space) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No. (mm) (Pa) (K) (m) (Pa) 1cm2) (sec) ProcessName ProcessEquip 
167 200 1.33E- 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN-LITH LITHO-DSW-1 
0-DSW-193 93 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
AL-SPACE HER 
PLASMAETCH- PLASMA-ETC 
ORGANICS-SP HER 
ACE 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SYS 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

5.00E+ ION-IMl'LAN' ION-IMPLANT 
15 N-100keV-SPA ER 

CE 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS-SP HER 
ACE 
PLASMAETCH- PLASMA-ETC 
SI02-SPACE HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-CARBO PLASMA-CVD 
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Table 1.2 - CMOS 12 Level Process Flow Input Parameters (Dry Space) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO. (mm) (Pa) (K) (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
183 200 1.33E- 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 
SPUTTER ALO SPUTTER-SYS 
x SPACE- TEM 
~ R P R O C E S S  INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERNLITH LITHO_DSW-1 
0 DSW 193 93 
IPSTERPEOCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
AL-SPACE HER 
PLASMAETCH PLASMA-ETC 
ORGANICS-SP HER 
ACE 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

3.00E+ ION-IMPLANT- ION-IMPLANT 
15 P-30keV SPACE ER 

INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH PLASMA-ETC 
ORGANICS-SP HER 
ACE 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

30 ANNEAL-IMPL RTP-SY STEM 
ANTSPACE 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 

- 

ASSETTE 
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Table I.2 - CMOS 12 Level Process Plow Input Parameters (Dry Space) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No. (mm) (Pa) (K) (m) (Pa) /cm2) (sec) 
199 200 1.33E- 288 1.00E- 

ProcessName ProcessEquip 
PLASMAETCH- PLASMA-ETC 
ORGANICS-SP HER 
ACE 
PLASMAETCH- PLASMA-ETC 
SIO2-SPACE HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCE S S INTERPROCE S 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-SI02-S PLASMA-CVD 
PACE SYSTEM 
INTERPROCESS -INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
REFLOW OXlD FURNACE-BA 
E-SP ACE- TCH 
INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-CARBO PLASMA-CVD 
N SPACE SYSTEM 
IG~ERPROCESS -INTEWROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
SPUTTER ALO SPUTTER-SYS 
X-SP ACE- TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN-LITH LITHO-DSW-1 
0-DSW-193 93 
INTERPROCES S INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
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I 

Table L2 - CMOS 12 Level Process Flow Input Parameters (Dry Space) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No. (mm) P a )  OK) (m) a )  /cm2) (sec) ProcessName ProcessEquip 

216 200 1.33E- 288 4.00E- PLASMAETCH- PLASMA-ETC 
05 08 AL SPACE HER 

PLASMAETCH PLASMA-ETC 
ORGANICS-SP HER 
ACE 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
SIO2-SPACE HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH PLASMA-ETC 
ORGANICS-SP HER 
ACE 
PLASMAETCH- PLASMA-ETC 
SIO2-SPACE HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
SPUTTER-AL-S SPUTTER-SYS 
PACE TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-CARBO PLASMA-CVD 
N-SPACE SYSTEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
SPUTTER ALO SPUTTER-SYS 
x SPACE- TEM 
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Table 112 - CMOS 12 Level Process ~ i o w  Input Parameters (Dry Space) - continued 
- 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
N& (mm) (Pa) 0- (m) a )  /cm2) (sec) ProcessName ProcessEquip 

233 200 1.33E- 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN-LITH LITHO-DS W-1 
0-DSW-193 93 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
AL SPACE HER 
PLASMAETCH- PLASMA-ETC 
ORGANICS-SP HER 
ACE 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ALSPACE HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH PLASMA-ETC 
ORGANICS-SP HER 
ACE 
PLASMAETCH- PLASMA-ETC 
S102 SPACE HER 
INT~RPROCESS INTERPROCES 
TRANSPORT-C SCONVEY OR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-SI02-S PLASMA-CVD 
PACE SYSTEM 
INTERPROCESS -NERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
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Table L2 - CMOS 12 Level Process ~ i o w  Inyut Parameters (Dry Space) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No. (mm) (Pa) (K) (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
250 200 1.33E- 288 1.00E- PECVD-CARE30 PLASMA-CVD 

05 06 N SPACE SYSTEM 
251 200 1.33E- 288 II~~TRPROCESS ~NTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
SIO2-SPACE HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS-SP HER 
ACE 
PLASMAETCH- PLASMA-ETC 
SIO2-SPACE HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-CARE30 PLASMA-CVD 
N-SPACE SYSTEM 
INTERPROCESS -INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
SPUTTER ALO SPUTTER-SYS 
X-SP ACE- TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN-LITH LITHO-DSW-1 
0-DSW-193 93 
INTERPROCES S INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
AL-SPACE HER 
PLASMAETCH- PLASMLETC 
ORGANICS-SP HER 
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Table 12 - CMOS 12 Level Process F\ow Input Parameters (Dry Space) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO. (mm (Pa) p 

267 200 1.33E- 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
S102 SPACE HER 
INTE-RPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS-SP HER 
ACE 
PLASMAETCH- PLASMA-ETC 
S102 SPACE HER 
~ R P R O C E S S  INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
SPUTTER-AL-S SPUTTER-SY S 
PACE TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-CARBO PLASMA-CVD 
N-SPACE SYSTEM 
INTERPROCESS - ~ R P R O C E S  
TRANSPORT-C SCONVEYOR 
ASSETTE 
SPUTTER ALO SPUTTER-SYS 
X-SPACE- TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN-LITH LITHO-DS W-1 
0 DSW 193 93 
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Table 1.2 - CMOS 12 Level Process Flow Input Parameters (Dry Space) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO. (mm) (Pa) 0- (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 

284 200 1.33E- 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ALSPACE HER 
PLASMAETCH PLASMQTC 
ORGANICS-SP HER 
ACE 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SYS 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
&SPACE HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS-SP HER 
ACE 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

30 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 

1800 ANNEAL-AL-S FURNACE-BA 
PACE TCH 

60 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS-SP HER 
ACE 
PLASMAETCH- PLASMA-ETC 
S102 SPACE HER 
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Table 1.2 - CMOS 12 Level Process Plow Input Parameters (Dry Space) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temn Thk 
NO. (mm) (Pa) 0- (m) 
300 200 1.33E- 288 

Press (atoms Time 
(Pa) /cm2) (sec) ProcessName ProcessEquip 

INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-SIO2-S PLASMA-CVD 
PACE SYSTEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-CARBO PLASMA-CVD 
N-SPACE SYSTEM 
INTERPROCESS STERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
SPUTTER ALO SPUTTER-SYS 
x-SP ACE- TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN-LITH LITHO-DS W-1 
0-DSW-193 93 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
AL-SPACE HER 
PLASMAETCH PLASMA-ETC 
ORGANICS-SP HER 
ACE 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SYS 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
S102 SPACE HER 
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Table 12 - CMOS 12 Level Process Flow Input Parameters (Dry Space) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No. (mm) (Pa) (K) (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
317 200 1.33E- 288 INTERPROCESS INTERPROCES 

05 TRANSPORT-C SCONVEYOR 
ASSETTE 

318 200 1.33E- 288 1.00E- PLASMAETCH- PLASMA-ETC 
05 06 ORGANICS-SP HER 

ACE 
319 200 1.33E- 288 1.00E- PLASMAETCH- PLASMA-ETC 

05 07 S102 SPACE HER 
320 200 1.33E- 288 INTE~PROCESS INTERPROCES 

05 TRANSPORT-C SCONVEYOR 
ASSETTE 

321 200 1.33E- 288 1.00E- ION-MILL SPUTTER-SY S 
05 08 TEM 



Appendix J 

CMOS 12 Level Process Flow for Dry 
Earth-Based Facility 

Table J.l- CMOS 12 Level Process Plow (Dry ~arth)' 

Step 
No. Process Step Sub Process Step Sub Sub Process Step 

1 N-tub Clean Wafer Transport to dry clean process 
2 Remove organics 
3 Remove oxide 
4 Transport to ion mill process 
5 Remove metals & particles 
6 Grow thin oxide Transport to furnace 
7 Load into furnace 
8 Thermal oxide growth 
9 Unload from furnace 
10 Apply inorganic two layer Transport to resist system 

resist 
11 Deposit bottom layer (amorphous 

carbon) resist 
12 Transport to top resist layer 

deposit system 
13 Deposit top layer (AlOx) resist 
14 Lithography (Mask #l  - NW) Pattern N-Well. (Mask #1) Transport to aligner 
15 Expose wafer 
16 Develop two level resist Transport to plasma etch system 
17 Plasma etch unexposed A1 
18 Plasma etch exposed amorphous 

carbon 
19 N-Tub Etch Etch oxide Transport to etcher 
20 Etch oxide 

8 details of the dry Earth-based process flow described in Chapter 7 
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Table J. l -  CMOS 12 Level Process Flow (Dry Earth) - continued 

Step 
N& Process Step Sub Process Step Sub Sub Process Step 
21 Strip Resist Strip two level resist Transport to ion mill ~rocess 
22 

28 Screening Oxide 
29 

Clean Wafer 

Grow thin oxide 

30 
3 1 
32 N-Tub Implant Deposit N type impurities 
3 3 

40 N-Tub Diffusion Diffuse N type impurities 
41 
42 
43 
44 Stripoxide 
45 
46 Nitride 
47 
48 
49 
50 
51 Oxide 
52 
53 
54 

Strip Oxide 

Clean Wafer 

Grow thin oxide 

55 Nitride Deposition Deposit nitride 
56 

Apply inorganic two layer 
resist 

60 
61 Lithography (Mask #2 - OD) Pattern nitride (Mask #2) 
62 

~ e m o i e  top resist lay& AlOx 
Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to furnace 
Load into furnace 
Thermal oxide growth 
Unload from furnace 
Transport cassette to implanter 
Transport to loadlock 
Pumpdown loadlock 
Transport to implant chamber 
Implant n type 
Transport to loadlock 
Pumpup loadlock 
Transport to cassette 
Transport to furnace 
Load into furnace 
Diffuse impurities 
Unload from furnace 
Transport to oxide strip 
Strip oxide 
Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to furnace 
Load into furnace 
Thermal oxide growth 
Unload from furnace 
Transport to CVD chamber 
Deposit nitride 
Transport to resist system 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to top resist layer 
deposit system 
Deposit top layer (AlOx) resist 
Transport to aligner 
Expose wafer 

63 Develop two level resist ~ r a n s ~ o r t  to plasma etch system 
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Table J.1- CMOS 12 Level'Process Flow (Dry Earth) - continued 

Step 
NO. Process Step Sub Process Step Sub Sub Process Step 
64 Plasma etch unexposed A1 

66 NitrideEtch Etch nitride 
67 
68 Strip Resist Strip two level resist 
69 
70 Channel Stop Clean Wafer 
71 
72 
73 
74 
75 Apply inorganic two layer 

resist 
76 

78 
79 Lithography (Mask #3 - NWI) Pattern oxide (Mask #3) 
80 

Develop two level resist 

84 Oxide Etch Etch oxide 
85 
86 Channel Stop Implant Deposit P type impurities 
87 

94 Anti-Punch-Through Deposit P type impurities 
95 

102 Strip Resist 
103 

Strip two level resist 

Plasma etch exposed amorphous 
carbon 
Transport to etcher 
Etch nitride 
Transport to ion mill process 
Remove top resist layer AlOx 
Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to resist system 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to top resist layer 
deposit system 
Deposit top layer (AlOx) resist 
Transport to aligner 
Expose wafer 
Transport to plasma etch system 
Plasma etch unexposed Al 
Plasma etch exposed amorphous 
carbon 
Transport to etcher 
Etch oxide 
Transport cassette to implanter 
Transport to loadlock 
Pumpdown loadlock 
Transport to implant chamber 
Implant p type 
Transport to loadlock 
Pumpup loadlock 
Transport to cassette 
Transport cassette to implanter 
Transport to loadlock 
Pumpdown loadlock 
Transport to implant chamber 
Implant p type 
Transport to loadlock 
Pumpup loadlock 
Transport to cassette 
~ransiort  to ion mill process 
Remove top resist layer AlOx 

104 Field Oxide Clean Wafer Transport to dry clean process 
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Table J.l-  CMOS 12 Level Process Flow (Dry Earth) - continued 

Step 
No. Process Step Sub Process Step Sub Sub Process Step 
105 Remove organics 
106 
107 
108 
109 Field Oxidation 
110 
11 1 
112 
113 Etchback 
114 
115 
116 
117 
118 
119 Gate 
120 
121 
122 
123 
124 Gate Oxidation 
125 
126 
127 
128 
129 
130 
131 
132 
133 Screening Poly 
134 
135 Threshold Adjust Implant 
136 
137 
138 
139 
140 
141 
142 
143 Gate Poly 
144 
145 

Grow thick oxide 

Etch oxide 

Strip nitride 

Strip pad oxide 

Clean Wafer 

Grow thin oxide 

Clean Wafer 

Deposit polysilicon 

Deposit P type impurities 

Deposit polysilicon 

Apply inorganic two layer 
resist 

Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to furnace 
Load into furnace 
Thermal oxide growth 
Unload from furnace 
Transport to etcher 
Etch oxide 
Transport to etcher 
Etch nitride 
Transport to oxide strip 
Strip oxide 
Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to furnace 
Load into furnace 
Thermal oxide growth 
Unload from furnace 
Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to CVD chamber 
Deposit polysilicon 
Transport cassette to implanter 
Transport to loadlock 
Pumpdown loadlock 
Transport to implant chamber 
Implant p type 
Transport to loadlock 
Pumpup loadlock 
Transport to cassette 
Transport to CVD chamber 
Deposit polysilicon 
Transport to resist system 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to top resist layer 
deposit system 
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Table J.l- CMOS 12 Level Process Flow (Dry Earth) - continued 

Step 
No. Process Step Sub Process Step Sub Sub Process Step 
148 
149 Lithography (Mask #4 - PS) 
150 

154 Poly Etch 
155 
156 Strip Resist 
157 
158 N-S/D 
159 
160 
161 
162 
163 

166 
167 Lithography (Mask #5 - SN) 

172 N-LDD Implant 
173 
174 
175 
176 
177 
178 
179 
180 Spacer 
181 
182 
183 
184 
185 Oxide 
186 

Deposit top layer (A10x) resist 
Pattern polysilicon (Mask #4) Transport to aligner 

Develop two level resist 

Etch polysilicon 

Strip two level resist 

Clean Wafer 

Apply inorganic two layer 
resist 

Pattern N sourceldrain (Mask 
#5> 

Expose wafer 
Transport to plasma etch system 
Plasma etch unexposed Al 
Plasma etch exposed amorphous 
carbon 
Transport to etcher 
Etch polysilicon 
Transport to ion mill process 
Remove top resist layer AlOx 
Transport to dry clean process 

Develop two level resist 

Deposit N type impurities 

Clean Wafer 

Deposit oxide 

Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to resist system 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to top resist layer 
deposit system 
Deposit top layer (AlOx) resist 
Transport to aligner 

Expose wafer 
Transport to plasma etch system 
Plasma etch unexposed A1 
Plasma etch exposed amorphous 
carbon 
Transport cassette to implanter 
Transport to loadlock 
Purnpdown loadlock 
Transport to implant chamber 
Implant n type 
Transport to loadlock 
Pumpup loadlock 
Transport to cassette 
Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to CVD chamber 
Deposit oxide 

187 Anisotropic Etch Etch oxide ~ r a n s ~ o r t  to etcher 
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Table J.l-  CMOS 12 Level Process Flow (Dry Earth) - continued 

-.- 

No. Process Step Sub Process Step Sub Sub Process Step 
188 Etch oxide 
189 Screening Oxide 
190 
191 
192 
193 

196 
197 Lithography (Mask #5 - SN) 

Grow thin oxide Transport to furnace 
Load into furnace 
Thermal oxide growth 
Unload from furnace 

Apply inorganic two layer Transport to resist system 
resist 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to top resist layer 
deposit system 
Deposit top layer (AlOx) resist 

Pattern N sourceldrain (Mask Transport to aligner 

202 N SourcellIrain Implant 
203 
204 
205 
206 
207 
208 
209 
210 Strip Resist 
211 
212 P-S/D 
213 
2 14 
215 
216 
2 17 

#5) 

Develop two level resist 

Deposit N type impurities 

Strip two level resist 

Clean Wafer 

Apply inorganic two layer 
resist 

Expose wafer 
Transport to plasma etch system 
Plasma etch unexposed Al 
Plasma etch exposed amorphous 
carbon 
Transport cassette to implanter 
Transport to loadlock 
Pumpdown loadlock 
Transport to implant chamber 
Implant n type 
Transport to loadlock 
Pumpup loadlock 
Transport to cassette 
Transport to ion mill process 
Remove top resist layer AlOx 
Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to resist system 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to top resist layer 
deposit system 
Deposit top layer (AlOx) resist 

221 Lithography (Mask #6 - SP) Pattern P sourceldrain (Mask ~ r a n s ~ o r t t o  aligner 
#6) 

222 Expose wafer 
223 Develop two level resist Transport to plasma etch system 
224 Plasma etch unexposed A1 
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Table J. l -  CMOS 12 Level Process Flow (Dry Earth) - continued 

Step 
No. Process Step Sub Process Step Sub Sub Process Step 
225 Plasma etch exposed amorphous 

226 P Source/Drain Implant 
227 
228 
229 
230 
23 1 
232 
233 
234 
235 
236 
237 
238 

239 
240 Contacts 
24 1 
242 
243 
244 
245 Oxide 
246 
247 Reflow 
248 
249 
250 
25 1 

254 
255 Lithography (Mask #7 - CO) 
256 
257 
258 
259 

260 Oxide Etch 
26 1 
262 Strip Resist 
263 

carbon 
Deposit P type impurities Transport cassette to implanter 

Transport to loadlock 
Pumpdown loadlock 
Transport to implant chamber 
Implant p type 
Transport to loadlock 
Pumpup loadlock 
Transport to cassette 

Strip two level resist Transport to ion mill process 
Remove top resist layer AlOx 
Transport to dry clean process 
Remove organics 

Anneal P and N type implant Transport to rapid thermal 
damage 

Clean Wafer 

Deposit oxide 

Reflow oxide 

Apply inorganic two layer 
resist 

Pattern oxide (Mask #7) 

Develop two level resist 

Etch oxide 

Strip two level resist 

processor 
Anneal damage 
Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to CVD chamber 
Deposit oxide 
Transport to furnace 
Load into furnace 
Reflow oxide 
Unload from furnace 
Transport to resist system 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to top resist layer 
deposit system 
Deposit top layer (AlOx) resist 
Transport to aligner 
Expose wafer 
Transport to plasma etch system 
Plasma etch unexposed A1 
Plasma etch exposed amorphous 
carbon 
Transport to etcher 
Etch oxide 
Transport to ion mill process 
Remove top resist layer AlOx 

264 Metal 1 Clean Wafer Transport to dry clean process 
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Table J.1- CMOS 12 ~ e v e f ~ r o c e s s  Flow (Dry Earth) - continued 

Step 
No. Process Step 
265 
266 
267 
268 
269 Al Deposition 
270 
27 1 

275 Lithography (Mask #8 - IN) 
276 

280 Al Etch 
28 1 
282 
283 
284 Planarize 
285 
286 
287 
288 
289 Plasma Oxide 
290 
291 Resist Spin-On 

293 Etchback 
294 
295 Vias 
296 
297 
298 
299 
300 

Sub Process Step Sub Sub Process Step 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 

Deposit aluminum Transport to sputter chamber 
Deposit aluminum 

Apply inorganic two layer Transport to resist system 
resist 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to top resist layer 
deposit system 
Deposit top layer (AlOx) resist 

Pattern aluminum (Mask #8) Transport to aligner 
Expose wafer 

Develop two level resist 

Etch aluminum 

Strip two level resist 

Clean Wafer 

Deposit thick oxide 

Apply bottom level only 
inorganic two layer resist 

Etch oxide and resist 

Clean Wafer 

Apply inorganic two layer 
resist 

~ r i n s ~ o r t  to plasma etch system 
Plasma etch unexposed Al 
Plasma etch exposed amorphous 
carbon 
Transport to etcher 
Etch aluminum 
Transport to ion mill process 
Remove top resist layer AlOx 
Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to CVD chamber 
Deposit oxide 
Transport to resist system 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to etcher 
Etch oxide and resist 
Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to resist system 

Deposit bottom layer (amorphous 
carbon) resist 
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Table J.l-  CMOS 12 Level'Process Flow (Dry Earth) - continued 

Step 
NO. Process Step Sub Process Step Sub Sub Process Step 
302 Transport to top resist layer 

303 
304 Lithography (Mask #9 - COS) Pattern oxide (Mask #9) 
305 
306 Develop two level resist 
307 
308 

309 OxideEtch 
3 10 
3 11 Strip Resist 
3 12 
313 Metal 2 
3 14 
315 
3 16 
3 17 
3 18 Al Deposition 
3 19 
320 

Etch oxide 

Strip two level resist 

Clean Wafer 

Deposit aluminum 

Apply inorganic two layer 
resist 

deposit system 
Deposit top layer (AlOx) resist 
Transport to aligner 
Expose wafer 
Transport to plasma etch system 
Plasma etch unexposed Al 
Plasma etch exposed amorphous 
carbon 
Transport to etcher 
Etch oxide 
Transport to ion mill process 
Remove top resist layer AlOx 
Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 
Transport to sputter chamber 
Deposit aluminum 
Transport to resist system 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to top resist layer 
deposit system 

323 ~ i ~ o s i t  top layer (AlOx) resist 
324 Lithography (Mask #10 - INS) Pattern aluminum (Mask #lo) Transport to aligner 
325 Expose wafer 
326 Develop two level resist Transport to plasma etch system 
327 Plasma etch unexposed A1 
328 Plasma etch exposed amorphous 

carbon 
329 Al Etch Etch aluminum Transport to etcher 
330 Etch aluminum 
33 1 Strip Resist Strip two level resist Transport to ion mill process 
332 Remove top resist layer AlOx 
333 Transport to dry clean process 
334 Remove organics 
335 Anneal to form ohmic Transport to furnace 

contacts 
336 Load into furnace 
337 Anneal 
338 Unload from furnace 
339 Package Clean Wafer Transport to dry clean process 
340 Remove organics 
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Table J.l- CMOS 12 Level 'Process Flow (Dry Earth) - continued 

Step 
NO. Process Step Sub Process Step Sub Sub Process Step 
341 Remove oxide 

Deposit cover glass 

Apply inorganic two layer 
resist 

Pattern cover glass openings 
(Mask #11) 

Develop two level resist 

Etch cover glass 

Strip two level resist 

Final wafer clean 

Transport to ion mill process 
Remove metals & particles 
Transport to CVD chamber 
Deposit oxide 
Transport to resist system 

Deposit bottom layer (amorphous 
carbon) resist 
Transport to top resist layer 
deposit system 
Deposit top layer (AlOx) resist 
Transport to aligner 

Expose wafer 
Transport to plasma etch system 
Plasma etch unexposed Al 
Plasma etch exposed amorphous 
carbon 
Transport to etcher 
Etch oxide 
Transport to ion mill process 
Remove top resist layer AlOx 
Transport to dry clean process 
Remove organics 
Remove oxide 
Transport to ion mill process 
Remove metals & particles 

Table 5.2 - CMOS 12 Level Process Flow Input Parameters (Dry Earth) 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No+ (mm) (Pa) (K) (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 

1 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

2 200 101300 288 1.OOE- PLASMAETCH- PLASMA-ETC 
07 ORGANICS HER 

3 200 101300 288 1.00E- PLASMAETCH- PLASMA-ETC 
07 S102 HER 
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Table 5.2 - CMOS 12 Level Process PIOW Input Parameters (Dry Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO. (mm) (Pa) (K)' (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
4 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

600 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
GROW-S102 FURNACE-BA 

TCH 
1200 INTRAPROCES FURNACE-BA 

STRANSPORT- TCH 
BATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-CARBO PLASMA-CVD 
N SYSTEM 
INTERPROCESS -INTERPROCES 
TRANSPORT-C SCONVEYOR 
A S S E r n  
SPUTTER-ALO SPUTTER-SY S 
X TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN-LITH LITHO-DS W-1 
0 DSW-193 93 
~TTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
A S S E r n  
PLASMAETCH- PLASMA-ETC 
AL HER 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSElTE 
PLASMAETCH- PLASMA-ETC 
S102 HER 
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Table 5.2 - CMOS 12 Level Process  low Input Parameters (Dry Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO. (mm) (Pa) (K) (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
21 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
INTRAPROCES FURNACEBA 
STRANSPORT- TCH 
BATCH 
GROW-S102 FURNACEBA 

TCH 
INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
INTRAPROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 
VACUUMPUMP ION-IMPLANT 
DOWN ER 
INTRAPROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 
ION-IMPLANT- IONIoN_IMpLANT_IoN_m/ipLANTIMPLANT 
N-15OkeV ER 
INTRAPROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 
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Table 5.2 - CMOS 12 Level Process slow Input Parameters (Dry Earth) - continued 
- 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO. (mm) (Pa) (K) (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
38 200 1.33E- 288 101300 5 VACUUMPUMP IONIMPLANT - 

UP ER 
15 INTR4PROCES ION-IMPLANT 

STRANSPORT- ER 
WAFER 
NJERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

600 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 

9000 DIFFUSE-IMPL FURNACE-BA 
ANT TCH 

1200 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONWYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SYS 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

600 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
GROW-SI02 FURNACE-BA 

TCH 
1200 INTRAPROCES FURNACE-BA 

STRANSPORT- TCH 
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Table 5.2 - CMOS 12 Level Process Flow Input Parameters (Dry Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No. (mm) (Pa) (K) (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
55 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 

56 200 101300 288 1.50E- PECVD-SI3N4 PLASMA-CVD 
07 SYSTEM 

57 200 101300 288 INTERPROCESS -INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

58 200 101300 288 1.OOE- PECVD_CARBO PLASMA-CVD 
06 N SYSTEM 

59 200 101300 288 INTERPROCESS -INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

60 200 101300 288 4.00E- SPUTTER-ALO SPUTTER-SY S 
08 X TEM 

61 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

62 200 101300 288 PATTERN LITH LITHO-DSW-1 
0 DSW-193 93 

63 200 101300 288 &RPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

64 200 101300 288 4.00E- PLASMAETCH- PLASMA-ETC 
08 AL HER 

65 200 101300 288 1.00E- PLASMAETCH- PLASMA-ETC 
06 ORGANICS HER 

66 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

67 200 101300 288 1.50E- PLASMAETCH- PLASMA-ETC 
07 SI3N4 HER 

68 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

69 200 101300 288 4.00E- ION-MILL SPUTTER-SY S 
08 TEM 

70 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

71 200 101300 288 1.00E- PLASMAETCH- PLASMA-ETC 
06 ORGANICS HER 

72 200 101300 288 1.00E- PLASMAETCH- PLASMA-ETC 
07 S102 HER 
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Table 5.2 - CMOS 12 Level Process ~ i o w  Input Parameters (Dry Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No. (mm) (Pa) (K) (m) a )  /cm2) (sec) ProcessName ProcessEquip 
73 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 

74 200 101300 288 1.00E- ION-h4XL SPUTTER-SYS 
08 TEM 

75 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

76 200 101300 288 1.00E- PECVD-CARBO PLASMA-CVD 
06 N SYSTEM 

77 200 101300 288 INTERPROCESS -INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

78 200 101300 288 4.00E- SPUTTER-ALO SPUTTER-SY S 
08 X TEM 

79 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

80 200 101300 288 PATTERN-LITH LITHRDS W-1 
0-DSW 193 93 

81 200 101300 288 INTERPTIOCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

82 200 101300 288 4.00E- PLASMAETCH- PLASMA-ETC 
08 AL HER 

83 200 101300 288 1.00E- PLASMAETCH- PLASMA-ETC 
06 ORGANICS HER 

84 200 101300 288 INTERPROCESS INTERE'ROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

85 200 101300 288 1.00E- PLASMAETCH- PLASMA-ETC 
07 S102 HER 

86 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTI3 

87 200 101300 288 15 INTRAPROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 

88 200 101300 288 1.33E-05 VACUUMPUMP ION-IMPLANT 
DOWN ER 

89 200 1.33E- 288 1.33E-05 INTRAF'ROCES ION-IMPLANT 
05 STRANSPORT- ER 

WAFER 
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Table 5.2 - CMOS 12 Level Process ~ i o w  Input Parameters (Dry Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Sten Size Press Temn Thk Press (atoms Time 
NO. (mm) a )  (K)~ (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
90 200 1.33E- 288 1.33E-05 5.00E+ ION-IMPLANT- ION-IMPLANT 

JNTRAPRocEs ION-IMPLANT 
STRANSPORT- ER 
WAFER 
VACUUMPUMP ION-IMPLANT 
UP ER 
INTRAPROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
INTRAPROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 
VACUUMPUMP ION-IMPLANT 
DOWN ER 
INTRAPROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 
ION-IMPLANT- ION-IMPLANT 
P-18OkeV ER 
INTRAPROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 
VACUUMPUMP ION-IMPLANT 
UP ER 
INTRAPROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
PLASMAETCH- PLASMA-ETC 

07 S102 HER 
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Table 5.2 - CMOS 12 Level Process ~ i o w  Input Parameters (Dry Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO. (mm) (Pa) (K) (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
107 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

600 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
GROW-SIO2-W FURNACE-BA 
ET TCH 

1200 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
SI3N4 HER 
INTERPROCESS MTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
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Table 5.2 - CMOS 12 Level Process ~ i o w  Input Parameters (Dry Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Tern11 Thk Press (atoms Time 
NO. (mm) (Pa) 0- (m) a )  /cm2) (see) ProcessName ProcessEquip 
124 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 
INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
GROW-,9102 FURNACE-BA 

TCH 
INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-POLY SI PLASMA-CVD 

SYSTEM 
INTERPROCES s ~NTERPROCE s 
TRANSPORT-C SCONVEYOR 
ASSETTE 
INTR4PROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 
VACUUMPUMP ION-IMPLANT 
DOWN ER 
INTRAPROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 
ION-IMPLANT- ION-IMPLANT 
P-45keV ER 
INTR4PROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 
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Table 5.2 - CMOS 12 Level Process Flow Input Parameters (Dry Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size 
No. (mm) 
141 200 

Press Temp Thk Press 
Pa)  (K. (m) (Pa) 

1.33E- 288 101300 
05 

101300 288 

(atoms Time 
/cm2) (sec) ProcessName ProcessEquip 

5 VACUUMPUMP ION-IMPLANT 
UP ER 

15 INTRAPROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-POLY SI PLASMA-CVD 

SYSTEM 
INTERPROCESS -INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-CARBO PLASMA-CVD 
N SYSTEM 
INTERPROCESS -INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
SPUTTER-ALO SPUTTER-SY S 
X TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERXLITH LITHO-DSW- 1 
0-DSW-193 93 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
AL HER 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
POLYSI HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 
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Table 5.2 - CMOS 12 Level Process   low Input Parameters (Dry Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO. (mm) (Pa) (K) (m) a )  lcm2) (sec) ProcessName ProcessEquip 
158 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCES S INTERPROCE S 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-CARBO PLASMA-CVD 
N SYSTEM 
INTERPROCESS -INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETE 
SPUTTERRAL0 SPUTTER-SY S 
X E M  
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN-LITH LITHO-DSW-1 
0-DSW-193 93 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
AL HER 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

15 INTRAPROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 
VACUUMPUMP ION-IME'LANT 
DOWN ER 
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Table 5.2 - CMOS 12 Level Process how Input Parameters (Dry Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No* (mm) (Pa) (K) (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
175 200 1.33E- 288 1.33E-05 INTRAPROCES ION-IMPLANT 

STRANSPORT- ER 
WAFER 
ION-IMPLANT ION-IMPLANT 
N lOOkeV ER 
INTRAPROCES ION-WLANT 
STRANSPORT- ER 
WAFER 
VACUUMPUMP ION-IMPLANT 
UP ER 
INTRAPROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 
INTERPROCESS r n R P R 0 C E S  
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-S102 PLASMA-CVD 

SYSTEM 
INTERPROCESS &TERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
AS SETTE 
INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
GROW-S102 FURNACE-BA 

08 TCH 
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Table 5.2 - CMOS 12 Level Process Flow Input Parameters (Dry Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
NO. (mm) a )  0- (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
192 200 101300 1373 1200 INTRAPROCES FURNACE BA - 

STRANSPORT- TCH 
BATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-CARBO PLASMA-CVD 
N SYSTEM 
INTERPROCESS -INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
SPUTTER-ALO SPUTTER-SYS 
X TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
P ATTERN-LITH LITHO-D SW- 1 
0-DSW-193 93 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
AL HER 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

15 INTRAPROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 
VACUUMPUMP ION-IMPLANT 
DOWN ER 
INTMPROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 
ION IMPLANT- ION-IMPLANT 
N l 6 O k e ~  ER 
INTRAPRocEs ION-IMPLANT 
STRANSPORT- ER 
WAFER 

5 VACUUMPUMP ION IMPLANT 
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Table 5.2 - CMOS 12 Level Process Flow Input Parameters (Dry Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk 
NO. (mm) (Pa) (K) (m) 
209 200 101300 288 

Press (atoms Time 
a /cm2) (sec) ProcessName ProcessEquip 

15 INTRAPROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPU'ITER-SYS 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-CARBO PLASMA-CVD 
N SYSTEM 
INTERPROCESS STERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
SPUTTER-ALO SPUTTER-SY S 
X TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN-LITH LITHO-DS W-1 
0-DSW-193 93 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
AL HER 
PLASMAETCH- PLASMUTC 
ORGANICS HER 
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Table 5.2 - CMOS 12 Level Process Flow Input Parameters @ry Earth) - Continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No. (mm) (Pa) (K) (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
226 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-c SCONVEYO~- 
ASSETTE 

15 INTRAPROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 
VACWMPUMP ION-IMPLANT 
DOWN ER 
INTRAPROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 
ION IMPLANT- ION-IMPLANT 
~ 3 G k e v  ER 
INTRAPROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 

5 V A C W U M P  ION-IMPLANT 
UP ER 

15 INTRAPROCES ION-IMPLANT 
STRANSPORT- ER 
WAFER 
INTERPROCES S INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SYS 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEY OR 
ASSETTE 

30 ANNEAL-IMPL RTP-SYSTEM 
ANT 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
PLASMAETCH- PLASMA-ETC 

06 S102 HER 
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Table 5.2 - CMOS 12 Level Process FIOW Input Parameters (Dry Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No. (mm) (Pa) (K) (m) a )  /cm2) (sec) ProcessName ProcessEquip 
243 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 

244 200 101300 288 1.00E- ION-MILL SPUTTER-SYS 
08 TEM 

245 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-c SCONVEYOR 
ASSETTE 

246 200 101300 288 3.00E- PECVD-S102 PLASMA-CVD 
07 SYSTEM 

247 200 101300 288 INTERPROCESS ~IERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

248 200 101300 288 600 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 

249 200 101300 288 1800 REFLOW-OXID FURNACE-BA 
E TCH 

250 200 101300 1423 1200 INTRAPROCES FURNACEBA 
STRANSPORT- TCH 
BATCH 

251 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

252 200 101300 288 1.00E- PECVD-CARBO PLASMA-CVD 
06 N SYSTEM 

253 200 101300 288 INTERPROCESS -INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

254 200 101300 288 4.00E- SPUTTER-ALO SPUTTER-SYS 
08 X TEM 

255 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEY OR 
ASSETTE 

256 200 101300 288 PATTERN-LITH LITHO-DS W-1 
0-DSW-193 93 

257 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSE'ITE 

258 200 101300 288 4.00E- PLASMAETCH- PLASMA-ETC 
08 AL HER 

259 200 101300 288 1.00E- PLASMAETCH- PLASMA-ETC 
06 ORGANICS HER 
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Table 5.2 - CMOS 12 Level Process Flow Input Parameters (Dry Earth) - Continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No. (mm) (Pa) (K) (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
260 200 101300 288 INTERPROCESS IN'I'ERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 

261 200 101300 288 3.00E- PLASMAETCH- PLASMA-ETC 
07 S102 HER 

262 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

263 200 101300 288 4.00E- ION-MILL SPUTTER-SYS 
08 TEM 

264 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

265 200 101300 288 1.00E- PLASMAETCH- PLASMA-ETC 
06 ORGANICS HER 

266 200 101300 288 1.00E- PLASMAETCH- PLASMA-ETC 
07 S102 HER 

267 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

268 200 101300 288 1.00E- ION-MILL SPUTTER-SYS 
08 TEM 

269 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

270 200 101300 288 1.00E- SPUTTER-AL SPUTTER-SYS 
06 TEM 

271 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

272 200 101300 288 1.00E- PECVD-CARBO PLASMA CVD 
06 N SYSTEG 

273 200 101300 288 INTERPROCESS -INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

274 200 101300 288 4.00E- SPUTTER-ALO SPUTTER-SY S 
08 X TEM 

275 200 101300 288 INTERPROCES S INTERPROCE S 
TRANSPORT-C SCONVEYOR 
ASSETTE 

276 200 101300 288 PATTERN-LITH LITHO-DS W-1 
0 DSW 193 93 



Appendix J. CMOS 12 Level Process Flow for Dry Earth-Based Facility 44 1 

Table 5.2 - CMOS 12 Level Process Ron Input Parameters (Dry Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size 
No. (mm) 
277 200 

Press Temp Thk 
(Pa) (K) (m) 

101300 288 

Press (atoms Time -- - 

(Pa) lcm2) (sec) ProcessName ProcessEquip 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
AL HER 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
AL HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-S102 PLASMA-CVD 

SYSTEM 
INTERPROCESS ~NTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-CARBO PLASMA-CVD 
N SYSTEM 
INTERPROCESS -INTERPROCES 
TRANSPORT-C SCONVEYOR 
A S S E r n  
PLASMAETCH- PLASMA-ETC 
S102 HER 
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Table 5.2 - CMOS 12 Level Process E\lo.cv Input Parameters (Dry Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No* (mm) (Pa) (m) (Pa) /cm2) (sec) ProcessName ProcessEquip 
295 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCESS INTEWROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-CARE30 PLASMA-CVD 
N SYSTEM 
INTERPROCESS INTEWROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
SPUTTER-ALO SPUTTER-SY S 
X TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN-LITH LITHO-DSW-1 
0-DSW-193 93 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
AL HER 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MIL,L SPUTTER-SY S 

TEM 
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Table 5.2 - CMOS 12 Level Process  low Input Parameters (Dry Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press 
No. (mm) (Pa) (K) (m) (Pa) 
313 200 101300 288 

(atoms Time 
/cm2) (sec) ProcessName ProcessEquip 

INTERPROCES S INTERPROCE S 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
SPUTTER-AL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-CARE30 PLASMA-CVD 
N SYSTEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
SPUTTER-ALO SPUTTER-SYS 
X TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PATTERN LITH LITHO-DSW- 1 
0-DSW-193 93 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
AL HER 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEY OR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
AL HER 
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Table 5.2 - CMOS 12 Level Process Flow Input Parameters (Dry Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

S t e ~  Size Press Teml) Thk Press (atoms Time 
NO. (mm) (Pa) (K)~ (m) (Pa) /cmz) (sec) ProcessName ProcessEquip 
331 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MIL,L SPUTTER-SYS 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

300 INTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 

1800 ANNEAL-AL FURNACE-BA 
TCH 

600 J.NTRAPROCES FURNACE-BA 
STRANSPORT- TCH 
BATCH 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PLASMAETCH- PLASMA-ETC 
ORGANICS HER 
PLASMAETCH- PLASMA-ETC 
S102 HER 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
ION-MILL SPUTTER-SY S 

TEM 
INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-S102 PLASMA-CVD 

SYSTEM 
INTERPROCESS - ~ R P R O C E S  
TRANSPORT-C SCONVEYOR 
ASSETTE 
PECVD-CARBO PLASMA CVD 
N SYSTEM 



Table 5.2 - CMOS 12 Level Process Flow Input Parameters (Dry Earth) - continued 

Dep.1 Desired Implant Desired 
Waf Start Start Etch Process Dose Process 

Step Size Press Temp Thk Press (atoms Time 
No. (mm) @d (K) (m) p a )  /cm2) (see) ProcessName P r o ~ e & ~ ~ i p  
348 200 101300 288 INTERPROCESS INTERPROCES 

TRANSPORT-C SCONVEYOR 
ASSETTE 

349 200 101300 288 4.00E- SPUTTER-ALO SPUTTER-SY s 
08 X TEM 

350 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

351 200 101300 288 PATTERN-LITH LITHO-DS W-1 
0-DSW 193 93 

352 200 101300 288 INTERP~OCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

353 200 101300 288 4.00E- PLASMAETCH- PLASMA-ETC 
08 AL, HER 

354 200 101300 288 1.00E- PLASMAETCH- PLASMA-ETC 
06 ORGANICS HER 

355 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSETTE 

356 200 101300 288 1.20E- PLASMAETCH- PLASMA-ETC 
06 S102 HER 

357 200 101300 288 JNTERPROCESS INTERPROCES 
TRANSPORT-C SCONVEYOR 
ASSET-rE 

358 200 101300 288 4.00E- ION-MILL SPUTTER-SY S 
08 TEM 

359 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONWYOR 
ASSETTE 

360 200 101300 288 1.00E- PLASMAETCH- PLASMA-ETC 
06 ORGANICS HER 

361 200 101300 288 1.00E- PLASMAETCH- PLASMA-ETC 
07 S102 HER 

362 200 101300 288 INTERPROCESS INTERPROCES 
TRANSPORT-C SCONWYOR 
ASSET-rE 

363 200 101300 288 1.00E- ION-MILL SPUTTER-SY S 
08 TEM 



Appendix K 

Results of Operating Cost Sensitivity 
Analysis 

Table K.1- Input Parameters for Sensitivity Analysis of Operating Cost 

Parameter Value 
Parameter Parameter Base 1% Above 

No. Parameter Description Units Case Base Case 

Capital Items 
Process Equipment Mass Std. Earth 
Process Equipment Mass Dry Earth 
Process Equipment Mass Dry Space 
Process Equipment Cost Std. Earth 
Process Equipment Cost Dry Earth 
Process Equipment Cost Dry Space 
Powermeat Rejection Equip. Mass Std. 
Earth 
PowedHeat Rejection Equip. Mass Dry 
Earth 
Powermeat Rejection Equip. Mass Std. 
Space 
Powermeat Rejection Equip. Cost Std. 
Earth 
PowerMeat Rejection Equip. Cost Dry 
Earth 
Powermeat Rejection Equip. Cost Std. 
Space 
Cleanroom Facility Mass Std. Earth 
Cleanroom Facility Mass Dry Earth 
Cleanroom Facility Mass Std. Space 

16 Cleanroom Facility Cost Std. ~ & t h  USD $15,451,109 $15,605,620 
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, 
Table K.1- Input Parameters for Sensitivity Analysis of Operating Cost - continued 

- 
Parameter Value 

Parameter Base 1% Above 
No. 
17 
18 
19 
20 
21 
22 
23 
24 

25 
26 
27 
28 
29 
30 
3 1 
32 
3 3 
34 
35 
36 
37 
38 
39 
40 

41 

42 

43 

44 

45 

46 

47 
48 
49 

Parameter Description Param Units Case Base Case 
Cleanroom Facility Cost Dry Earth USD $23.621.401 $23,857,615 
Cleanroom Facility Cost ~ t d .  Space USD $19;714;980 
Support Facility Mass Std. Earth kg 3732183 
Support Facility Mass Dry Earth kg 3536271 
Support Facility Mass Std. Space kg 3943 
Support Facility Cost Std. Earth USD $21,168,019 
Support Facility Cost Dry Earth USD $20,056,856 
Support Facility Cost Std. Space USD $39,429,960 

Consumable Items 
Consumable Gas Mass Std. Earth kglwafer level 
Consumable Gas Mass Dry Earth kg/wafer level 
Consumable Gas Mass Dry Space Earth kglwafer level 
Consumable Gas Cost USDkg 
Consumable Liquid Mass Std. Earth kglwafer level 
Consumable Liquid Mass Dry Earth kg/wafer level 
Consumable Liquid Mass Dry Space kg/wafer level 
Consumable Liquid Cost USDkg 
Consumable Solid Mass Std. Earth kglwafer level 
Consumable Solid Mass Dry Earth kglwafer level 
Consumable Solid Mass Dry Space Earth kglwafer level 
Consumable Solid Cost USDkg 
Raw Wafer Mass 
Raw Wafer Cost 
Mask Mass 
Mask Cost 

PowerMeat Rejection Items 
Process Energy Use Std. Earth 

Process Energy Use Dry Earth 

Process Energy Use Dry Space 

Power Generation Operating Cost Std. 
Earth 
Power Generation Operating Cost Dry 
Earth 
Power Generation Operating Cost Dry 
Space 
Heat Rejection Operating Cost Std. Earth 
Heat Rejection Operating Cost Dry Earth 
Heat Rejection Operating Cost Dry 

kg each 0.036804 
USD each $50.00 
kg each 0.092051 

USD each $2,000.00 

kW-1Mer 4.661 
level 

kW-Wwafer 0.285 
level 

kW-hlwafer 0.175 
level 

USDkW-h $0.05 
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I 

Table K.1- Input Parameters for Sensitivity Analysis of Operating Cost - continued 

Parameter Value 
Parameter Base 1% Above 

No. Parameter Description Param Units Case Base Case 

Shipping/Installation/Maintenance Items 
shipping Rate Std. Earth 
Shipping Rate Dry. Earth 
Shipping Rate Dry Space 
Installation Rate Std. Earth 
Installation Rate Dry Earth 
Installation Rate Dry Space 
Total Transport Cost Std. Earth 

Total Transport Cost Dry Earth 

Total Transport Cost Dry Space Earth 

Annual Maintenance Cost 

Depreciation 
Depreciation Rate 

Product Related Items 
Wafers per Mask Set 

Wafer Starts per Month 

Number of Layers 

USDikg 
USDkg 
USDikg 

% capital cost 
% capital cost 
% capital cost 

USDkg 
finished goods 

USDikg 
finished goods 

USDkg 
finished goods 

% installed 
capital cost 

% per year 20% 

finished wafers 250 
produced per 

mask set 
wafer starts per 5000 

month 
layers per 20 

wafer 

Table K2 -Operating Cost Results for Sensitivity Analysis 

Operating Cost Operating Cost Ratios 
Parameter Std. Earth Dry Earth Dry Space Dry SpaceIStd. Dry SpaceIDry Earth 

No. (USDIwafer) (USDIwafer) (USDIwafer) Earth (%) ('YO) 
Base Case 961.3778787 1504.09101 1954.756697 203.328654% 129.962661% 
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Table K2 -Operating Cost Rksults for Sensitivity Analysis - continued 

Operating Cost Operating Cost Ratios 
Parameter Std. Earth Dry Earth Dry Space Dry SpacelStd. Dry Spacemry Earth 

No. (USDIwafer) (USDIwafer) (USDlwafer) Earth (%) 
51 

(Yo) 
961.3778787 1504.10568 1954.756697 203.328654% 129.961393% 

52 961.3778787 1504.09101 1959.532222 203.825391% 130.280163% 
53 962.0919617 1504.09101 1954.756697 203.177739% 129.962661% 
54 961.3778787 1505.48992 1954.756697 203.328654% 129.841898% 
55 961.3778787 1504.09101 1954.756697 203.328654% 129.962661% 
56 961.3778787 1504.09101 1954.756697 203.328654% 129.962661% 
57 961.3778787 1504.09101 1954.756697 203.328654% 129.962661% 
58 961.3778787 1504.09101 1960.277261 203.902888% 130.329697% 
59 963.8160324 1508.39888 1958.732255 203.226777% 129.855059% 
60 966.254186 1512.70676 1962.707813 203.125414% 129.748069% 
61 959.7937203 1502.50685 1953.172539 203.499200% 129.994252% 
62 954.0930129 1491.18165 1943.367616 203.687438% 130.324002% 
63 963.1995068 1505.70965 1956.88323 203.164891% 129.964181% 

Table K.3 -Change in Operating Cost Results for Sensitivity Analysis 

Change in Operating Cost Change in Operating Cost Ratios 
Parameter Std. Earth Dry Earth Dry Space Dry SpaceIStd. Earth Drv S~aceJDrv Earth - - - - 

No. (Yo) (Yo) 1% (Yo) (Yo) 
Base Case 0.000000% 0.000000% 0.000000% 0.000000% 0.000000% 
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Parameter 
No. 
23 
24 
25 
26 
27 
28 
29 
30 
3 1 
32 
33 
34 
3 5 
36 
37 
3 8 
3 9 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
5 1 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 

Table K.3 -Change in Operating Cost Results for Sensitivity Analysis - continued 

Change in Operating Cost Change in Operating Cost Ratios 
Std. Earth Dry Earth Dry Space D ~ J .  Space/Std. Earth Dry SpacelDry Earth 

(Yo) (%I (Yo) (%I (Yo) 
0.000000% 0.066674% O . O O ~ ~ ~ ~ %  0.000000% -0.066630% 




