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ABSTRACT

Microelecromechanical systems (MEMS) are mechanical structures that are fabricated using

similar techniques used to fabricate integrated circuits. MEMS were originally fabricated using

silicon based technologies; however, a more diverse set of materials, including polymers, are

being now being used to fabricate MEMS. Polymer micromachining is less expensive than

silicon micromachining and can be performed in less time.

SU-8 is finding greater use as a structural polymer MEMS material due to its biocompatibility,

mechanical properties, and low cost. The goal of this work is to expand the use of SU-8 through

the creation of SU-8 based multi-user surface-micromachining processes, which use

polydimethylglutarimide (PMGI) as a sacrificial layer.

PMGI is a deep UV (DUV) positive-tone resist used mainly for bilayer lift-off processes;

however, PMGI has found some application as a sacrificial material for MEMS. PMGI is a good

sacrificial layer candidate, as it can be spun on at a wide variety of thicknesses, is

photopatternable, and has a glass transition temperature of 180aC, which is greater than the

processing temperatures required for SU-8.

This work describes the characterization and use ofPMGI (MicroChem Corp. SF series) as a

sacrificial material for SU-8 surface-rnicromachining processes. PMGI is shown to be useful for

fabricating single layer devices with patterned metal, single layer devices with multiple different

thicknesses and two layer devices.

Many different devices were fabricated with the developed processes in two different device

classes. The first class of devices fabricated are compliant mechanisms, including bent-beam

actuators, thermal isolation platforms, and out-of-plane grippers. The second class of devices

fabricated are freely moving devices such as hinged plates and gears, which require the use of

true kinematic joints, such as scissor hinges, staple hinges, and pin joints

This work describes in detail the application of PMGI as a sacrificial material for a multi-user

SU-8 surface-micromachining technology, and provides examples of fabrication.

Keywords: SU-8, MEMS, Polymer, PMGI, Surface Micromachining

Subject Terms: Surface Micromachining
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absorbance value from the Beer-Lambert when formulated in base 10
( units given to A = log(lo/I) )

Chemical Abstracts Service, a unique numerical identifier determined
by the American Chemical Society, for various chemicals.

Cyclopentanone: solvent used in the SU-8 2000 formulations.

Centistokes are a measure of kinematic viscosity, 1 centistokes = 1
mm-/s

Coefficient of Thermal Expansion - value relating the change in
temperature to induced strain.

Deep Ultra Violet refers to electromagnetic radiation in the
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Electron Beam, a controllable stream of electrons used for lithography
and imaging applications.

Emulsion-on-Mylar; a type of lithographic mask.
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Microelectromechanical Systems. Term used most commonly in North
America for mechanical structures fabricated using microelectronic
fabrication techniques.

Microsystems Technology. Term used more commonly in Europe of
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Near Ultra Violet - refers to electromagnetic radiation in the
wavelength range of 300nm-400nm
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Shape memory alloy

Spin-On-Glass

Vertical-cavity surface-emitting laser
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1 INTRODUCTION

This dissertation presents my work using polydimethylglutarimide, or PMGI, as a

sacrificial material for SU-8 surface micromachining. This chapter discusses a few

important terms and describes the motivation for the work. Following this discussion, the

prior art regarding the processing and uses of SU-8 for micromachining, as well as for

PMGI are investigated in the next two chapters The next chapter discusses some of the

characterization that was performed on the PMGI resist during this work to determine its

patterning and thermo-mechanical characteristics. Then the fabrication processes

developed during this work are described; the process sequences and capabilities are

discussed in detail, and the results of the presented fabrication processes are presented

and discussed. Future work for the improvement of these processes is presented,

followed by concluding remarks.

1.1 Photolithography

Photolithography is the process of defining patterns on a substrate using light. In

MEMS and integrated circuit fabrication, this process is most commonly accomplished

using a photosensitive polymer called a resist that reacts to ultra violet (UV) light

exposure, becoming either more soluble or less soluble. If a resist becomes more soluble

upon UV exposure, then it is said to be a positive resist, and if a resist becomes less

soluble during UV exposure, then it is said to be a negative resist. To pattern the resist, a

mask consisting of transparent and opaque sections that define the desired pattern is used

to determine where the UV light will irradiate the resist. After exposure, the resist is

developed in solvent and the soluble portion ofthe resist is removed. In the case of a

positive resist, the exposed portion is removed during development, and in the case of a

negative resist, the unexposed portion is removed during development. This

photolithographic process is shown in Figure 1.1. The patterned resist can then be used



as a mask for a chemical etching step of an underlying layer, or, as is the case in polymer

surface micromachining, patterning the resist is the end goal.

Result in
Positive Resist

UV Exposure

Mask with
Opaque L

After
Development

Result in
Negative Resist

Figure 1.1 - Photolithography of a positive and negative resist

1.2 Surface Micromachining

Surface micromachining is the process of building up mechanical structures by

success ive photolithographic steps. Fabrication using various sacrificial/structural

material combinations is the first and most well know surface micromachining technique

- the category into which this thesis falls. Sacrificial/structural material fabrication

techniques involve the use of a sacrificial material that is removed at the end of

fabrication and a structural material that remains at the end of fabrication. The sacrificial

material is deposited and patterned with the purpose of defining gaps between the

structural layers, and it is patterned to provide areas of connection between structural

layers. Figure 1.2 shows how a cantilever and a bridge structure can be fabricated using a

sacrificia l/structura l surface micromachining technique.
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a)

[:=] Substrate • Sacrificial Material

a) The sacrificial material is deposited

onto the substrate.

b)
b) The sacrificial material is patterned

to provide anchor locations where

the structural material connects to

the substrate.

c) The structural material is deposited

c) onto the substrate.

• Structural Material

d)

e)

d) The structural material is patterned.

e) The sacrificial material is removed

to create freestanding structures.

Figure 1.2 - Creating a cantilever and bridge structure using the SacrificiaUStructural technique of
surface micromachining

1.3 Freestanding and Freely Moving Parts

Two main classes of micromachines are discussed in this thesis. The first class of

structures is free standing structures, also called compliant structures, and the second

class of structures is freely moving structures.

A freestanding structure is a structure that is directly attached to the substrate at points

called anchors. Examples of freestanding structures include cantilevers and bridges, such

as those depicted in Figure 1.2. These structures are connected to the substrate at the

anchor points, but support themselves elsewhere, creating a gap between the structure and

the substrate. For fabrication, a freestanding structure requires only one structural layer.
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A freely moving part is a part that is indirectly attached to the substrate . Thi s indirect

attachment is provided by a joint made by interlocking the freely moving part with a

freestanding structure. Freely moving parts include objects like gears and hinged plates,

such as those shown in Figure 1.3. For fabrication , freely moving parts requ ire two

independent structural layers

Figure 1.3 - Examples of freely moving parts fabricated using the polyMUMPs process. (Left) Freely
moving gears constrained by pin joints. (Right) Freely moving plate constrained by
staple hinges.

1.4 LIGA

LIGA stands for LIthographic, Galvanoformung und Abformung, which are the

German words for Lithography, Electroplating and Molding. The LIGA process was

developed in Germany for the fabrication of high aspect ratio metal] ic parts[2]. This

process involves the X-r ay patterning of poly methyl methacrylate (PMMA) to create a

mold and then electroplating metal to fill in the mold Figure 1.4 gives a brief description

of the LIGA proce ss.
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a) I
'-------- - - - -
U Substrate With Seed Layer

a) A conductive seed layer is deposited on

the substrate.

b)

Unexposed PMMA

b) A layer ofPMMA of the desired

thickness is laminated onto the

substrate.

I I I I I I I I

c)

D Exposed PMMA J I X-rays

c) X-ray exposure is performed to expose

the PMMA. To provide proper contrast

between X-ray transparent and opaque

areas, LIGA masks are usually thick

electroplated gold on a thin diaphragm

and are expens ive to fabricate.

d)

d) The PMMA is developed in solvent to

produce the mold for electroplating.

e)

• Metal

e) The metal structures are electroplated

within the mold. Depending on the

requirements for surface finish, the

structures can be Japped back and

polished .

f)

f) The PMMA mold is removed using

solvent, leaving the high aspect ratio

metallic parts .

Figure 1.4 - The L1GA fabrication process.

LIGA typically uses synchrotron radiation, which provides collimated monochromatic

X-rays. However, a synchrotron is an expensive illumination source, which along with
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the cost of X-ray masks, causes LIGA to be an expensive option for high aspect ratio

micromachining. Because SU-8 is capable of high aspect ratio fabrication using less

expensive UV patterning, SU-8 is increasingly being used for LIGA like applications .

1.5 Motivation

The main multi-user surface micromachining processes are the MUMPs® processes

offered by MEMSCAP Inc. When accessing these technologies directly through

MEMSCAP, a design will take six or more weeks to be fabricated and returned to the

designer. If the MUMPs® technology is accessed through the Canadian Microelectronics

Corporation (CMC), a Canadian reseller of fabrication technology, a design will take six

or more months to be returned to the designer. CMC provides the MUMPs® process at a

fraction of the cost due to government subsidies and IS, therefore, the more common

method of technology access in Canada Both of these lead times are prohibitive to

research scheduling If a design has a flaw, by the time the designs are corrected and a

second fabrication run IS received, a year will have passed . As an example, during my

first undergraduate course in micromachining, we designed devices, but were unable to

test our designs during the course, as the turn around time for the fabrication was greater

than the time remaining in the course

Polymer micrornachining can be performed in a very rapid fashion with turn around

times measured in days, not weeks or months due the use of spin-on deposition and direct

lithographic patterning This speed allows a designer to try more designs and iterate

more times to gain a better understanding of the design problem they are facing

SU-8 is an epoxy based photo-definable polymer that is capable of producing high

aspect ratio devices with near-UV lithography . SU-8 has excellent mechanical properties

and , once cross Iinked , is highly resistant to solvents , bases, and acids. These properties

make SU-8 an excellent choice as a structural material for surface micromachining. A

full description ofSU-8's processing and properties is given in chapter 2.

Because of polydirnethylglutarimides (PMGI) characteristics, it is a good candidate as

a sacrificial layer. PMGI is resistant to solvents once baked past its glass transition

temperature and IS thermally stable at SU-8 's required processing temperatures. PMGI is
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a long chain polymer that is photo-definable using deep-UV lithography. However,

PMGI is not well characterized for micromachining, therefore, this work both

characterizes the PMGI resist as well as investigates PMGI as a sacrificial layer for SU-8 .

This work uses PMGI as a sacrificial layer for SU-8 surface micromachining to create

fabrication processes that are useful in multi-user applications. The processes use as little

clean room equipment as possible, with the goal of making it usable in a research clean

room with only basic equipment. Such processes are useful for both teaching

applications and rapid prototyping of designs.
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2 SU-8 PRIOR ART

2.1 Introduction

SU-8 is an epoxy based res ist with a functionality of eight [3], meaning that when

fully crossl inked, the SU-8 monomer, depicted in Figure 2 .1, has eight bonds. These

eight bonds create a highly crosslinked polymer that is highly resistant to acids, bases,

and solv ents. SU-8 is made into a photoresist by adding a photo acid generator (PAG)

Th e PAG becomes a strong acid when Illuminated with near-UV light, whi ch, in turn, is

the catalyst for a thermally driven cross linking of the SU-8 . Thus, the SU- 8 is a negative

toned resi st, which requires a post expo sure bake to crosslink the ex posed resist and

rend er it insoluble In the SU-8 developer

0 , o 0 , 0
\

/

60 0 0

J I )
,--;/

II II III
/

H
3C

I

CH H3C CH H3C
H

3C CH
33 3 CH 3

»:

!I II II
'I I r I

Q 0 Q 0

0 0 0 0

Figure 2.1 - The chemical composition of the SlJ-8 monomer.

SlJ-8 has received much attent ion since its introduction In 1997 ; this chapter provid es

an overv iew of the most imp ortant results from this repository of literature .
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2.2 Processing of SU-8

SU-8 uses standard photolithographic techniques for pattern transfer, including

spinning on, prebaking, near-UV exposing, post-exposure baking, and developing. This

section describes the suggested process flow as given by the supplier, MicroChem[3],

followed by a review of the process improvements suggested in the literature, which

includes a survey of exposure methods other than the standard near-UV.

2.2.1 Processing Suggested by MicroCbem

The process flow given in the SU-8 data sheet[3] is summarized in Figure 2.2.

- - _.- --------..

Substrate pretreatment__l

Spin Coat
T-'-

l Edge ~e~:moval (EBR) ~I
-- I -___J

[ Soft Bake

r
L

I _ t _
L___ E_x,po_s_e _

C POS! Exposure Bake (PEB) l

I_____t__ -,---

l
_.-

De\elop
...,-

_ - --J - -
Rinse and Dry ~

T

[

L

Hard Bake (optional) Removal (optional)

Figure 2.2 - MicroChem's suggested SU-8 process nowI3':

•All figures and tables that have a reference in the caption are by this author, but adapted from the cited
work .
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2.2.1.1 Substrate Pretreatment

MicroChem suggests that the substrate be cleaned and dehydrated before spinning on

the SU-8 film. For cleaning, they suggest a solvent cleaning and rinse with dilute acid .

This gentle cleaning is suggested because one of the main applications of SU-8 is UV

LIGA, where the surface of the wafer requires a thin metallic seed layer. Therefore, an

aggressive cleaning method would likely destroy this seed layer; however, when it will

not damage the existing surface, a Piranha etch, which is a combination of H2S04 and

H20 2, is suggested to clean the wafer of any residue

Once the wafer has been cleaned , the next suggested step is that the wafer undergo a

deh ydration bake for 5 minutes at 200°C on a contact hotplate.

MicroChem states that adhesion promoters are not generally needed , but that

OmniCoat[4] should be used if the SU-8 is to be removed later. As discussed in section

24.1.1, OmniCoat increases the adhesion strength of SU-8 on Gold by 75%; however,

OmniCoat is susceptible to chemical attack and will aJJow undercutting ofthe SU-8 . For

this reason, the use of OmniCoat is suggested if the SU-8 is to be later removed .

2.2.1.2 Spin Coating

Once the wafer has been properly pretreated, it is ready for the SU-8 film to be spun

on. The thickness of the spun-on layer decreases with increasing spin speed and is

dependent on the viscosity of the SU-8 formulation. The SU-8 formulations are named

using a number to indicate the casting solvent followed by the thickness of a layer spun at

3000rpm. Figure 2.3 shows the relationship between spin speed and the resulting film

thickness for different SU-8 2000 formulations , which are cast in cyclopentanone, on a

silicon substrate .
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Figure 2.3 - SU-8 film thickness vs, spin speed for several different SU-8 2000 formulatiousjJ].

Once an appropriate SU-8 formulation and spm speed have been chosen to provide the

desired film thickness, the suggested spin method is to dispense ImL of SU-8 2000 for

each inch of wafer diameter onto the center of the wafer To encourage resist spreading,

the spinner is first ramped to 500 rpm at a rate of 100 rpm/sec and then ramped to the

desired speed at a rate of 300 rpm/sec. The desired speed should be held for 30 seconds

to spin excess resist off the wafer and produce a uniform layer of the desired thickness.

2.2.1.3 Edge Bead Removal (EBR)

During spinning, an edge bead develops which can be removed after spinning. An

edge bead IS a bu ild up of resist at the outer edge of the wafer that has not spun off, which

can be considerably thicker than the layer that has been spun on and can lead to poor

contact with the mask during exposure Such poor contact will lead to lower lithographic

performance of the resist Edge bead removal is performed by spraying a stream of

solvent onto the outer edge of the wafer. The recommended solvent is a mixture of IJ

Dioxolane and Propylene glycol monomethyl ether, supplied by MicroChem under the
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trade name EBR PG. Many automated spin coaters have edge bead removal as a routine

step in the spin coating process. Unfortunately, the SFU clean room is equipped with a

manual spin coater that does not have edge bead removal capabilities .

2.2.1.4 Soft-bake

Once the resist has been spun, a soft-bake must be performed to drive off the

remaining solvent in the film . Driving off the solvent properly is an important step as it

affe cts the subsequent pattern transfer. The soft-bake should be carried out on a level hot

plate or oven The glass transition temperature of the uncrosslinked SU-8 is - 65°C, so

the SU- 8 will retlow during the soft-bake. This reflowing is advantageous as it creates a

more planar coating and reduces the edge-bead

The suggested soft-bake method is a stepped contact hotplate method, wh ere the wafer

is first brought to the glass transition temperature and then brought to an ele vated

temperature to drive off the solvent. The initial pre-bake at the glass transition

temperature allows the solvent to escape at a more controlled rate , which avoids the

form ation of sol vent bubbles and increases adhesion of the film . While the stepped

method is suggested, MicroChem also recommends ramping the temperature as another

method to obtain low stress films . However, they do not provide any recommendations

as to the proper ramping parameters

2.2.1.5 Exposure

After the soft-bake , the film is ready to be exposed . As is described in section 2.4.4,

SU-8 highly absorbs wavelengths shorter than 3S0nrn and is transparent to those longer

than 400nm. Bec ause wavelengths of light shorter than 3S0nm are absorbed before

penetrating the full depth of the film, they should be filtered out before exp osure to

prevent over-exposure of the top of the film Failure to remove these short wavelengths

can result in negatively sloped s idewalls or T-topping of the exposed structures[5] The

exposure doses recommended by MicroChem for various film thicknesses are given in

Table 2.1 along with a calcul ation ofthe estimated exposure times required in our mask

aligner. The estimated exposure times are calculated using the current inten si ty of our

mask aligner, which is approximately 8 mW /cm2
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Table 2.1 - Suggested exposure dose for various SU-8 thicknesses on a silicon wafer[3].

Thickness (um)
Exposure Energy Estimated

(m.l/cnr') Exposure Time (s)
O'i-?O flO- RO R 0 _ 10

3.0- 5.0 90-105 11- 13
6.0 - 15 110-140 14 - 18
16- 25 140-150 18 - 19
26-40 150-160 19 - 20

The recommended exposure doses are based on using a bare silicon wafer as the

substrate. Therefore, if the layer underlying the SU-8 is not silicon, the required

exposure dose changes. Table 2.2 provides suggested correction factors for the exposure

dose for various common substrates and underlying films . Note that both the optical

quality and material type of the underlying film affect the results, so some of the

corrections factors are given a range

Table 2.2 - Suggested exposure correction multipliers for various substrate materialslJ].

Substrate Material
Correction

Factor
Sil ir-on Ix
Glass 1.5x
Pvrex 15x

Indium Tin Oxide 1.5x
Silicon Nitride 15-2x

Gold 15-2x
Aluminium 1.5-2x
Nickel Iron 15-2x

CODDer 15-2x
N ickel 15-2x

Titanium 1.5-2x

2.2.1.6 Post Exposure Bake

Because the exposure activates the PAG and does not directly cause polymerization, a

Post Exposure Bake (PEB) must be completed for polymerization to occur. Like the

prebake, a two step baking process is suggested; this time the stepping is an attempt to

produce a film with the least amount of residual stress .

13



2.2.1.7 Development

Once the film is selectively crosslinked, the wafer is read y for development, which

will remove the uncross linked SU-8 and leave the exposed areas behind. MicroChem

suggests using their optimized SU-8 Developer, but state that SU-8 will also develop in

ethyl lactate and diacetone alcohol. SU-8 can be developed by immersion, spray or spray

puddle methods.

During development, "strong agitation" is recommended. In our lab , we use

ultrasonics to provide our strong agitation; however, this method is not always

appropriate because strong agitation can damage freestanding parts like cantilevers.

When ultrasonics risk damaging parts, hand agitation is used during development. Once

the development is complete, the wafer should be rinsed with isopropyl alcohol (IPA) to

remove the SU-8 developer and then air dried in N2 If the SU-8 has not fully developed ,

a white precipitate will appear during the IPA rinse , at which point, the wafer can be

returned to the developer to complete the development

2.2.1.8 Hard-Batie (cure)

Once the parts have been developed , the SU-8 can be hard-baked between ISO-250°C.

The hard-bake is optional and should only be performed if the SU-8 is intended to remain

as the structural matenal rather than as a sacrificial mold . The hard-bake promotes

further crosslinking of the SU-8, increases the glass transition temperature of the SU-8,

and makes the resist extremely difficult to remove .

2.2.1.9 Removal oftbe Crosslinked SU-8

In applications like UV LIGA, where the crosslinked 8U-8 is used as a sacrificial

mold , remaining SU-8 is an issue because SU-8 's chemical stability makes it difficult to

remove; however, MicroChem has several suggestions for SU-8 removal. Their rnam

recommendation is to use OmniCoat as a primer in conjunction with their Remover PG ,

which causes SO-8 that is not fully crosslinked to swell and lift-off. This lift-off is

enhanced if OmniCoat has been used as an adhesion promoter. Other removal methods
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are suggested but are not expanded upon, such as Piranha etch , RIE, plasma ashing, laser

ablation, and pyrolysis.

2.2.2 Improvements to the Suggested Process

2.2.2.1 Improvement of tbe SU-8 Resist

The original formulation of SU-8 used Gammabutyrolactone (GBL) as the primary

solvent. However, GBL has a high surface tension and high boiling point, which makes

its surface wetting ability and drying times poor. In an attempt to improve the

characteristics of SU-8, Shaw et al. [6] considered a large number of different solvents to

replace GBL. After experimenting with different formulations , they cho se

cyclopentanone (CP) as a suitable replacement . Table 2.3 compares important solvent

characteristics for GBL and CP

Table 2.3 - Comparison of GBL and CP characteristicsjri] .

Resist Viscosity Drying time to

Mol ar Canon Fen ske constant weight

Solvent
Vapour pressure Surface

volume @25 DC (Omnimark)
(mmHg) Tension

(crrr' zmol) 65% 70% min @ min @
solids solids 95 DC 115 DC

GBL 10 404 81 36348 12100 38 28

CP 0.3 29 .5 88 2004 5 7000 27 13

The use ofCP as the solvent led to the introduction of the SU-8 2000 formulations of

resist. SU-8 2000 has improved coating abilities on surfaces like gold and SI02 due to its

lower surface tension . The CP based SU-8 has shorter drying times, greater uniformity,

better wetting, and cleaner removal of the edge bead when compared to the GBL based

SU-8

Further improvements to the SU-8 resist formulations have been ongoing, which

include the additions of copolymers to be mixed With the SU-8 in concentrations up to

20%[7]. The resulting resists have less intemal stress and better adhesion. These results

may have contributed to the newly released SU-8 3000 series of resists , but this cannot be

verified as M icroChem does not pub] ish the exact compositions of its resists .
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Other work has been undertaken to replace the photo acid generator (PAG) currently

used with a metal ion free PAG [8]. Resists containing metal ions are not compatible

with CMOS processing, so if SU-8 is to be introduced into a CMOS foundry , a metal ion

free PAG must be used . However, a metal ion free PAG that had the same performance

as the currently used SbF 6, has not been found . Thus, SU-8 processing, while otherwise

compatible with CMOS, will be limited to post processing of already fabricated CMOS

wafers until this problem is solved.

2.2.2.2 Longer Soft-bake Times for Thick Layers

Liu et at. [9] reported that the suggested soft-bake times for SU-8 may not be long

enough when creating very high aspect ratio devices. When Liu et at. fabricated high

aspect ratio structures, they found that films with too high a level of retained solvent

would warp during exposure. Lui et at. investigated how the retained solvent might be

causing this warpage using different models for the solvent diffusion. Note that Lui et at.

gave no explanation as to how their data was obtained although they appear to be

simulation results . They also did not provide units for the y-axis of their main graph.

They determined that if the initial loss of solvent is too rapid, the surface becomes

depleted of solvent, and because the solvent diffusion is contingent upon the film 's

density , solvent is trapped lower in the film and is unable to escape Because the glass

transition temperature is related to the amount of retained solvent, this trapped solvent

creates an area where the glass transition temperature is around room temperature. So,

when the pressure of contact lithography occurs, the film compresses and shifts, warping

the structures Therefore, the reliability of pattern transfer is not just contingent on the

retained solvent level , but it is also dependent on the gradient of the solvent through the

film . To avoid this gradient, Lui et at. recommend either the two step baking method

suggested by MicroChem or placing a Petri dish over top of the wafer to increase the

vapour pressure of the solvent and lessen the gradient In the film . With proper baking to

produce low solvent levels, Liu et al. were able to produce structures with aspect ratios

greater than 50 :1
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2.2.2.3 Infrared Radiation Baking

Baking in an oven can cause a skin to form on the outside of the SU-8 because the

surface of the SU-8 is heated, which makes removal of the solvent difficult. Baking on a

hot plate creates a large thermaJ gradient across the film , which can induce permanent

stress . Because both these two baking methods have drawbacks, Kubenz et al. [J 0]

worked on using infrared (IR) radiation to evenly heat the entire thickness of the SU-8.

figure 2.4 shows the apparatus that they used for their JR baking.

Pyrometer

IR Radiator-.
~

Wafer

Figure 2.4 - IR baking apparatus used by Kubenz et al.IIOI.

The pyrometer in Figure 2.4 , used to detect the wafer temperature, operates on

different wavelengths than the JR radiation, so no crosstalk occurs between the excitation

and detection. The pyrometer also had to be calibrated to the emissivity of the films to be

heated so that it could correctly measure the wafer temperature. With the setup depicted

in Figure 2.4, Kubenz et al. were able to bake the SU-8 films in a more efficient manner.

Their bake times for thick SU-8 structures were shortened by 30% and the film

temperatures required to drive off the solvent were reduced.

As a result, they produced fiJms with less stress and better adhesion. Their setup

would be an excellent choice for higher throughput fabrication.
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2.2.2.4 Removal of Air Gaps

When exposing thick resist structures, an air gap between the mask and film surface is

present. This gap, caused by large edge beads, step coverage, and uneven surface tension

during baking[ 11], causes diffraction effects during exposure that are detrimental to

pattern transfer. Chuang et al. experimented with eliminating the air gap using glycerol ,

which is a high index liquid that is water soluble[ll]. Figure 2.5 compares the standard

process to Chuang et al. ' s glycerol compensated process .

Uncompensated

.... - -

Compensated
SU-8 - I'"'----- ""- --,,",",
Wafer -.-'--------_...

UV Exposure
I i i 1 1 1 I 1 Iii ,I
"""",. "~''''ll-~ . __~_Alr Gap .........==__ .

'-- "--~. ' " ~ ~--.-------.../

/'
Glycerol / I- ......

Figure 2.5 - Comparison of standard process and glycerol compensated processl l l] .

Chuang et al. implemented their process and tested it by comparing uncompensated

and compensated structures. They were able to confirm the predictions of their model

and show uncompensated lithography with a sidewall angle of2.4° and vertical sidewalls

with glycerol compensation at an aspect ratio of approximately 5: I .

The glycerol compensation process is useful for maintaining accurate pattern transfer

as processes develop topography changes, as is the case with the multilayer process

developed in this thesis .
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2.2.2.5 Out-of-Plane Curvature Control

One issue with freestanding MEMS structures can be out-of-plane curvature, which is

a measure of how much a structure curls, where a curvature of zero indicates a perfectly

flat layer. Out-of-plane curvature can be used in various designs for assembly[ 12], but if

it cannot be controlled, the fabrication process will not be able to fabricate the flat

structures required for most MEMS , To better understand the effects of exposure and

baking on the out-of-plane curvature of SU-8 , our research group performed a series of

experiments on cantilevers with different exposure doses and baking times[13]. The

resulting data is shown in Figure 2,6.

, i \
· ,
• , t \, .:

: ,
· .

• : I

( :

. ' ..

... " ~"" "' '' . ,.".,.. ...... ,. ...!,
• ' . - ('1"', " ' .1".. ;" V· - .... )'-. - . . -, ,...... . -& •• - .:.... ;

#-'" •• ,-~r·- ,;·~'..... ,' · . _
I "~,\/ .

/ ".',., /-

Ramp and Cool

. --;i Ramp and Hold 10minutes

~ Ramp and Hold 20minutes

----- Ramp and Hold 30minutes

908070605040

,·,···,,
·,··,(\

.!

:) .- .,

I

30

1.0E-4

O.5E-4

0

------ -O.5E-4
E
2-
Q)

:s -1.0E-4co
2:
J
0

-1.5E-4

-2.0E-4

-2.5E-4

-3.0E-4
20

Exposure Time (seconds)

Figure 2.6 - Out-of-plane curvature of cantilevers as a function of exposure time for various baking
timesl B].
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The nonlinear behaviour evident in Figure 2.6 is due to the different effects that the

exposure and the baking have on the crosslinking density of the film . The rate at which

the epoxy bonds are formed is dependent on both the exposure level and the temperature.

There is a gradient in the exposure dose through the thickness of the film and a gradient

in temperature across the film due to the hot plate baking. These two gradients oppose

each other, and with current epoxy modelling techniques, accurately predicting the

crosslinking density though the film is not possible. However, three regions are evident

in the data : a low exposure dose region, a moderate exposure dose region, and a high

exposure dose region. For the tested cantilevers, these three exposure dose regions are

approximately, less than 40 seconds, between 40 and 65 seconds, and greater than 65

seconds, respectively . The low exposure dose region is the area of high negative

curvature . This region has a large exposure gradient and the baking is unable to

compensate and provide an even crosslinking density . The moderate exposure dose

region is in the middle, around zero curvature . In this region, neither the exposure dose

nor baking gradient dominates, and different combinations ofthe exposure and baking

provide minimum curvature . The high exposure dose region is the area of positive

curvature . In this region, the exposure has begun to saturate the photoactive compound

and the exposure gradient is minimal causing the baking gradient to dominate .

Even though we were not able to provide an analytical model for the exposure/baking

relationship to curvature, we were able to make the following general conclusions based

on our work

• Thin layers wil I have lower exposure and thermal gradients, but will display

more curvature at a given gradient than a thicker layer The extreme reaction

to the gradients is caused because the stiffness of a beam or membrane is not

linear WIth thickness .

• Higher baking temperatures on a hot plate produces larger curvatures due to

increased thermal grad ient . Because the ambient temperature is not changing,

the thermal gradient increases with increasing hotplate temperature.
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• Reducing the thermal gradient in the SU-8 film during baking wilJ decrease

the positive curvature seen in the resulting SU-8 films.

These conclusions are of great interest, as they are the impetus for post development

exposure and the firm bake method of reducing curvature that is presented in this thesis.

2.3 Non-Standard Patterning Methods

While SU-8 is designed as an l-Iine resist (365nm), a significant amount of research

has investigated non-standard patterning methods This section briefly describes six of

these non-standard methods.

2.3.1 Electron Beam Exposure

Electron-Beam(e-beam) exposure ofSU-S has been studied by several groups in an

effort to produce ultra fine features[ 14-18], and has been shown to be a highly sensitive

e-bearn resist Compared to the standard resist PMMA[19], SU-8 is two orders of

magnitude more sensitive to e-bearn exposure. Table 2.4 summari zes the e-bearn

sensitivities and compares some commerciall y available resists , including SU-8.

Unfortunately, the thickness of the layers described in Table 2.4 were not given, thus

limiting the definitiveness of the comparison, because the required dose will change with

thickness.

Table 2.4 - E-beam sensitivity and contrast comparison for commercially available resistsj Id],

Resist Tone
Required Dose @ 50 keY

Contrast
(f.lC/cm2)

PMMA positive 500

AZ5206E positive/ negative 11 0 4

S AL-60 1 negative 13 58

ZEP7000B positive 10 16

SU8C negative 4 17

As shown in Table 2.4, SU-8 is a highly sensitive resist with midrange contrast The

maximum reported patternable thickness for e-beam exposure of SU-8 is around 211m ;

depending on beam power, and line widths as small as 80nm have been fabricated with
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an aspect ratio of 4.3: 1. However, care must be taken to keep the line separation large

enough that the proximity effect does not adversely affect the exposure. The proximity

effect is unwanted exposure of resist caused by back scattered electrons, wh ich causes

distortion in the desired pattern[18]. The backscattering of electrons creates positively

sloped sidewalls and the trench between adjacent lines w ill fill in at the bottom. This

infilling is due to overlapping backscatter zones near the substrate between adjacent lines

that allow the resist to reach a high enough level of exp osure to crosslink.

The energy provided by e-beam exposure of SU-8 is enough to gen erate some

cross linking [14]. Thus whe n e-beam exposed, SU-8 can be developed without the need

for a PEB, but at the cost of lower contrast. E-beam ex pos ure of SU- 8 w ithout PEB

provides a co ntrast of approximately one, which allows grey scale patterning by creating

an almost linear relationsh ip between ex posure dose and film thickness. The ability to

fabrica te grey sca le pattern s has been uti! [zed by several groups to mak e optica l

component s such as a Fresnellens[l4], a cy lindrica l lens[16], and an optica l grating[1 6].

E-beam exposure has also been combined with UV 1itho graphy to create overhangin g

struc tures [16]. Kud ryashov et at. used UV expo sure to crea te suppo rting beams attached

to the sub strate and then used e-beam exposure to cre ate a grid that was suspended

between the UV exposed supports Bec ause the penetration depth of the e-beam is

limited , the e-b eam exposure does not expose the full depth of the SU- 8 fi lm. The

support beams were l Sum high and the e- bea m exposed mesh was approximately 2~m

thick. While Kudryashov et at. were successful in fabri cating an ove rhang ing structure,

their method had poor alignment between the UV and e-bearn exposed portions of the

device

2.3.2 Proton Beam Exposure

A mor e exo tic method of cur ing the SU-8 is ex pos ure to a proton beam[ 20-22]. Thi s

method of ex pos ure uses protons from a part icle accelera tor focused down into a sub

IOOnm beam . Van Kan et at. have dem on strated a minimum feature size of 60nm with

an aspect rat io of 166 : I . Due to the higher mass of the protons, the energy of the prot on

beam prov ides depth control w ith very little of the scatter ing assoc iated wi th e-beam
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exposure. Van Kan et al. [20] demonstrated cantilevers that were fabricated using beam

power for depth control. Once the exposure is completed, the wafer is developed, as the

standard post exposure bake is not needed when using this exposure method [21].

2.3.3 X-ray Exposure

SU-8 can also be exposed using X-rays rather than UV X-rays have low absorption

in the SU-8 film and as a result it can provide a very even exposure throughout the

thickness of the film with an optical diffraction of only 0.5~lm at 2mm distance from the

mask [23] These factors allow X-r ay patterning of SU-8 to provide very high aspect

ratio devices. Reported aspect ratios range from 50: I to 100: I for X-ray patterning of

SU-8 [23- 25] , which is unachievable with UV patterning. The X-ray sources used ranged

from 1.3 GeV tol.5 GeY. Traditionally , PMMA is the polymer used for X-ray exposure;

however, experiments have shown that SU-8 is more than two orders of rnagnitude more

se ns it ive than PMMA Table 2.5 compares the X-ray doses required for patterning SU-8

and PMMA .

Table 2.5 - X-ray dose comparison for SU-8 and PMMA layers[241.

Resist

Damage dose
Development dose

Threshold dose

SU-8
10,000 I/cern

10 I/cern
0 .05 J/ccm

PMMA
20000 I/cern
3 500 J/ccm

100 J/ccm

PMMA becomes dam aged through bubbl ing and foaming if over exposed, whereas

SU-8 has been shown to withstand 10,000 J/ccm without thi s kind of radiation

damage[24] The development dose mentioned in Table 2.5 is the dose required to full y

expose a layer The threshold dose, mentioned in Table 2.5, is the dose at which partial

polymerization occurs The threshold dose is important as it determines the amount of

contrast needed in the mask . If the mask does not have sufficient contrast or the wafer is

overdosed with X-rays, a skin of polymerized SU-8 can form, ruimng the quality of the

pattern transfer. Further, the ratio between the damage dose and development dose is

important, because it is the limiting factor to the maximum patternable thickness.

Bec ause the film absorbs a portion of the X-rays, an exposure gradient is created . The

23



maximum thickness that can be patterned is limited to the case where the bottom of the

film has received the development dose and the top of the film is still below the damage

dose. The exposure gradient increases with film thickness, so a high ratio of damage

dose to development dose can handle a larger gradient and still maintain proper pattern

transfer.

Because SU-8's X-ray dose requirements are low, using it for LIGA is of increasing

interest, where X-ray source time is one ofthe main cost factors.

2.3.4 Inclined-Exposure

By changing the incident angle of the exposure, SU-8 structures can be created at an

angle to the substrate[26-30]. Depending on the sophistication of the exposure apparatus,

a rotational-inclined-exposure can be performed to create axially symmetric structures,

such as micro-needles.

One potential issue with inclined exposures is that the reflection of the exposure off

the substrate can cause unwanted tail ing as shown in Figure 2.7. However, this issue can

be dealt with by applying an anti-reflection coating to the substrate before applying the

SU-8 [28].

Alternatively, the reflection can be used to lower the number of exposures required to

fabricate a crosshatched micro mesh [27].

Inclined Exposure

./

Substrate

Anti-Reflection
Coating

Tailing
SU-8

Figure 2.7 - Inclined exposure ofSU-8, both with and without an anti-reflection coating. [261
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The angle of incline for the exposure is limited by the index of refraction mismatch

between the SU-8 and air . The index of refraction for SU-8 is approximately 1.67, which

limits the maximum incline of the fabricated objects to 540. This limitation can be

removed using immersion lithography. Hung et al.[28] used glycerol, which has an index

of refraction of 1.6, to improve the inclination limit and were able to create devices at an

angle of 19° when measured from the substrate.

2.3.5 Two-Photon Absorption MicroStereoLithography

Two-Photon Absorption (TPA) MicroStereoLithography (MSL) is another method

that has been used to pattern SU-8 . TPA MSL is a nonlinear process, where the curing

only occurs at the focal point of a laser[31). TPA uses wavelengths that by themselves

would not provide enough energy to activate the photoinitiator. TPA can use two

different nonlinear effects, both of which require two photons to be absorbed in order to

activate the photoinitiator. The first effect is Resonant Two-Photon Absorption and the

second is Simultaneous Two-Photon Absorption. Resonant TPA occurs when the photo

initiators have a short lived intermediate state[32] below the active state In resonant

TPA, the first colliding photon excites the initiator molecule to this intermediate state . If

a second photon is absorbed before the intermediate state decays, the molecule is

activated and causes polymerization Simultaneous TPA requires the second photon to

be absorbed while the first is still interacting with the molecule, meaning that both
isphotons must be absorbed in less than 10' 's [32]. TPA effects occur only when the

intensity, thus the photon density, is very high . The basic apparatus used for TPA MSL is

shown in Figure 2.8.
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Figure 2.8 - Two photon ab sorption MSL apparatus 1311

Several different groups investigated the use of SU-8 for TPA MSL[31 , 33-37] and

were able to ach ieve as pect ratios as high as 50: I , usin g low numerical aperture optics

[31].

The sm all est real izable structure in MS L is called a volume pixel or voxel, which for

TPA is shaped like a grain of rice . The voxel size for an MSL process determines how

finely a structure ca n be defined, Typically , the voxel size is depend ent on input power

and time Th e dimensions of the voxels are a lso highly dependent on the opti cal beam

shape. Higher numerical aperture systems will crea te shorter voxel s while a lower

numerical aperture w ill create longer voxels due to the lengthening of the focal point.

The wr iting spee d of a pattern is det ermined by the amount of energy needed to

initiate polym erization, and the rate that energy can be transferred to the resist. If too

much energy is tran sferred 1I1to the system at too high a rate, the SU -8 can begin to boil ,

which cau ses dam age . WitzgaJl et al. were able to show in their investigation that

exposure threshold , or minimum required dose, was dependent on the excitation

wavelength, whil e the damage threshold was relatively constant with respect to excitation

wave lengt h[37]. They found that the exp osure threshold at an excitati on wavelength of
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660nm was approximately five times lower than at an 800nm excitation wavelength .

Taking advantage of this relationship can provide a much larger processing window for

TPA MSL ofSU-8 .

TPA MSL is also capable of making overhanging structures. However, the feature

definition in MSL is not as sharp as other exposure methods and is prone to stress issues .

2.3.6 Reactive Ion Etching

Reactive Ion Etching (RIE) can be used to pattern or strip fully crosslinked SU-8 [38

40]. Hong et al. investigated the optimization of etch rate for RIE patterning of SU-8

films . They were able to achieve a maximum etch rate of l-Zum/rnin. They investigated

the effects of the chamber pressure, and flow rates of O2, SF6, and Ar on the etch rate and

undercutting of the sidewalls . They found their optimum conditions to be O2 @ 60sccm

and SF6 @ 3 seem with a chamber pressure of 1SO rn'T. However, they did not optimize

for undercutting other than to show that adding Ar flow rate lowered undercut but also

decreased the etch rate . They left out several other parameters from their study, such as

the power level of the RlE machine, electrode height, and DC bias voltage; most RIE

machines are able to control these other parameters. Further, the input power has a great

effect on the etch rate and quality. Despite these missing factors, Hung et al . verified that

a small amount of SF6 provides a significant increase in etch rate over O2 alone .

Mischke et al . investigated the use of O2 and CF~ chemistry in etching SU-8 . They

were able to achieve a maximum etch rate ofO .9~Lm/rnin with a 10% concentration of

CF~ in O2 as is shown in Figure 2.9. This etch rate was also dependent on the process

history of the wafer as is also shown in Figure 2.9. Mischke et al. also investigated the

effects of pressure on the etch rate and sidewall angle and found a trade off as with the

reactive ion etching of most materials, higher pressures gave a greater etch rate and

produced sidewalls that were further from 90°, while lower pressures produced more

vertical Sidewalls with a reduced etch rate . The effect of pressure on the etch rate and

Sidewall angle, ShO\VI1 in Figure 2.10, are related to the mean free path of the reactive

species Mischke et at. also fOLU1d that if they were etching an SU-8 layer thicker than

200llm, redeposition of by-products onto other areas of the wafer would occur When
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etching away an SU-8 mold , this redeposition occurred at a distance from their nickel

parts, that was approximately the same as the height of the parts .
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Another application of RJE to SU-8 is residual stress modification . While SU- 8 has a

tensile stress when fabri cated , Bureau et al. [41] discovered that when SU-8 is exp osed to
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an SF6 based plasma process, the SU-8 can change from a tensile stress to a compressive

stress. In an attempt to discern how the compressive stress was being induced , Bureau et

al. took XPS measurements to determine the surface chemistry of the SU-8. These XPS

measurements showed that fluorine from the RlE mixture is being incorporated into the

SU-8 structure, which generates the compressive stress . Note that the SF61N2/02 5:1:1

RlE gas mixture used to induce the compressive stress, etches the SU-8 at a rate of

150nm/min, which must be considered when using this process .

2.4 Physical Properties

2.4.1 Mechanical Properties

Feng et al.[42] have shown that SU-8 is a transversely isotropic fi lm, meaning that

mechanical constants of an SU-8 film are the same in the in-plane direction and different

in the out-of-plane direction In their study, Feng et al. [42] extensively investigated the

differences between the in-plane and out-of-plane mechanical constants, their findings

are summarized JD Table 2.6 .

Table 2.6 - Comparison of in-plane and out-of-plane mechanical constants, where the subscript i
indicates an in-plane value and 0 an out-of-plane value 142)

Constants Value

Ej 3.2±0.2 GPa
Young's Modulus

Eo 5.9±0.9 GPa

G; 1.2±OA GPa
Shear Modulus

Go 0.3 GPa

Vi 0.33±0.02
Poisson's Ratio

Vo 0.29±0.02

Coefficient of Thermal aj 87.1±2 ppm/sC

Expansion a o 278±31 ppm/vC

A different study by Larsson et al. found Young 's modulus to be 3.7 GPa for their

samples[43] using a cantilever profilometry method , which assumes an isotropic Young 's

Modulus. Hopcroft et al.[44J also performed a study of SU-8 cantilevers to extract

Young's modulus and found a value of2.7 ± 0.5 GPa .
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Lorenz et al. [45] tried to determine both the coefficient ofthennal expansion (CTE)

and Young's modulus using a wafer bowing experiment. In their experiment, Lorenz et

al. temperature cycled a 3 inch silicon wafer that had be coated with an SU-8 thin film,

from 20°C to 200°C, they then determined the CTE and E/( I-v) by solving simultaneous

equations. Their findings are given in Table 2.7.

Table 2.7 - Results of Lorenz et aL's wafer bow test [45].

Property

CTE

E/(1-v)

E using Vi from Feng et al.[42]

Value

53.0 ± 5.1 ppmr'C

5.18 ± 0.89 GPa

3.47 GPa

The density of crosslinked SU-8 has been reported to range from Il90kg/m3 to

1218kg/m3 [42,46]. These density measurements are highly dependent on the processing

conditions, as are most ofSU-8's mechanical properties.

A further study by Feng et al. [47] investigated how exposure dose and post exposure

bake (PEB) affect the mechanical properties of SU-8. Figure 211 shows their findings

on the effects of exposure dose on the Young's modulus, strength, and elongation of SU

8. As shown in Figure 2.11, the presented mechanical properties appear to saturate at a

dose between 0.75 J/cm2 and 100 J/cm''. This saturation is likely the result of the amount

ofavaiJable PAG becoming saturated. Figure 2.12 shows Feng et al. 's findings on the

effects of PEB time on the Young 's modulus, strength, and elongation of SU-8 . Again,

the mechanical parameters tend to saturate with increasing PEB time; however, a few

more data points at the longer bake times would make a stronger case Feng et al. also

studied the effects of the baking temperature on the mechanical properties of SU-8 Their

findings are shown in Figure 2.13, where the properties saturate between l20°C and
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Note that the experiments by Feng et al. were conducted on a bulk film that was cut to

create samples As a result, some of this temperature data is not possible with standard

processing, because SU-8 will begin to spontaneously thermally cure even without

exposure at elevated temperatures. A simple experiment to find the threshold for this

spontaneous thermal crossJinking was undertaken by Bogdanov et al. [23], where they

performed a PEB on unexposed samples of SU-8 at various temperatures and then

determined how long the samples took to dissolve in developer. They found that

spontaneous thermal crossl inking begins at approximately l3SoC, and the rate rapidly

increases by IS0°C, as shown in FIgure 214.
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2.4.1.1 Adhesion Strength

The adhesion strength of SU-8 to various materials is an important mechanical

property that is needed when determining what substrate material or coat ings are to be

used . Some qualitative data as to the relative adhesion strength of various metals has

been reported [48] , but, more importantly , quantitative studies ofSU-8's adhesion

properties were conducted by Dai et al. [49] and Nordstrom et al. [50].

Table 2.8 summarizes Dai et af.'s findings . Unfortunately, the equipment used by DaJ

et al. onl y allowed them to test a minimum feature size of IOmm They also found a

relationship between the adhesion and the size of the sample being tested , which makes

sense, as the CTEs have large differences, as shown rn Table 2.8 These differences in

CTE will cause residual stress in the SU-8 layer, which will change its adhesion

properties
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Table 2.8 - Properties possibly contl"ibuting to adhesion strength of SU-8 and various metals[491

Metals Ti Cr Ni Cu Au SU-8
Atomic numbers 22 24 28 29 79
Ground state

[Ar]3d 1o [Xe]4f
electron [Ar]3d 24s2 [Ar]3d s 4s 1 [Ar]3d84s2

4s 1 5d 1o 6s 1

configuration
Electronegativity

1.54 1.66 1.91 1.90 2.54
(Pauling scale)
Atomic volume

10.60 7.29 6.64 7.11 10.22
(cm3 moll)
Surface energy (J

2.6 2.1 2.5 1.9 1.6
m2)
CTE (ppm /°C) 88 13.3 6.6 171 14.2 52±5.1
Adhesion strength

7783 7.679 4.4 86 4697 7.099C-x 104
Pal

Nordstrom et at. measured adhesion strength in the same way as Dai et al. ; however,

they calculated quite different values for the adhesion strength of SU-8 to various

materials. As summarized in Table 2.9 , Nordstrom et at. measured the adhesion strength

of SU-8 with the following materials, Au , Ti , AI, and Si

While the two studies show approximately the same relative difference between Au

and Ti, the absolute values of the adhesion strengths found by Nordstrom et al. are two

orders of magnitude greater than those found by Dai et at. Their basic approaches are

similar, and their samples sizes were not greatly different.

Table 2.9 - Adhesion strength of SU-8 to various metals[50]

Substrate Material

Bond Strength (MPa)

Au

48

Ti

5.6

Al

12.1

Si

20 .7

Aside from testing different metals, Nordstrom et at. also tested three different

adhesion promoters. Ti, 4-ATP, and OmniCoat Their findings for the effects of these

adhesion promoters on an Au/SU-8 interface are given in Table 2.10, which show

MicroChem 's OmmCoat adhesion promoter performed the best and increased the

adhesion strength by 127%
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Table 2.10 - Effects of various adhesion promoters on adhesion strength ofSU-8 to gold[501

Promoter Type

Bond Strength (MPa)

No Promoter

4.8

Ti

6.3

4-ATP

6.5

OmniCoat

10.9

Note that OmniCoat is a very thin formulation of a PMGI based resist[51]. Thus, the

adhesion of SU-8 to a PMGI sacrificial layer should be excellent.

A third adhesion test by Nordstrom et af. involved determining the Au/SU-8 adhesion

strength for different exposure doses . Their findings are summarized in Table 2.11 . The

relationship shows a low adhesion strength in the midrange doses . Nordstrom et af.

theorized that two different effects dominated one at low doses and one at high doses

However, their explanation of these effects was mostly conjecture. Also note that the

recommended dose for the thickness of film used was 150 - l60mJ/cm 2
, well below the

tested exposure doses . A further, complete study of these effects would be useful

Table 2.11 - Effects of exposure dose on adhesion strength of SU-8 to gold[50j

UV Exposure Dose (rnl /crn")

Bond Strength (MPa)

270

9.4

360

72

450

6.8

540

I t7

Larsson et af. [43] , in an attempt to provide even greater adhesion strength, developed

a method for creating a mechanical interlocking between the SU-8 layer and substrate

Thi s mechanical interlocking layer was created by using RIE to create pits on the

substrate's surface where the SU-8 was to be anchored . To test the utility of this

interlocking, Larsson et af. performed a peel test, by gluing a pipette to the end of a

cantilever, which, with a tensile tester, was used to peel cantilever's anchor off of the

substrate In order to attach the SU-8 strips to the pipette, a cavity was etched under one

end of the strip to create cantilevered structures used for the interface .

Once they had conducted their tests, Larsson et al. found that the interlocking

increased the peel resistance of the SU-8 by 75 times . Interestingly, the interlocking

structures with no overhang performed better than those with an overhang ( Iike an

inverted mushroom) This result was due to fracturing of the overhanging interlocks,
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which concentrated the stress at the weakest point, while those that had no overhang were

not fracturing. Larson et al. hypothesized that with proper control of the overhang, the

pull out stress could be designed to be just below the fracture stress, thus maintaining the

increased resistance of the overhang without the premature fracture .

2.4.1.2 Glass Transition Temperature (TJ

The glass transition temperature of a material is the temperature at which a polymer

changes to a soft and plastically deformable material , from a hard and brittle one . The

glass transition temperature of SU-8 is dependent on the percentage of bondable sites that

have crosslinked (degree of conversion), such that greater crosslinking results in greater

thermal stability and , therefore, a higher glass transition temperature . Figure 2.15 shows

the relationship between the glass transition temperature and the degree of conversion

determined by Rath et at.[17] , who predict a maximum glass transition temperature of

142°C for SU-8 . However, in their paper, they provide an example of an SU-8 film with

a Tg of 165°C In further disagreement is the work ofFeng et al. [47], who found Tg to

be PEB dependent and capable of reaching over 200 °C, as shown in Figure 2.16 .
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Figure 2.15 - Glass transition temperature of an SU-8 layer as a function of the degree of conversion
measure using fourier-transform infrared (FTIR) spectroscopy 117]. Showing data for
several samples with different PEB temperatures.
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While these studies disagree on the maximum Tg for SU-8, the Tg for SU-8 is clearly

dependent on the crosslinking density , which is in turn dependent on both the exposure

dose and PEB temp/time.

2.4.2 Electrical Properties

SU-8 IS intrinsically an electrical insulator with a dielectric constant of3.2 at 10MHz

[3]; however, an SU-8 nanocomposite using silver nanoparticles has been demonstrated

by Jiguet et al.[52,53]. By adding silver nanoparticles to SU-8, Jiguet et al. were able to

obtain conductivities as high as 107 S/m. For compari son, the polysil icon layers in

polyMUMPs are typically 5xl04 S/m Figure 2.17 shows Jiguet et al. ' s results for

electrical conductivity with various silver volume-fractions.
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The opti cal characteristics the SU-8 change with the addition of the silver

nanoparticles, such that the exposure of a thick layer IS no longer possible This

diminishment of the resist's expo sure characteristics is due to the silver particles

shadowing the resist directl y below them . Part of the issue is the size of the nanoparticles

used in the experiment The powder used had a primary parti cle s ize that was sub

micron; however, the mean cluster size was 1.5 microns Bec ause the cluster size is

much gre ate r than the wavelength of light used for exposure, the powder shadowed the

exposure . Thus, the exposure depth that wa s attainable decreased with increasing silver

particle concentration . The relationship for exposure depth with respect to silver fraction

is shown in Figure 2.18 . Because of this shadowing issue , Jiguet et at. had to use back

side exposures so that their film s would adhere to the substrate . The shadowing and

back-side illumination combined to provide a very rou gh surface for the films produced

using this co mpos ite
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Another side effect of the large loading required to produce conductivity is that the

composite was no longer spinable and had to be hand spread with a spatula. So, this

reported conductive composite has sacrificed most of SU-8 's better characteristics to add

conductivity .

Another method has been suggested by Guerin, one of the first SU-8 researchers[54]

He suggests on his webpage and indicates that he has accomplished making SU-8

conductive through the addition of polyaniline Polyaniline comes as a non-conducting

polymer that is soluble, and when it is exposed to an acid it be comes conductive and

insoluble. Because the SU-8 is also rendered insoluble by a photosensitive acid, the

exposure of an Sll-S/Polyaniline composite will both dope the polyaniline and activate

polymerization. This method is patented[55] ; however, there are no reports in the

literature of this composite being produced .

2.4.3 Magnetic Properties

SU-8 is not magnetically active on its own; however, as in the electrical case a

nanocomposite has been reported . This composite developed by Damean et at [56]
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blends nickel nanospheres into SU-8 50 to create a ferromagnetic polymer composite .

The nanopowder used consisted of 80-150nm sized nickel spheres. Because the powder

used had dimensions less than that of the exposure wavelength, the nanospheres do not

shadow the underlying photoresist. Due to diffraction, scattering, and reflection, the

nanospheres allow light to penetrate the composite and expose the SU-8 . However, the

composite has a much higher absorption of light, as is shown in Figure 2.19 . From the

SEMs shown in the paper, Damean et al. were able to obtain aspect ratios better than one ,

but had negatively sloped sidewalls . This result is expected , due to the increased

absorptivity of the composite .
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Figure 2.19 - Transmittance of a 70llm layer of NickeUSU-8 composite with respect to
coucentrationjSfi].

While Damean et al. did not characterize the magnetic properties of their films, using

this composite, they were able to fabricate magnetically actuated cantilevers.

2.4.4 Optical Properties

SU-8 has a very low optical absorbance in the visual range . As shown in Figure 2.20,

at wavelengths longer than 400nm, the absorption of SU-8 is very low . SU-8 's optical

properties lead to its use in many micro-optical applications, some of which are discu ssed
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in section 2.6. SU-8 has a relatively high index of refraction, reported to be between 1.6

and 1.67 [14,28].
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Figure 2.20 - SU-8's Absorbance as a function of wavelength for various film thicknessesj J J.

2.5 Multilayer Structures with Overhanging Parts

Multilayer fabrication methods in SU-8 fall under two general categories: those that

allow the creation of overhanging parts and those methods that do not. Multilayer

patterning of SU-8 is reasonably straightforward as long as overhanging parts like

cantilevers and bridges are not required. Standard processing of SU-8 itself cannot

produce overhanging parts because overlying films cannot be patterned independently of

the SU-8 below. SU-8 IS a negative resist and thus polymerizes when exposed to near

UV This fact, combined with SU-8 's low absorbance in the near-U'V , means that ifan

overhanging part is exposed, the entire thickness of SU-8 below it is exposed, rather than

just the top layer.

Multilayer SU-8 processes that do not require the creation of overhanging parts are

relatively simple to fabricate, and Mata et af. [57] have shown processing of up to 6 non-
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overhanging levels . Figure 2.21 shows an example of a three layer SU-8 process that

contains no overhanging parts developed by Bohl et at.[58] to fabricate a topless

microfluidic device . To illustrate the result of trying to fabricate overhanging parts,

Figure 2.21 provides two versions of the fabrication process, one as designed by Bohl et

al. that does not attempt to fabricate overhangs and a second that inverts the order of the

masks in an attempt to fabricate the intended structure using overhangs. In the first

version, all geometry of the upper layers fits within the confines of the lower layer's

geometry In the second version, the geometry of the upper layers overhangs areas that

are intended to remain uncrosslinked . For both versions, each step includes a standard

spin-coat! bake /expose/bake cycles . As shown in Figure 2.21 , the final step of the second

process has exposed aJ I the areas that the prev ious two masks had Ieft unexposed .

No Overhanging Exposures Attempted Overhanging Exposures

Mask 1
~ + ~ •

I

~ J ~ I
Mask 3

* * *

Mask 1 I i I I
~ ~ ~ ~ +...1 + [

Not as Intended

1__

~ j ~ J~~

Mask 3
~ t t * !

Developed and Released From Substrate
. I I

Silicon Wafer I I OmniCoaFM ~ ~ UV Exposure

Unexposed SU-8 - Exposed SU-8 ..//j Intended Structure

Figure 2.21 - Multilayer process with no overhang, and an intended overhang [581.
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While the limitation of no overhanging parts is not an issue for UV LIGA, applications

such as micromechanics and microfluidics require overhanging parts to create even the

most simple parts, such as cantilevers and fluidic channels. Various methods have been

developed to produce overhanging parts in SU-8, and they fall under two general

categories: those intended for microfluidic applications and those intended for

mechanical applications.

2.5.1 Multilayer Structures with Overhanging Parts Intended for Microtluidics

A taxonomy of methods for fabricating enclosed channels was developed in a paper by

Chuang et al.[59], which, with some slight adaptations, works well for both fluidics and

mechanics. This taxonomy classifies multilayer fabrication methods into four general

categories assembly/bond ing, exposure dose, buried mask, and sacrificial system

processes. A simple comparison of these four methods with respect to fabricating fluidic

channels is given in Figure 2.22 .

1-
Pattem 1" Layer

I I I I I I I ! I I....."",
Substrate Expos;9 SU-8

Sacrificial Material

Expose 2'" Layer

Metal Mask
'.

1" Full Exposure-
Bond 2'" Layer 2'" Partial Exposure I Remote Sacrificial Material

a) Assembly/Bonding b) Exposure Dose
Control

c) Buried Mask d) Sacrificial Systems

Figure 2.22 - The four main multi-layer fabrication methods for use with microfluidics: a)
assembly/bonding processes, b) exposure dose processes, c) buried mask processes, and
d) sacrificial systems [59J.

The mam goal of all of these processes is to be able to create covered channels that

can be used for microfluidic applications Some methods can create multiple levels of
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channels on top of each other to create complex microfluidic circuits, while others are

limited to a single layer of channels .

When a channel is enclosed, it requires significantly more time to develop the channel.

Guerin et al. [60] modelled and studied the effects of channel length on development

time. Their simplified model is,

(2.1)

where L is the developed length at time t, D is the diffusion constant, Cmax is the

maximum concentration of the photoresist in the developer, p is the density of the

sacrificial material, and a is geometry constant to compensate for channel shape They

conducted experiments to verify their model, the results of which are shown in Figure

2.23 Their results do not fully support their model, but provide a better prediction for

the 75/lm wide channel. The agreement with the 75/lm wide channel could be because

the channel approaches a square cross section or because the channel's cross-sectional

area is increasing Further work to refine this model is needed to improve its utility for

design. However, Figure 2.23 does show that long channels with small cross sections can

require a prohibitively long time to develop if enclosed, making methods that avoid this

issue, like the assembly/bonding methods, more attractive .
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2.5.1.1 Assembly/Bonding

Another method to create a cap layer for fluidic channels is to fabricate the bottom and

sides of the channel and then bond or laminate a cap layer on top of the patterned layer.

The first method is a multilayer process with no overhanging parts that has a cap layer

bonded to the structure to enclose the channels An example of this capping method is

the process developed by Tuomikoski et al.[61], in which they fabricated a single layer of

channels by defining the bottom and the walls on one wafer and then bonding a third

layer on top as a cap layer Their process is shown in Figure 2.24.
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D Silicon Wafer • Exposed SU-8

- Thermal Oxide

a) Initial SU-8 layer is spun, prebaked,

exposed and post exposure baked. This

layer defines the bottom of the channels.

b)

b) Second SU-8 layer is spun, prebaked,

exposed, post exposure baked and

developed . This layer defines the walls

ofthe channels .

c) A pyrex wafer is spun with SU-8 and,

using heat and pressure, it is bonded to

the already defined channels to provide

c) an adhesive capping layer

[ j Unexposed SU-8

'7Jb'.:.< Pyrex Wafer

d) ~------~.......~

d) The capping layer is then exposed and

post exposure baked to ensure adhesion

between the capping layer and

predefined channels .

Figure 2.24 - Single cbannel fabrication tbrough bonding of Pyrex mounted SU-8 cap layerjo l]

This bonding process has some drawbacks . One main problem is that the adhesive

layer of SU-8 used to bond the two layers can flow into the channel and block it. In order

to prevent this filling of the channel, Tuomikoski et at. designed large moats beside each

of their channels that would fill first and protect the main channel from filling . All in all,

the method developed by Tuomikoski et at. is a rather poor one: the adhesive layer of

SU-8 that they used ranged in thickness from 50-1Ouum, providing ample material

capable of reflowing However, a thinner or partially crosslinked , capping layer bonds as

well and does not have had the same channel filling problems [62].
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A more effective, true multilayer process was developed by Agirregabiria et at. [63,

64]. Their method, depicted in Figure 2.25 , involves patterning layers on top of a

Kapton" film [65] and then bonding that patterned layer to an already fabricated layer

on a silicon substrate. The Kapton" film is then removed and process can be repeated to

add more patterned SU-8 layers . The process takes advantage of SU-8 ' s low adhesion

strength to the Kapton" film . The SU-8 has much greater adhesion to the second SU-8

layer in comparison to the Kapton" film , allowing SU-8 layers to be bonded, and then

the Kapton" film to be peeled off of the bonded SU-8 layer. The SU-8 bonding is

described in more detail in a precursor paper by Blanco, Agirregabiria et at. [66], where

they developed their bonding technique using a single layer on two substrates.
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Figure 2.25 - Multilayer fabrication via successive adhesive bonding steps[631.

The quality of the layers produced using Agirregabiria et at.'s process deteriorates

with increasing number of layers. Figure 2.26 gives the relationship between the number

of bonding steps and the bonded area and standard deviation of surface flatness. While

48



they believe their process is capable of fabricating more layers, Agirregabiria et a/.

achieved only three layer structures due to deteriorating bonding properties, as shown in

Figure 2.26.
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Figure 2.26 - Relationship of number of bonded layers to bonded area and thickness variation 1631.

Agirregabiria et at. ' s process produces high qual ity structures; however, It is only

really suited to fabricating microfluidic structures. This process works because the ratio

of bonded to non-bonded area is high for microfluidic structures, the channels make use

of little area and the majority of the wafer area is SU-8 When not enough bonded area to

non-bonded area is available, then the stresses appl ied to the SU-8 during the Kapton"

peeling can damage the SU-8 . This issue is important when trying to fabricate a

membrane structure over a reservoir, so Agirregabiria et al. ' s studied the relationship and

their findings are shown in Figure 2.27 .
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Figure 2.27 - Yield of membrane release investigated by Agirregabiria et al. [631

Note that the values in Figure 2.27 are for a membrane, which is supported on both

edges. Many microstructures such as cantilevers are singly supported and would produce

much lower yields. The ratio of bonded to non-bonded area is often less than 0.\ for

many micromechanical devices. Therefore, while this process is useful for multilayer

fluidic devices, this process is not applicable to fabricating mechanical structures.

Two more lamination based fabrication methods are intended for microfluidics, but

they will be described in section 3.4

2.5.1.2 Exposure Dose

The next microtluidic multilayer fabrication method is the exposure dose method. In

this method, the channel walls are fabricated using a normal exposure and the capping

layer is under exposed, such that only the upper portion receives a high enough exposure

dose to crosslink. A basic form of this process is shown in Figure 2.28.
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Figure 2.28 - Basic form of exposure dose method 1591.

One expos ure dos e meth od for creating microfluidic channels was developed by

Chuang et al. [59,67] Their method follows the basic process described in Figure 2.28

with one exception: their exposure dose method uses an antireflective (UV absorbent)

coating, which must be applied to the substrate before the SU-8 film . Without this

antirefl ective coating, the reflection of the UV off the substrate will increase the exposure

of the lower portion of the film and ruin the non-I inear exposure characterist ic that allows

their exposure dose method to work. Figure 2.29 give s the relationship they found for the

developed thickness with respect to the ex posure dose .
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As shown in Figure 2.30, their exposure dose method can be extended to fabricate

stacked channels by adding another UV absorbent layer on top of the first SU-8 layer.
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Figure 2.30 - Fabrication of stacked channels using anti-reflection coating and exposure dose
melhod[59].

Another exposure dose method, using proton beam exposure instead ofUV exposure,

was developed by Tey et al. [68]. Their process, depicted in Figure 2.31 , controls the

exposure depth by the varying the energy of the protons being used to bombard the SU-8.

High energy protons are used to expose the full depth of the film and the cap layer is

"drawn" with low energy protons. Proton beam exposure is a direct write process, so no

mask is required; the proton beam is used to "draw" patterns in the SU-8. This method is

effective and produces vertical sidewalls; however, the cost of a proton beam source is

prohibitive and the writing apparatus is currently limited to a few millimeters square in

area
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Figure 2.3\ - Microcbannc\ fabrication by controlling the exposure depth of the proton beam [681.

Both of these exposure dose methods require the unexposed SU-8 to be developed

from within an enclosed channel and, therefore, are subject to the effects described in

equat ion (2 I).

2.5.J.3 Buried Mask

The third method of creating multilayered structures is the buried mask method,

pioneered by Guerin et at. [60]. The buried mask method involves depositing a thin

metal layer onto the SU-8 layer that needs protection from further exposure After which,

a new SU-8 layer can be spun on and patterned on top of the thin metal layer to provide a

cap layer. The buried mask layer method developed by Guerin et at. is depicted in Figure

2.32.
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a)

D Substrate D Unexposed SU-8

• Exposed SU-8

a) Initial SU-8 layer is spun, prebaked,

exposed, and post exposure baked

without a subsequent development. This

layer defines the bottom of the channels.

b)

b) Second SU-8 layer is spun, prebaked,

exposed, and post exposure baked

without a subsequent development. This

layer defines the walls of the channels.

c)

Buried Metal Mask

c) The buried mask is deposited and

patterned to protect the channel from

exposure.

d)

d) Third SU-8 layer is spun, prebaked,

exposed, and post exposure baked

without a subsequent development. This

layer defines the top of the channels and

the ports for access

e) [

e) The channel is developed in SU-8

developer to clear the microchannel.

Figure 2.32 - Buried mask process pioneered by Guerin et al. [601

Note that during development, the developer must penetrate the thin metal layer in the

area ofthe access ports to be able to develop the SU-8 in the channel. The metal layer is

very thin and can be broken up using ultrasonics. However, residual mask material

remains on the roof of the channel, which ifnot removed, will destroy the ability to

observe the channel from above.
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Guerin et al. were also able to fabricate stacked channels using their buried mask

process in order to provide the ability to fabricate microfluidic interconnects with much

greater complexity.

Alderman et al. [69] also developed a buried mask process . Their process differed

from Guerin et al. 's buried mask process in that Alderman used the buried mask to act as

the mask for the exposure of the lower layer ofSU-8 . This change to the process saves

an extra patterning step, which translates to a savings in time and process complexity. As

is shown in Figure 2.33 , Alderman et at. also removed the buried mask as a part of their

development step .
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a)

D Substrate 0 Unexposed SU-8

• Exposed SU-8

a) An initial SU-8 layer is spun, prebaked,

exposed, and post exposure baked

without a subsequent development. This

layer defines the bottom of the channels .

b)

-

c)

I-
d)

e) I

Buried Metal Mask

_ J

b) Second SU-S layer is spun and

prebaked. The buried mask is deposited

and pattemed to protect the channel and

provide a mask to define the walls of the

channels.

c) The walls of the channels are exposed

using the metal layer as a mask.

d) Third SU-8 layer is spun, prebaked,

exposed, and PEB, but not developed .

This layer defines the top of the channels

and the ports for access.

e) The channel is developed in SU-S

developer to clear the microchanneJ and

the metal is removed in an appropriate

etchant.

Figure 2.33 - Buried ma sk technique as suggested by Alderman et al. 1691

Both ofthese buried mask methods require the unexposed SU-S to be developed from

within an enclosed channel and so are subject to the effects described In equation (21)

2.5.1.4 Sacrificial Systems

Using sacrificial systems with SU-S for the fabrication of microfluidics was first

pioneered by Guerin et at. [60], whose sacrificial fill process is shown In Figure 2.34.

The basic concept of the fill process is to fabricate the walls of the channel, then to fill
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the channel with a sacrificial material , after which a capping layer is added to complete

the top of the channel. The sacrificial layer can then be removed to clear the channel.

Guerin et at. studied a couple of different fill materials : non-photosensitive 8U-8 and

Araldite " GT6063 . They found that when they used non-photosensitive 8U-8 as the

sacrificial material, photoinitiator would diffuse into the sacrificial layer from the

overl ying layer and cause the top third of the sacrificial material to become

photosensitive and crossl ink . Because ofthis diffusion, the channels fabricated using

non-photosensitive 8U-8 as the sacrificial layer would have their as-designed height

reduced . Using Araldite! GT6063 as a sacrificial material fixed this problem, enabling

the channels to open to their full height

58



a)

o 0 Unexposed SU-B

Exposed SU-B

a) An initial SU-8 layer is spun, prebaked,

exposed, and PEB, but not developed .

This layer defines the bottom of the

channels

b)

b) A second SU-8 layer is spun, prcbaked,

exposed, and PEB, but not developed .

This layer defines the walls of the

channels

c) I

Sacrificial Material

c) The unexposed SU-8 is developed in SU

8 developer.

d) Wafer is backfilled with sacrificial

material .

e)

e) Third SU-8 layer is spun, prebaked,

exposed, and PEB, but not developed .

This layer defines the top of the channels

and the ports for access

f) I

rJ-Y' - .', -r_
Irl,' • .. • •
I'.J. . " f) The capping layer is developed in SU-8

developer and the sacrificial material is

removed .

Figure 2.34 - Fill process pioneered by Guerin et al . 1601

Another sacrificial material system for rnicrochannel fabrication was developed by

Metz[70] et (II. As the sacrificial material for their process, they used poly(ethylene)

carbonate (PEC) , which thermally decomposes above 225 °C. The maximum hard-bake

suggested by MicroChem is 250°C, allowing the PEC to be thermally removed while
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hard baking the SU-8 structure . Their process, depicted in Figure 2 .35, has the following

steps:

a)

~ eriAl o Substrate

a) An SU-8 layer is spun onto a substrate

that is topped with a CrlAI bilayer and

patterned to act as a base for the fluidic

parts.

b)

b) PEC is spun onto the wafer and then

masked with a Ti layer. The PEC is

then etched using 0 2 RlE.

c) " "

c) A second layer of SU-8 is spun onto

the wafer and patterned to form the

walls and capping layer of the fluidic

channels .

d)

d) The PEC sacrificial layer is removed

by baking the SU-8 at 250°e. This

baking step both hard-bakes the SU-8

and thermally decomposes the PEe.

Finally, to release the SU-8 structures

from the substrate, the Al portion of

the Cr/AI bilayer is electrochemically

etched .

Figure 2.35 - Fabrication process for microchannels using a thermally decomposing sacrificial
material by Metz et al. 170]

Both of these sacrificial systems require the sacrificial material to be developed from

within an enclosed channel, and so are subject to the effects described In equation (21).

However, the thermal decomposition method used by Metz et al. has a constant diffusion

path length regardless of the channel length . The constant path length is due to the
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decomposition products diffusing up through the capping layer rather than along the

channel, which is a benefit because the release time is then independent from the channel

length .

2.5.2 Multilayer Structures with Overhanging Parts Intended for Mechanics

Multilayer structures intended for micromechanical applications are different from

those designed for fluidics, because microfluidics are characterized by having large

amounts of material with features defined by the absence of material (channels), while

micromechanics are characterized by having large amounts of free space with features

defined by the presence of material. As a result, the fabrication methods are similar In

form but different in function. The methods for fabricating overhanging parts for

mechanical applications can be described using the same four categories used to describe

the microfluidic methods : assembly/bonding, exposure dose, buried mask layer and

sacrificial systems

2.5.2.1 AssemblylBonding

The assembly/bonding method of fabricating multilayer mechanical structures is the

analogue of the assembly/bonding for microfluidics. For mechanical structures, freely

moving parts can be fabricated by attaching a capping layer. The first freely moving

parts reported in SU-8 were fabricated using an assembly/bonding fabrication method ,

developed by Seidemann et al.[71). (Shown in FIgure 2.36)

Seidemann et at. 's process involves patterning a copper sacrificial layer on the

substrate prior to spinning the 3U-8 layer. This sacrificial layer is patterned under all

parts that are intended to be later freed from the substrate . The SU-8 layer is then spun

on and patterned . A multilayer structure that does not include any overhangs can then be

patterned Once the SU-8 has been developed , a cap layer must be assembled and

bonded onto the SU-8 to prevent the freely moving parts from falling off the substrate.

Next, the sacrificial layer can be removed using a metal etchant and the parts are free to

move .
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Seidemann et al. are not clear in their paper whether the sacrificial layer is removed

before or after the assembly of the cap layer. If the parts are released prior to the

assembly ofthe cap layer, then the parts are not constrained and are free to float away .

The freed parts would need to be captured and reassembled into their final positions

before the cap layer is assembled. Capturing and reassembling the parts would be

exceeding difficult, which is why etching the sacrificial layer after the cap layer is in

place is more practical/plausible.

This method can produce freely moving parts in-plane, but is unable to produce freely

movin g parts like out-of-plane hinges , as the cap layer would interfere with the operation

of the hinge .
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Deposit Copper
Sacrificial Layer

Pattem Copper
Sacrificial Layer

Spin SU-8 Layer

d')

t
Top View

e-- - n - - ~ -

-----------

d)

e)

- &--- ,....-- -...

Pattem SU-8 Layer
as shown above

Pressure Bond
Prefabricated Cap Layer
with Slot and Key

- f ._ ~....~ , -j -

D Unexposed SU-8 Exposed SU-8

Etch Sacrificial
Layer to Free Parts

Copper Sacrificial
Layer

o Substrate

Figure 2.36 - Fabrication of a freely moving check valve using a copper sacrificial layer and an
assembled capping layerj'Zl ]

2.5.2.2 Exposure Dose

Several exposure dose methods have been reported in the literature for fabricating

mechanical structures. These methods use exposure methods that can only penetrate the

top layer of the film to expose an overhanging layer.
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The first method is by Ling et al .[72], who used a layer of SU-8 with a diluted level of

photo acid generator (PAG). By diluting the PAG, the SU-8 layer becomes less sensitive

to UV and requires a higher than normal dose to crosslmk. Their process, is depicted in

Figure 2.37.

This process is touted by Ling et al. as being a simple process capable of fabricating

freely moving parts. However, the use of X-ray exposure requires the access to a

synchrotron source, which is not common for most clean rooms. In addition, X-ray masks

are expensrve .

Unlike Seidemann et al. 's process described previously in Figure 2.36, Ling et al. do

not provide for a capping layer as a part of their process. As a result, nothing in this

process constrains the parts from floating away during development So, the claim of

freely moving parts is a poor one and could be claimed by any single layer process Even

though they show some SEM 's of pin joints, these pin joints are not constrained out-of

plane and must have been either reassembled after release, or not fully released in the

first place.
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I

-j a) The process begins with spinning on a

a) layer of PAG diluted SU-S, which is

D Substrate
prebaked , followed by a layer of standard

D Unexposed SU-8 PAG Diluted
SU-S, which is again prebaked.

D Unexposed SU-8

+i +++i I b) This bilayer structure is then exposed,
using an X-ray source to provide an

anchor layer. The X-ray exposure is
b) capable of exposing the entire depth of- --

Exposed SU-8 the SU-S bilayer.

c)

c) The wafer is subsequently exposed using

standard UV lithography; however,

because of the PAG dilution of the lower

SU-S layer, the UV exposure is only

capable of crosslinking the top portion of

the PAG diluted layer, leaving an

overhanging part .

d) I
d) The wafer is developed in SU-8

developer to release the parts.

Figure 2.37 - Multilayer proc ess by Ling et ttl. [721 .
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The second exposure dose method, created by Ceyssens et ai.[73], involves the use of

a 313nm exposure rather than the standard 365nm. Wavelengths shorter than 350 nm are

highly absorbed in SU-8; as a result, the 313nm exposure can only penetrate

approximately 15IJ.m into the film. Ceyssens et ai. ' s two mask process is shown in

Figure 2.38.

a)

I,
365nm Exposure

Substrate

Unexposed SU-8

Exposed SU-8

a) SU-8 is spun onto the wafer and prebaked .

Anchors are exposed using regular near-UV

exposure, which penetrates the full depth of

the film .

b)

l+ it U t t tJ

313nm Exposure J
Develop

b) A second exposure at 313nm is performed to

crosslink only the top portion of the film.

c) The wafer is developed in SU-8 developer, to

release the parts .

Figure 2.38 - Exposure dose method created by Ceyssens et 01. [73J

The use of the 313nm exposure is a quick method to create overhanging structures;

however, the uneven exposure created using this method causes a great deal of out-of

plane stress. This out-of-plane stress is due to an IntrInSIC underexposure of the bottom

portion of the top layer and results in out-of-plane curvature of the cantilevers fabricated

by Ceyssens et ai., as would be predicted by our previous work [13](see section 2.225)

Thi s process also does not allow of dimples to prevent stiction of the beams or allow

independence between the anchor and cantilever layers. As a result , this process is
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equivalent to a single layer process with a sacrificial layer, and only compliant

mechanisms can be fabricated.

Three more exposure dose methods are serial direct write processes . The first is a

direct electron beam method [16] , the second is a direct proton beam writing method [20

22] , and the third is a direct laser write method [74 , 75]. These processes all provide a

single anchored layer that is stress prone . Furthermore, because they are serial processes,

they are not suitable for mass production.

2.5.2.3 Buried Mask Layer

Another method for creating multilayer mechanical structures in SU-8 is to use a

buried mask layer. Several buried mask methods have been created for fabricating

mechanical dev ices One process, designed by Ceys sens et al.[73] , uses aluminium as a

buried mask material They deposited the aluminium on the SU-8 using thermal

evaporation as other deposition methods produce enough UV to crosslink the SU -8 . The

thermal evaporation method also generates some UV, but a luminium provides the lowe st

dose of the tested materi als that are commonly used in microfabrication. Magnesium and

zinc were also examined and had significantly lower impact on the SU-8 . Table 2.12

summarizes the evaporation temperatures required to perform the metal depositions on

the SU-8 and the relati ve UV do ses generated

Table 2.12 - Evaporation temperature and exposure data from Ceyssens et al f73J

Material
Temperature * Relative UV Exposure* *

(oC) @ 365 nm

Titanium 1453 1

Chromium 1157 9 xl 0- 3

Gold 1132 5 x 10-3

Copper 1083 2 x 10- 3

Aluminum 1010 4 x 10-4

Magnesium 327 3 x 10- 19

Zinc 250 2 x 10-23

* To achieve 10- 4 Torr vapour pressure of material
** Relative to the UV generated by Titanium
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Ceyssens et al. 's basic process, outlined in Figure 239, consists of two independently

patternable layers that are separated by a thin metal layer.

a)

a) The fabrication begins with the spin on and

patterning of an SU-8 layer.

lJ Substrate

lJ Unexposed SU-8

Exposed SU-8

d) Finally, the SU-8 is developed and the buried

mask is etched.

rt ~ b) The buried mask layer is deposited through
b) resistively heated thermal evaporation.

Buried Metal

I
I

I UV I I
I

c) The second SU-8 layer is spun on and

• • I I, ,.. l l ,- - - patterned.

c)

d) l
Figure 2.39 - Buried mask method by Ceysseus et al. [731

Ceyssens et al. encountered several issues in making this process work that limit its

usefulness First, the second SU-8 layer could not be thermally baked without

reticulating the metal layer. To avoid the reticulation, they had to use a highly controlled

vacuum chamber to remove the solvent in place of a prebake The vacuum level had to

be controlled to avoid causing bubbles to form within the SU-8 layer, and this vacuum

step requires an order of magnitude more time to complete when compared to a thermal

prebake. The second issue they faced is poor adhesion between the SU-8 layers due to
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the intervening metal layer. This poor adhesion could possibly be solved by patterning

the buried mask layer with anchor holes, but was not attempted in the reported work.

In an attempt to avoid the crosslinking caused by metal deposition, Haefliger et al.

[76] chose to transfer a metal pattern to the SU-8 by means of a PDMS stamp. The basic

fabrication method is the same as Ceyssens et al. aside from the metal layer being

patterned and applied using a PDMS stamp. Again, all processing had to be carried out

below the glass transition temperature of the SU-8 to avoid reflow of the SU-8 and

reticulation ofthe buried mask. While this stamping method is an improved method of

depositing the buried mask, using a metal mask is prone to reticulation and narrows the

processing window available for fabrication.

A buried mask method that does not use metal was developed by Hartley et al. [77].

They used a trilayer resist structure, which had a layer of AZ 4562 resist sandwiched

between two SU-8 layers to act as a buried mask layer. FIgure 2AO shows the fabrication

process developed by Hartley et al. This process IS a mixture of the buried mask layer

and exposure dose methods The buried resist layer acts as a soft photoblocking layer,

meaning that ItS blocking capability deteriorates with exposure dose Therefore, for a

shorter dose, it protects the underlying SU-8 layer, and for a long exposure, it will

penetrate and expose the lower SU-8 layer.
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a)

D
D

-

Substrate

Unexposed SU-8

Exposed SU-8

Buried Resist Layer

a) Process begins with the deposition of the resist

trilayer. The trilayer consists ofa layer ofSU

8 followed by a layer of AZ 4562 followed by

a final layer of SU-8. Each layer is spun on

and appropriately prebaked before the next

layer is added.

b) L-- -'

.u
I Partial Exposure l .u, , , ....

c) '-- •

d) '-- -'

b) A long UV exposure of the resist that

penetrates all three layers is performed to

create anchors.

c) A short UV exposure of the resist is performed

that fully exposes the top SU-8 layer without

pen etrating to the lower SU-8 layer.

d) The wafer is developed in SU-8 developer to

release the parts.

Figure 2.40 - Fabrication method combing the buried mask and exposure dose methods 1771

Figure 2.41 gives a schematic representation of the relationship between the exposure

depth and exposure time for this trilayer structure. As shown in Figure 2.41 , the buried

photoblocking layer creates a large process window where the upper layer of SU-8 has

been fully exposed and the underlying layer of SU-8 has not been exposed. This

processing window is what allowed Harley et ai. to produce their structures.
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Substrate

Lower SU-8 Layer

Upper SU-8 Layer

AZ 4562 Resist Layer

Exposure DosefTime

Figure 2.41 - Effec t of buried absorbing layer on exposure depth vs. time relatioushipl Z'Z]

Unfortunately, the resist used as the photoblocking layer diffuses into the SU-8 when

exposed to the solvents in the SU-8, which creates an intermixed layer that coats the

bottom s ide of the S U-8 beams. Thi s intermixed laye r creates out-of-plane stresses and

weakens the mechan ical connecnon between the two SU-8 layers .

Another multi-l ayer process, based on a buried absorbing layer similar to Hartley et

al., was developed by myself during the beginning of my PhD work [78]. The basic

premise is to use a bilayer of SU-8 and photoblock ing SU-8 for each structural layer

instead of the trilayer scheme used by Hartley et at. A similar nonlinear relationship

between the exposu re dose and depth is formed , but the bilayer scheme allows each

bila yer to be full y independent of each other, wh ich is not the case with the trilayer

scheme Figure 2.42 shows the relationship between the ex posure dose and depth

determined ex perimentally . Figure 2.43 illustrates how the exposure progresses through

the bilayers with res pect to the points labelled in Figure 2.4 2. Note that the experiment

was performed using backside illumination, while the data shown is for the normal usa ge;

therefore, to mat ch norm al usage, the bilayers wer e inverted. As shown in Figure 2.42 ,

an approximately 20 sec ond window exists, in which the top bilayer is completely

exposed and only the blocking layer of the lower bilayer has been exposed. By using
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exposures within this window, the top bilayer can be exposed without exposing the layers

below it.

o 10
Exposure Time (s)

20 30 40 50

SU-8

(d)
- - - - - - - - .- - . - - - - - - - - - - -SlibstTate- - - - - - - - - - - - . - - - - - - - - -

SU-8
50

60

o-&-__A.::-- - l-- - - - -l-- - - - - -L-- - - - -l..- - - - -j

Figure 2.42 - Experimental data for two bilayers showing exposure depth with respect to exposure
time·178J

15 seconds 40 seconds

t t • • • • ~ ~ ~ ~ ~ t • • • • • t t • • • • ~ ~ ~ ~ ~ t • • • • •
(b) (d) t:::::::::::t===:t:::::::::::j

20 seconds 45 secondsL..- _

Figure 2.43 - Exposure depth in two bilayers at various exposure times. [781

Thi s fabrication method is called the Planar Self-sAcrificial Multilayer SU-8

(PSALMS) proc ess. To illustrate how the PSALMS process can be used to create freel y

moving parts, Figure 2.44 shows the steps required to fabricate a gear with double

thickness gear teeth.
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a) l- -'

c=J Substrate _Au/Cr

a) The process begins with a wafer

that has been sputtered with a thin

Cr/Au bilayer

b), ---'
b) Because there is no contrast

between exposed and unexposed

SU-8, aligning subsequent

exposures is difficult. To alIow for

alignment, the anchor layer is

patterned into the Cr/ Au bi layer to

serve as an alignment reference for

all the subsequent processing. The

Cr/Au bilayer has been reported [79]

to provide high contrast, while

reducing stiction.

c) Each bilayer is spun on in two

steps: first, spinning on the

underlying SU-8 layer followed by

a soft-bake; and second, spinning

on the photoblocking SU-8 layer

followed by a second soft-bake.

Now the wafer is ready for

exposure of the Anchor I layer. The

Anchor I mask is aligned to the

pattern in the Cr/ Au layer, and

exposed for 30 seconds, which is

the middle of the exposure window

indicated in Figure 2.42. After

exposure, the wafer is post exposure

baked (PEB).

Exposed Bilayer~ Unexposed Bilayer

c) L.- --'
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I I I I I
I

d) The second SU-8 bilayer is spun

and patterned in the same way as

the first.

d)

e)

I !
I I

e) The third SU-8 bilayer is spun and

patterned in the same way as the

first

I I
I r

I I

t)

l..L! J !
SUS 2 Mask

! J !-L1 f) The fourth SU-8 bilayer is spun and

patterned in the same way as the

first

g)'--- - - - - - - - - - - - -'

g) Finally, the devices are released in

a single development step that

removes all the unexposed SU-8.

The wafer is placed in SU-8

developer and agitated by hand for

approximately 30 minutes. After

development the wafer is rinsed

with IPA to remove the developer

and then gently blown dry in N2 •

Figure 2.44 - Fabrication of a gear with double thickness gear teeth, using the PSALMS process. [781
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The PSALMS process was able to demonstrate working gears and out-of-plane hinges;

however, large issues with out-of-plane stresses were present as can be seen in Figure

2.45 . While methods to reduce this stress were identified , further work accomplished

with my research group[13] showed that fully compensating for the out-of-plane stress is

not possible . This further work, elaborated on in section 2.2.2 .5 (Out-of-Plane Curvature

Control), indicated that the non-linear exposure profile, which enables the PSALMS

process to work, causes out-of-plane curvature. In other words, the PSALMS process is

intrinsically stress prone . As a result of these findings, I stopped development of this

process and focused on the work presented in this thesis.

Figure 2.45 - Cantilever ed structure fabricated using the PSALMS process sbowing a large amount
of out-of-plane stress.

2.5.2.4 Sacrificial Systems

A study of various metal and polymer sacrificial mate rials for the release of SU-8

structures was carried out by Psoma et of [80). They studied the undercutting rates of

Cu, AI, Cr, Au, PMMA, and polystyrene. They found that of the metals, copper had the

highest und ercutting rate . And , counter to the findings of our research group, they claim
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that SU-8 had very poor adhesion to the polymer sacrificial layers and should not be used

with structures below a few millimeters in size . In our research group, both polystyrene

and PMGI have been used successfully as a sacrificial layer for SU-8 structures [79],[81].

The structures we have fabricated include feature sizes below IOum, at which point we

are limited by the masks that we are using, not the performance of the sacrificial layers .

The process developed by Sameoto et al. uses SU-8 as a structural material and uses a

sacrificial layer of polystyrene [79]. Their process is a 1.5 layer process, meaning that the

process has two layers, but the second layer IS not independent of the first layer.

Essentially, they provide one structural layer that can be patterned at two different

thicknesses as shown in Figure 2.46 .
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a)

b)

D Substrate

~ Polystyrene

Cr/Au

• 1827 Resist

a) Sameoto et al.'s process begins with a

clean wafer that has been sputtered with a

Cr/Au bilayer. The top gold layer of this

bilayer is later etched to create self

aligned anchors , which provide a high

contrast for later alignment steps.

Polystyrene and SU-8 exhibit very similar

indexes of refraction and, as a result ,

a ligning to the patterned polystyrene is

very difficult.

b) The next step is to spin on the polystyrene

sacrificial layer and a thick layer of

Shipley 1827 photoresist. Note that the

baking steps are performed, but not

mentioned here for sake of brevity.

c)

c) The photoresist is then exposed with the

anchor mask using a long exposure and

then developed .

d)

e)
'---------- - - - - - ------'

d) The anchors are developed, followed by

an underexposure using the dimple mask.

e) Development results in a two level

pattern , one level for anchors and another

for dimples.
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f) The resist patterned is then transferred

into the polystyrene by reactive ion

etching at an approximately 1:1 ratio until

the bottom of the anchors is clear of

polystyrene.

g)
g) The gold at the bottom of the anchors is

then etched to create the self-aligned

anchor pattern in the bilayer.

h)

i)

h) The first layer of SU-8 is then spun on

and patterned with the first SU-8 layer

mask.

o Unexposed SU-8 • Exposed SU-8

illillilill i) The second layer ofSU-8 is then spun on

and patterned with the second SU-8 layer

mask.

j)

j) The resulting devices are developed and

released in a two step development of SU

8 developer followed by toluene. The two

steps must be completed one after the

other or the SU-8 developer creates a skin

layer in the polystyrene, which prevents

release if not immediately placed in

toluene. After release, a metal layer can

be deposited on the released structures to

provide conductivity.

Figure 2.46 - SU-8 fabrication process with 1.5 layers using a polystyrene sacrificial layer[79).

78



Sameoto et al. ' s process has a few shortcomings. Firstly, because the SU-8 layers are

not independent, this process is unable to fabricate freely moving parts. Secondly,

because the development and release steps must be combined, the SU-8 cannot be hard

baked prior to release. As discussed in section 2.4.1, hard-baking the SU-8 greatly

increases its strength. And, lastly, the sacrificial patterning requires the use of reactive

ion etching, requiring a major capital investment in additional equipment.

Another SU-8 based multilayer processes using the sacrificial/structural technique are

a group of three processes developed by Conedera et al. [82]. Their work was published

in a note to the Journal of Micromechanics and Microengineering, and described two

failed processes and one that gave adequate results . The goal of all three processes was

to create a two layer surface micromachining process to fabricate a planar mirror with

vertical electrostatic actuators underneath . The first process used a sol-gel as the

sacrificial layer, the second was a buried mask process USIng evaporated magnesium, and

the third used Si02 as the first sacrificial layer and sol-gel as the second sacrificial layer.

A sol-gel is a colloidal mixture of particles in the nano to micro range in a solvent that

has a Iiquid phase. All three of the processes used the same layer thicknesses, which are

summanzed in Table 2.13.

Table 2.13 - Layer thicknesses for multilayer processes by Conedera et al.[821

Layer Thickness

Sacrificial I lOurn

Structural I l Ourn

Sacrificial 2 6f.lm

Structural 2 6f.lm

Ofthe three processes, only Conedera et al. ' process C will be presented here as the

other two processes A and B had poor results . The third process by Conedera et al. ,

process C, used both Si02 and sol-gel sacrificial layers Process C is outlined in Figure

2.47.
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a)

D Substrate Cr/Au

a) Deposit PECYD Si02 at 300°C.

Pattern with first sacrificial mask

b)

c)

d)

e)

f)

~ Solgel

b) Spin on and pattern SU-8 with the

first structural mask. Both pre bake

and PEB are preformed at 50°C.

c) Evaporate a Cr/Au electrode layer

and pattern.

d) Spin on a layer of photosensitive sol

gel layer and prebake at 85°C,

expose using second sacrificial mask

and develop in an organic solvent

free, HF solution

e) Spin on and pattern second SU-8

structural layer with the same

processing conditions as the first

structural layer.

f) Etch sol-gel and Si02 in an organic

solvent free HF solution to release

structures.

Figure 2.47 - Process C by Conedera et al. 1821

Conedera et af. were able to fabricate their intended structure and fully release it.

From the micrographs in the paper, evidence suggests organic threads were present

underneath the second SU-8 layer. From the paper, it is not clear whether these threads

are remains of organics in the sol-gel or if they are formed by SU-8 penetrating the sol

gel matrix. Some stress bowing also occurred, which Conedera et af. claimed to be able

to compensate for the stress using a final metal deposition step, but no confirmation or
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measurements were given in the note. However, this process was shown to be capable of

fabricating two independent freestanding SU-8 layers. Only the one freestanding actuator

structure was fabricated; however, although not shown, this process should be capable of

fabricating freely moving parts.

Another sacrificial based fabrication method intended for micromechanics, is

described in the section 3.4.

2.6 Applications

2.6.1 Micro-optics

Because of SU-8's high transmission in the visible band as discussed in section 2.4.4,

It finds application in the area of micro-optics. Usinginclined exposure fabrication

methods, microlenses [29, 30] and monolithic CO/OVO optical assemblies[28] have been

reported in the literature.

The microlenses were fabricated by intersecting cylindrical UV beams within the SU

8 As shown in Figure 2.48, wherever beams intersect, an area becomes doubly exposed

and, because the singly and doubly exposed areas develop at different rates, a microlens

with an approximately parabolic shape is formed at each intersection

Substrate

Figure 2.48 - Fabrication of microlenses using inclined exposures[29].

Hung et al. used glycerol-compensated inclined exposure to fabricate a monolithic

micro-optical system for use with COIDVO heads[28] Their monolithic micro-optical

system enables the fabrication of all the optics for a CO/OVO head in a single integrated
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system, with the exception of the objective lens. In the fabricated system, 45° angle

mirrors are used to direct a portion of the light from the laser source to the monitor diode

and the rest up to the objective lens. Their mirrors are fabricated over predefined

aluminium Fresnel lenses using inclined exposure and then developed. After which,

using an evaporator, the mirrors are coated with aluminium and gold. The entire system

is then backfilled with SU-8, and blanket exposed to encapsulate the system.

f)

I e)

Fully Reflecti-..e
Mirror

'~~-

Substrate

,
Back Filled "',

SU-8 -",
I-----.~.a_•.

Photo Diode VeSEL

Substrate

Partially Reftective
Mirror

" , '-,.\
~ " :\

"",- ""-- '..

Fresnel lens
/ \

/- _.
ISubstrate

SU-8 l-_.. - --.-
Substrate

a)

b)

Figure 2.49 - CDIDVD head monolithic optical system[28].

Another micro-optical application of SU-8 is integrated waveguides Ruano et al. [83]

created integrated waveguides using SU-8 as the core material and doped SU-8 as the

cladding. The SU-8 used as cladding was doped with an aliphatic polymer to change its

Index of refraction. Lee et al. [84] developed an SU-8 integrated waveguide using spin

on-glass (SOG) as a cladding material. Their waveguide structure was fully integrated
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with a glass microfluidic structure for optical characterization of cells passing through a

channel

2.6.2 UV LIGA

Since the discovery of SU-8, a new field of application has been developed called UV

LIGA. Because SU-8 can produce high aspect ratio structures though UV exposure,

performing the LIGA process with UV patterned SU-8 became a significantly cheaper

method to perform LIGA. The UV-LIGA process is outlined in Figure 2.50. A substrate

with a conductive seed layer is spun with a thick SU-8 film, and the SU-8 is then

patterned and developed. This process leaves a negative of the eventual metallic

structures and exposes the seed layer for electroplating. The structural metal IS then

electroplated onto the wafer and fills in the mold created by the SU-8 The metal can be

electroplated beyond the level of the resist and then planarized, or the electroplating can

be stopped before this point to avoid mushroom topping. Once this step is completed, the

SU-8 can be removed and all that is left is the metallic structure.
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a) 1 _

b)

c)

d)

e)

f)

El Substrate With Seed Layer D Unexposed SU-8

Exposed SU-8 • Metal

Figure 2.50 - The UV-LlGA process 1851.

UV-LIGA can be used to fabricate electromagnetic components such as micro-coils

[86] , or more complex multilayered electromagnetic structures[87]. UV-LIGA can also

be used to create suspended metallic layers for movable structures, such as a proof-mass

accelerometer [88].

2.6.3 Soft Lithography

Soft lithography is a family of non-photo based pattern transfer techniques that include

microcontact printing, replica molding, microtransfer molding, micromolding in

capillaries, solvent-assisted micromolding [89]. In soft lithography applications, SU-8 is

used to fabricate master molds for casting POMS[90] . The resulting POMS structure can

then be used directly to create microchannels or indirectly as a stamp for further micro

contact printing. This process of fabricating a SU-8 master and molding a POMS

structure is shown in Figure 2.51. The process begins with a clean substrate, onto which

SU-8 is deposited. The SU-8 is then patterned with the negative of the desired POMS
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structure. POMS is then deposited onto the SU-8 and once cured the POMS can be

peeled off the master mold and attached to a secondary substrate to form channels, or

used as a stamp for micro contact printing.

a)

b)

c)

d)

e)

f)

Substrate

Exposed SU-8

~ Secondary Substrate

LLLLL.LLL~

D Unexposed SU-8

• PDMS

Figure 2.51 - Creation of SU-8 master for POMS soft lithography

2.6.4 Microgrippers

SU-8 has also been used to fabricate microgrippers, both directly[91-96] and using UV

LlGA[97]. Chronis et al. [91] developed a set of microgrippers using SU-8 as a structural

material, intended for gripping single cells in a solution. Their design, utilizes long

gripping arms attached to hot/cold arm thermal actuators[98]. These hot/cold arm

thermal actuators are fabricated on top of a patterned Cr/ Au layer that is used to heat the
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SU-8 Actuators. Shown in Figure 2.52, their design uses long gripper arms to thermally

isolate the cell being gripped from the heat generated by actuation.

l i 1I
,

JIO
rl~ r1 /
\ Thermally Isolated

Gripper Tip

Hot Areas

Figure 2.52 - Thermally actuated gripper designed by Chronis et al.1911

This strategy for thermal isolation works well due to SU-8 's low thermal conductivity.

Simulations performed by Chronis et al. predicted a temperature increase at the tip of

only 0.01 6°C. Thi s small temperature change is important to prevent damage to the

biological specimen.

A second microgripper using SU-8 as the structural layer was designed by Butefisch et

al. [92-95]. Their microgripper uses a more complex set of flexure joints to translate a

linear actuation into a lateral closing motion. This microgripper was shown to work

using both Shape Memory Alloy (SMA) and pneumatics to provide the linear actuation.

A microgripper made of Nickel using UV LIGA has also been reported . Petrovic et

al. [97] used UV LIGA to build a simple flexure based microgripper that used an

externally attached macro sized linear actuator for operation.

2.6.5 Encapsulation

SU-8 has also been used for encapsulation of bonded microchips[99]. Because of its

processing ease and chemical resistance, Hammond et al. used SU-8 to encapsulate a

liquid -sensing microchip. The CMOS chip was designed to operate as an Ion Sensitive

Field Effect Transistor (ISFET) with an integrated microprocessor. The chip had been

affixed in a cavity on a PCB and wire bonded. The entire package was then spin coated
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with SU-8 to create a 150~lm thick encapsulation layer in which windows for the ISFET

could be patterned. Using SU-8 allowed Hammond et of. to move to a more automated

method rather than the hand application of epoxy that they had been using previously.

Their encapsulation method is shown in Figure 2.53.

Copper Lines

Connector

~ PCB Exposed SU-8

Figure 2.53 - Encapsulation process developed by Hammond et al.1991.

2.6.6 Thermal Isolation

SU-8 has a thermal conductivity of approximately 0.2 W/moC [60], which is three

orders of magnitude less than that of silicon at 130 W/m°C. This characteristic was

utilized by Guerin et of. [60] to fabricate a thermal flow sensor in an SU-8 fluidic

channel. Because of SU-8 's low thermal conductivity, the input power required to

operate the sensor could be reduced by more than an order of magnitude.

As an example of thermal isolation, Bergman et of. [100] used SU-8 to form thermal

isolation mes as for a thermopile. They used 200~m to 300~m thick mesas and

directional deposition to create a simple thermopile as shown in Figure 2.54 . Their

fabrication method creates junctions on top of the mesas and on the substrate, but not on

the sidewalls of the SU-8 mesas. The SU-8 mesas provide thermal isolation between the

mesa top junctions and the substrate junctions, which in turn create a thermopile that

operates on an out-of-plane thermal gradient.
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Figure 2.54 - Fabrication of thermopile using SU-8 to create thermally isolating mesas [1001

2.7 Summary

SU-8 has many properties that are of great interest in a wide variety of applications.

SU-8 can be spun-on in thicknesses ranging from less than a micron to hundreds of

microns in a single spin, which provides high aspect ratio pattern transfer using near-UV

lithography. It has low thermal conductivity, as well as a high coefficient of thermal

expansion, making SU-8 an excellent material for efficient thermal actuators[ 10 I]. SU-8

also has excellent optical properties, and being transparent in the visible range, it is useful

for microfluidic applications where observation of the reactants in the channel is

important. SU-8 is also an excellent choice for compliant mechanisms; because it has a

Young's modulus two orders of magnitude Jess than that of silicon and is able to undergo

significant strain before fracture. SU-8 is receiving growing attention in the surface

micromachining community, but improvements are still needed in SU-8 fabrication

methods.
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3 POLYDIMETHYLGLUTARIMIDE (PMGI) PRIOR ART

3.1 Introduction

Polydimethylglutarimide, or PMGI, was developed in the mid to late eighties for

bilayer I ift-off applications [102-106]. PMGI is a long chain polymer with the chemical

make-up depicted in Figure 3.1, and is deep-UY eDUY) patternable As shown in Figure

32, PMGI has very low absorption in the near-UY and visible ranges, making it a useful

optical material. PMGI has a glass transition temperature of 190°C; therefore, it is

thermally stable at the baking temperatures required for SU-8 processing.

CH
3

CH 3

1/ CH 2
" I

CH
2

- C C -----.,r--

I I
O=C C=O

"N/

I
R

( R =H, aIkyl )

Figure 3.1 - The Poly (dimethyl glutarimide) chemical structure II02j
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Figure 3.2 - Absorption as a function of wavelength for a 1.31lffi thick PMGI film with inset showing
details in DUV range.

PMGJ comes in four different formulation groups: LOR A, LOR B, SF, and SF Slow

series. The main difference between the formulation groups is the unexposed dissolution

rate. Table 3.1 gives the dissoluti on rates of the commercially available formulati ons of

PMGl.

Table 3.1 - Dissolution rate oftbe different PMGI resist series witb a prebake at 180°C.II07j

PMGI Resist Series Dissolution Rates

LOR B

LORA

SF

SF Slow

110 nm/s

16nm/s

10nm/s

3nm/s

The varying dissolution rate is accomplished by varying the molecular weight of the

PMGI polymer chains. PMGJ is a long chain polymer whose solubility is determined by

the extent of entanglement PMGI' s main use is in bilayer lift-off; however, it can be

patterned as a single layer Imaging resist using DUV exposure As shown in Figure 3 3,

the DUV exposure causes main chain scission of the PMGI molecules, shorten ing their

entanglement length and making them more soluble in the developer .
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b) OUV exposure of PMGlleads to
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the exposed area has a lower

level of entanglement.

//:/l c) Exposed resist has high solubility

.' m developer due to lower

entanglement

I 
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b)

Figure 3.3 - Long chain scission leading to differential solubility for direct lithographic patterning of
PMGI.

As discussed , the main use of PMGI is in bilayer lift-off processes because PMGI does

not dissolve in the solvents used in most imaging resists . These solvents include Ethyl

Lactate, propylene glycol methyl ether acetate (PGMEA), 2-Heptanone, and

Cyclohexanone[ I08]. PMGI does not require a PEB and is thermall y stable at the

processing temperatures required by most imaging resists Thus , prebakes and PEBs for

the imaging resist can be performed without affecting the PMGllayer.

Two methods for creating a biIayer lift-off profile are suggested : the standard isotropic

method, and the Cap-On method , both of which are depicted in Figure 3.4. The

suggested processing steps are elaborated on in section 3.2; however , MicroChem does

not provide any information on the exposure characteristics ofthe PMGI concerning the

Cap-On process.
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a) A clean dry substrate is spun with PMGI

to the desired thickness and prebaked.

Cap-On
Process

PMGI

Standard
Process

Substrate

a) , I , _
o

b)

Near-UV

.llJ LLL .llJ Lll

• Imaging Resist

b) An imaging resist, such as Shipley 1813,

is spun onto the wafer, prebaked, and

depending on the imaging resist's

requirements, it is patterned using near-

UV or deep-UV.

c)

Not a Step in
Standard
Process

Deep-UV
; ; ; ; ; ; c) In the Cap-On process, the imaging

resist is developed without developing

the underlying PMGI layer. The

imaging resist is then used as the mask

for a DU V exposure of the PMGI layer.

d)
d) In the standard process, the imaging

resist and the PMGI are developed at the

same time to provide an isotropic

undercut profile .

In the Cap-On process, the PMGI is

developed and the resulting undercut can

be controlled with a vertical sidewall.

e)

o Metal

e) The metal layer is then deposited onto

the bilayer and substrate.

f) 1- - = f) Lift-off is performed by removing the

bilayer in a solvent bath .

Figure 3.4 - Bilayer lift-off using both the standard and Cap-On processes
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When this work began, the SF Slow series of resists was not available; therefore, the

SF series was chosen. The low unexposed dissolution rate allows better lithographic

control of the film as a greater selectivity between the exposed and unexposed material

can be achieved. As well, the low unexposed dissolution rate indicates greater solvent

resistance and prevents intermixing of the SU-8 and PMGI layers .

3.2 MicroChem's Suggested Processing

3.2.1 Substrate Preparation

The substrate should be clean and dehydrated prior to spin coating the PMGI film .

The suggested cleaning procedure involves solvent cleaning, a dilute acid rinse , and a

final 01 water rinse prior to a dehydration bake at 200°C on a hotplate for 5 minutes.

3.2.2 Spin Coating

The clean wafer can then be spun with a layer ofPMGl. Figure 3 5 gives the

relationshi p between film thickness and spin speed for various formulations of the SF

series of PMGI. Unlike the SU-8 formulations, the SF series are not named for their

layer thicknesses; instead, the SF series are named for the percentage of sol id content in

the resist.

PMGI is not soluble in conventional resist solvents, and , as a result, can lead to drain

line clogging if they are used in conjunction. However, MicroChem 's edge bead remover

PG (EBR PG )[I09] , the chemical composition of which is given in Table 3.2, will

dissolve both PMGI and conventional resists, and if it is used , avoids the clogging issues .

Drain line clogging is not an issue in the SFU clean room , as our spin bowl is not drained,

just collected , so there are no drain lines to clog.
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Figure 3.5 - Spin curves for various PMGI SF formulations on a bare silicon substratel Llfl].

3.2.3 Edge Bead Removal

The edge bead resulting from spin coating can be removed using MicroChem's EBR

PG , Acetone and other conventional resist edge-bead removers, like PGMEA, are not

compatible with PMGI. MicroChem 's EBR PG has the composition given in Table 3,2

and is capable of performing edge bead removal on a wide range of resist types, including

SU-8 and Shipley 1813, the other resists used in this thesis work processing.

Table 3.2 - Composition of Microchem's ERR PG[I09/

Component Chemical Percentage CAS #

1,3-Dioxolane

Propylene glycol monornethyl ether

70-80%

20-30%

646-06-0

107-98-2
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3.2.4 Soft-BakelPrebake

The prebake temperature and time determine the density of the resulting PMGI film ,

and thus greatly influence the dissolution properties of the film . The recommended

pre bake temperatures range from I50°C - 200°C. The SF series has a glass transition

temperature of 190°C, and reflows when baked in the range of 250°C - 300°C. Minimal

information is provided by MicroChem regarding the relationship of the prebaking to the

unexposed dissolution rate of the PMGI. MicroChem suggests performing a processing

test to determine the values .

3.2.5 Coating and Patterning Imaging Resist

PMG I can be used with a wide variety of imaging resists , so MicroChem suggests

referring to the data sheet of the specific imaging resist being used.

3.2.6 Development

Figure 3.4 illustrates the two methods for creating the required re-entrant profile : the

standard method, and the Cap-On method For the standard method, the PMGI layer is

patterned by isotropic dissolution in the resist developer used for developing the imaging

resist This method is suggested if the required overhang is greater than the thickness of

the PMGI layer.

The Cap-On method is suggested if straighter sidewalls and an undercut less than the

thickness of the PMGI layer are required In the Cap-On process, the imaging resist IS

developed without developing the PMGI, which requires using one of the low dissolution

rate PMGI varieties. The patterned imaging resist is then used as a mask for a Deep-UV

(DUV) exposure of the PMGl. The exposure and development of the PMGI layer is

discussed in detail in section 4.1. The exposed PMGI is then selectively etched using

MicroChem 's 101 Developer, which develops the exposed PMGI without further

developing the imaging resi st layer.
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3.2.7 Lift-Off Material Deposition

Deposition of the material to be lifted off can be performed using sputtering,

evaporation, or dielectric deposition techniques. The guideline provided by MicroChem

is that the PMGI should be 25% thicker than the materi al being deposited.

3.2.8 Lift-off

The suggested lift-off process uses MicroChem 's Remover PG which is a mixture of

N-Methyl Pyrrolidinone (NMP, CAS : 872-50-4) and a proprietary surfactant. The

rem oval process is a two step process : first a 30 minute bath in Remover PG at 60°C,

followed by a rinse in a second bath of fresh Remover PG at 60°C. Ultrasonics are

suggested to increase the efficiency of the process .

NMP is a lso used as a stripper for SU-8 . As a result, Remover PG would not be a good

choice for releasing SU-8 structures when using PM GI as a sacrificial layer.

3.3 Applications of PMGI MEMS

3.3.1 Lift-off Patterning

PM GI is widely used as a lift-off resist for metal patterning [102,103,111-114], but I

will only cover those applications ofPMGI lift-off that are most related to MEMS. The

fi rst suc h example is the Iift-off of very thick deposition layers.

Roch et al. [111] used a 10-121lm thick PMGIl aye r, a long with an imaging resist

(SRJ5138), to provide lift-off patterning ofa 6-hlm thick shape memory allo y (SMA)

actuato r that was deposited through sputtering. Their proc ess is depicted in Figure 3.6

and is performed as follows
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D Substrate ~ Si02

b) r/7/.L~JO..L=zz7Z z-).zLT./7.a~

D li

c)

• Cr

d) 1;;;;'~70,.,mE2::11
• PMGI • Imaging Resist

a) The process begins with a Si02 layer

that is deposited using plasma enhanced

chemical vapour deposition (PECYD).

This Si02 layer protects the SMA

deposition from reacting with the silicon

substrate.

b) Next, a Titanium layer is deposited and

patterned , using a single layer lift-off

scheme using AZ 1518 resist. The

titanium acts as an anchor/adhesion layer

for the SMA layer.

c) A chromium sacrificial layer was then

deposited and patterned, using the same

AZ 1518 lift-off process.

d) A JO-121-lm thick layerofPMGI is spin

deposited in four spin steps and a lift-off

profile is created using SRJ 5 J38

imaging resist and the Cap-On process .

e)

e) The 6-71-lm SMA layer is then sputter

deposited on the wafer.

f) Lift-off is performed and then the

actuator is released in chromium etchant

Figure 3.6 - Thick lift-off process developed by Roch et aL for lift-off patterning of 7Jlm layer shape
memory alloy! 1111.
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The next process, developed by Schek et al. [115] , uses SU-8, as the imaging resist on

PMGI to create a re-entrant profile . However, their application was not lift-off, but using

the re-entrant profile to trap biological polymers for study. They used the LOR B series

and found that their development rate for the LOR could change as much as 500% from

day to day . They believed this variation was due to changes in the environmental

condit ions in the lab, as the rate was constant for a given day , but would change from day

to day .

Another process, developed by Srinivasan et at. [112, 113] , also used SU-8 as the

imaging resi st to create are-entrant profile . Their process was intended for lift-off in

conjunction with what they called a molecular ruler resist, which allows them to create

very small gaps between electrodes . The molecular ruler resist is deposited by successive

washes in an organic molecule solution and a metal ion solution . The organic molecules

create a self assembled mono layer (SAM) on the parent electrode . The metal ions attach

to the free end of the SAM, creat ing a new attachment point for a second SAM layer to

be deposited . Successive washes in the organic solution, followed by the metal ion

solution build the resist thickness one monolayer at a time . This process allows for a

high degree of contro l over the resist thickness . Their process is depicted in Figure 3 7
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D Gold

a) 1 _

D Substrate

b)

mMolecular Ruler Resist

a) A parent gold electrode is deposited and

patterned on the substrate.

b) The molecular ruler resist is deposited by

successive washes in an organic molecule

solution and a metal ion solution.

c)

d)

• LOR • SU-8

c) The LOR/SU-8 bilayer is deposited and

patterned for lift-off.

d) The metal layer for the dau ghter electrode

is deposited .

e)

Parent
Electrode

Daughter
Electrode

I I I

e) Lift-off of the LOR/SU-8 bilayer as well

as the molecular ruler resi st leaves the

patterned daughter electrode with a

controllable nanoscale gap between the

electrodes.

Figure 3.7 - PMGI/SU-8/Molecular ruler resist lift-off patterning for the creation of sma ll gaps by
Srinivasan et at. 1112, 1131

3.3.2 Air Bridges

PMGf has also been used as a sacrificial layer for the creation of stationary air

bridges[ I 16, I 17] and actuated air bridges[ 118-120]. Stationary air bridges are a

structure that is used in the creation of vertical-cavity surface-emitting lasers (YCSELs)

[116,117]. Air bridges are used to bring metal lines from the top of a mesa down to the

substrate layer for bonding without electrically connecting to the sidewall of the mesa.

Figure 3.8 shows the fabrication technique used to create metal air bridges. The

generalized fabrication steps are as follows.
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a) Start with a patterned mesa, which in this

case is a VeSEL.
D VeSEL MesaSubstrate

a) 1 ---'

D

b)

b) Spin a PMGI layer that has a thickness

approximately equal to that of the mesa.

• PMGI

c)

c) Pattern the PMGf where the air bridge is to

be formed.

d)
d) Reflow the PMGI above its glass transition

temperature to create a smooth profile.

e)

e) Deposit the metal layer.

D Gold

f)

g) 1 ---

f) Pattern the metal layer.

g) Release air bridge by removing PMGf layer

using solvent.

Figure 3.8 - Fabrication of gold air bridge using PMGI as a sacrificial supportj l lti, 1171

PMGI is excellent in this application because its solvent resistance allows it to remain

in place without damage during any subsequent processing steps prior to release.

Actuated air bridges are used for applications such as RF switches [118, 119] and

resonators [120]; both of which use the same basic fabrication process as the air bridges.

However, the PMGf, in the case of the actuated air bridge, is used to create a controlled

gap distance between a bridge structure and an underlying electrode. To avoid stiction

during the release of 100nm gaps, Young et 01.[120] developed an ashing process to

perform a dry etch of the PMGI sacrificial material. They give few details of their ashing
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process, only stating that it was preformed at 175°C and 750W and requires

approximately 30-40 minutes to complete.

3.3.3 Reflow Lens Material

Because of PMGI's low absorption in the visible and near-infrared combined with its

ability to reflow at an elevated temperature, it is a useful material for reflow lenses.

Kroner et al. [121 , 122] used PMGI as a reflow material to produce lenses on top of

YCSELs. Their basic process is depicted in Figure 3.9. The reflow lenses, fabricated by

Kroner et al., had radius of curvatures in the l Ourn to 40llm range, and allowed beam

focusing while not significantly degrading the optical output of the tested YCSELs.

a)

o
•

Substrate

Imaging Resist

• PMGI

a) A layer of PMGl is spun onto the wafer and

prebaked, followed by a layer of imaging

resist, which is also spun on and prebaked.

b)

~ Exposed Resist

b) The imaging resist is patterned using near

UY with the desired PMGI pattern.

c)

d)

e)

f)

~ ~ j ~ ~ ~eerur ~ ~ ~ ~ j c) The PMGI is DUY exposed using the

imaging resist as a masking layer.

d) The PMGl layer is developed

e) The imaging resist is removed leaving only

the patterned PMGI layer.

f) The PMGI layer is heated above 250 °C to

reflow the PMGI and create an

approximately spherical lens.

Figure 3.9 - Fabrication process for producing PMGI"etlow lenses. 112IJ
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3.4 PMGI as a Sacrificial Layer for SU-8

Three examples illustrate PMGI's use as a sacrificial layer for SU-8 devices. Two use

the LOR series, and one uses the PMGI SFG series, for which no data sheet is available.

Only one of the processes patterns the sacrificial material.

The first process, by Sato et af. [123, 124], uses the LOR formulation of PMGI to

provide an unpatterned lift-off layer for fabricating SU-8 based microfluidic structures.

Their process uses an aligned and bonded capping layer to enclose the fabricated

microchannels. The other interesting capability of their process is the creation of mesh

structures within the microfluidic channels. Their process is depicted in Figure 3.10.

a) The process begins by patterning a Cr

layer on top of a transparent substrate

such as Pyrex.

- CrSubstrate

a) 1- - ----------....---------
o

b) '- ----l

• LOR

b) LOR is then spun onto the wafer and

pre baked to provide a release layer later

in the process.

c)

D Unexposed SU-B

c) The first SU-8 layer is spun onto the

wafer and prebaked.

- --=------------- -,'1------>: .-------.- ",-=-------1~

r i i r r r r : ! ! I d) The base of the fluidic device is exposed

and prebaked, but not developed .

Exposed SU-B

d) Il..- ------J

! ! UV Exposure

e)

e) Another layer of SU-8 is spun onto the

wafer and prebaked.
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f)

g)

h)

i)

j)

f) A previously patterned capping layer is

aligned and bonded to the uncrosslinked

SU-8 layer.

g) The channel walls are defined by

exposing the SU-8 between the base and

capping layers.

h) A micromesh is defined using two

inclined backside exposures, and the

previously defined Cr mask on the

substrate.

i) The SU-8 layers are developed to clear

the channels

j) The devices are released from the

substrate by developing the LOR layer in

developer containing 2.38% TMAH.

Figure 3.10 - Sato et al. 's microchannel fabrication process using LOR as an uupatterned release
layer. 11241

Note, in Sato et al. ' s process the development of the SU-8 is performed on enclosed

channels, which are subject to equation (2.1) and result in long development times. Sato

et al. ' s process is capable of fabricating interesting fluidic structures; however, it is only

intended for microfluidic structures. PMGI is used merely as an unpatterned release layer

and thus any mechanical structures would float away during release, which is not

generally desired in mechanical surface micromachining. However, LOR is useful for

this application due to its ability to withstand the processing temperatures required by

SU-8, its solvent resistance, and its high optical transmission in the near-U'V,
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Another bonding method that might be capable of fabricating mechanical devices was

developed by Nakajima et al.[125]. Their fabrication method, depicted in Figure 3.11,

was created to fabricate a 10mm shrouded impeller for a micro pump . Nakajima et al. 's

process laminates an unpattemed dry SU-8 3000 film as a capping layer and then patterns

it once laminated. Compared to Agirregabiria et al. 's process (section 2.5.1.1), this style

of process may increase the yield , thus , increase the number of layers that can be

fabricated; however, such statistics were not given by Nakajima et al. to confirm .
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• PMGI

a) 1'- --------'

o Substrate

a) The process starts with a substrate that

has been coated in a 7 urn layer of PMGI

SFG to act as a release layer.

b)

c)

d)

Unexposed SU-8

Exposed SU-8

b) The first SU-8 layer is spun onto the

wafer and prebaked .

c) The first SU-8 layer is exposed and post

exposure baked.

d) The second SU-8 layer is spun onto the

wafer and pre baked .

e)

f)

g)

h)

i)

j)

I I r I I I r -I e) The second SU-8 layer is exposed and

post exposure baked.

f) The first two SU-8 layers are developed

in SU-8 developer.

g) A dry sheet of SU-8 is then laminated

onto the top of the released lower layers.

h) The third SU-8 layer is exposed and post

exposure baked.

i) The third SU-8 layer is developed in SU

8 developer.

j) The devices are released from the wafer

by dissolving the PMGI layer in a weak

tetramethylammonium hydroxide

(TMAH) solution.

Figure 3.11 - Lamination based multi layer process by Nakajima et al.11251
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Nakajima et a/.'s process demonstrated a mechanical/fluidic component; however, the

part is a centimeter in diameter and the feature sizes appear to be greater than IOO!lm.

Further work is needed to determine the capabilities of this process to fabricate finer

mechanical structures. Because the lamination is performed on a released layer, finer

features are not likely to withstand the stresses of lamination.

Only one other process is presented in the literature that uses PMGI based resist as a

sacrificial layer for SU-8 mechanical components. That process , developed by Schmid et

al. [126], is capable of fabricating a single layer process and has only been used to

fabricate short cantilevers. Their process is illustrated in Figure 3.12

Schmid et at.'s purpose was to fabricate thin SU-8 cantilevers over a pair of electrodes

to investigate the abi lity of the Kelvin polarization force[ 127] to actuate polymers They

were successful in resonating their cantilevers, which had a Q factor of 87; however, their

amplitude only reached a maximum of 13nm and had to be read out using a laser-Doppler

vibrorneter Their cantilevers were only 10 to 200!lm long, and they only showed an

SEM of two cantilevers in the 40-50!lm range, which both showed noticeable out-of

plane curvature Their out-of-plane curvature could be the result of incorrect dosing or

baking [13], or it could be due to intermixing with the LOR
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D Metal

a) 1 _

D Substrate

.~ - - --. _. -

- 'Il ' ..

b)

a) Ti/Au electrodes are patterned on the

substrate.

b) A layer of LOR is spun on and

prebaked, followed by a layer of imaging

• LORS • Imaging Resist resist.

c)

d)

e)

f)

o Unexposed SU-8

• Exposed SU-8

c) The imaging resist is exposed with the

anchor pattern and both the resist and

LOR are developed at the same time. In

this case the imaging resist acts as a

mask for an isotropic etch of the LOR

layer.

d) The imaging resist is stripped using a

solvent that does not affect the LOR.

e) SU-8 is spun onto the wafer and

prebaked.

f) The SU-8 is patterned to define the

canti levers .

g)
__[ I~

g) The LOR is removed in an alkaline

solution and the devices are dried in a

critical point dryer to avoid stiction. The

critical point drying is especially

important in this process as there are no

dimples to lower the contact area.

Figure 3.12 - Schmid et al. 's cantilever fabrication process 11261
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While this process is the closest in the literature to my work, it has several

shortcomings. First, the use of isotropic patterning of the sacrificial layer means that the

pattern transfer of the anchor layer will never be accurate. The sidewalls will be curved

rather than straight, and the resulting features will bloat, making fabricating small

features virtually impossible. Further, the isotropic etching will be a time dependent etch

and lead to greater variability across the wafer.

Secondly, the patterning does not provide for dimples, which creates the need for

critical point drying. Dimples are also important for the long-term reliability of the

structures with regard to non-release stiction events. These cantilevers were intended to

be actuated down towards the substrate, and if the y touched, they would likel y have stuck

to the substrate. The lack of dimples highly limits the length of the freestanding

structures that can be fabricated, as they will spontaneously collapse to the substrate after

a critical length has been reached .

Lastly , the use of LOR might lead to intermixing with the SU-8 . Both PMGI and SU

8 are soluble in cyclopentanone, which is used as their primary casting solvent. If the SF

series is not properly baked, it affects the SU-8 layer that is spun on top of it. The baking

of the PMGI , along with the chain length, determines its solubility ; furthermore, lower

bake temperatures result in a higher solubility . The LOR has a lower molecular weight

than the SF series and so is intrinsically II times more soluble[ 108]. Indications of

Intermixing at lower baking temperatures were observed, so intermixing will likely occur

when using LOR even with proper baking due to its higher solubility.
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4 PMGI EXPOSURE AND MECHANICAL
CHARATERISTICS.

PMGI is not well characterized as an imaging resist, and, aside from my work[128],

no information exists in the literature regarding the exposure and development of thick

films. As well, the thermo-mechanical properties ofPMGI are also unreported . In order

to provide information on the characteristics of PMGI, we performed the experiments and

modelling described in this chapter.

4.1 Exposure Characteristics

Understanding the exposure and development characteristics ofPMGI is important for

its use as a patterned sacrificial layer Because PMGI is not normally used as an imaging

resist , Iittle information exists as to its exposure and development characteristics The

information that does exist is for the original experimental formulation s and not for the

currently available commercial formulation. To be able to proceed with a DUV patterned

sacrificial layer, characterization of the exposure and development characteristics of

PMGI under 254nm illumination is necessary This section describes the experiments

and modelling we conducted in order to provide an understanding of the exposure and

development characteristics ofPMGl using commerciall y available tetraethylammonium

hydroxide(TEAH) and tetramethylammonium hydroxide(TMAH) based developers.

The TEAH based developer used was MicroChem's PMGI 101 Developer, which is

<5% TEAH in water with a proprietary surfactant[ 129]. PMGI 101 Developer is selective

to PMGI over novolac-based resists like Shipley 1813, allowing development of a PMGI

layer without further attack to an overlying resist layer

The TMAH based developer used was MF-319 , which has a normality of 0 237N, or

~2 . 2% TMAH in water[130]. MF-319 is a standard developer for novolac based resists.
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4.1.1 Experimental Procedure

Prior to spinning the PMGI films, clean bare silicon <100> wafers were dipped in I: 10

48% HF:DI H20 to remove any native oxide. Using the SF-19 formulation of PMGI

available through MicroChem, films were then spin-coated at 2000rpm for 40 seconds

This procedure yielded films with a thickness of 6 .8 ± OAI-lm, across a single wafer; the

standard deviation in film thickness was measured to be 0.15I-lm. The wafers were then

baked on digitally controlled Torrey Pines Scientific ECHOtherm™ ramping hotplates, at

one of three different temperatures: the supplier 's lowest recommended pre bake

temperature of 150°C, the glass transition temperature of 190°C, or the suggested reflew

temperature of 250 °C[ 130]. The wafers were ramped at 450°C/hr to the target

temperature, and maintained at this temperature for 10 minutes, after which the hotplates

were shut off and the wafers cooled naturally with the hotplate . Once the wafers were

baked , DUV exposure was performed in a Stratagene UV Crosslinker (model Stratalinker

2400), which provides uncollimated uniform illumination of4mW/cm2 at 254nm [131].

As many as 18 different sites were defined on each wafer and exposed to DUV for times

ranging from 5 minutes to 90 minutes. A Tencor Instruments, Alpha-Step 500

profilometer was then used to measure the film thicknesses at each site Once the initial

thickness was determined at each of the sites, the wafers were developed using either

MicroChem 's TEAH based 101 Developer, or Shipley 's TMAH based MF-319

developer. During development, thickness measurements were taken by quenching the

wafer in 01 water, drying with N2 gas, measuring the exposure sites with a profilorneter,

and then returning the wafer to the developer.

4.1.2 Results

Unfortunately , wafers baked at 150°C exhibited poor adhesion to the silicon substrate,

which led to films peeling off the substrate during development, resulting in fewer data

points at that temperature. This loss of data points is evident in Figure 4.2 and Figure

4.5. Adhesion was adequate for the wafers prebaked at 190°C and 250°C
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4.1.2.1 MicroCbem PMGII01 Developer (TEAH)

The 101 Developer, a TEAH based developer for PMGI sold by MicroChem

Corporation, exhibits etch selectivity to PMGI over novolac imaging resists, such as

Shipley 1813. This selectivity allows PMGI films to be developed independently of an

overlying resist layer, and it can be used to enhance undercut in bilayer lift-off processes

[108]. The first set of development results presented here was obtained using 101

Developer. The dissolution depth was determined by comparing the film thickness at a

given development time with respect to the initial film thickness at each measurement

site . Figure 41 depicts the dissolution depth with respect to exposure time for various

development times, which shows the diminishing returns of long exposure times with

respect to development depth . And, Figure 4.2 depicts the dissolution depth with respect

to exposure time for various prebake temperatures, which shows that the development

depth decreases with increa sed bake temperature .

1 min

' . 3 min

L17 min
10 min
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(1) -2

0-c
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-3E
0..
0
(1)

> -4
(1)
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-5
0 20 40 60 80 100

Exposure Time ( min)

Figure 4.1 - Development depth with respect to exposure time using 10 I Developer for various
development times on wafers prebakcd at 250°C.
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Figure 4.2 - Development depth with respect to exposure time using 101 Developer, for various
prebake temperatures at 5 minutes of development.

Figure 4 .3 illustrates the relationship between development depth and de velopment

time for vanous exposure times. This rel ationship shows an initially high rate of PMGI

dissolution that slows to an almost constant rate by 2 minutes of devel opment.
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Figure 4.3 - Development depth with respect to development time using 101 Developer, for various
exp osure times on wafers prebaked at 250°C.
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4.1.2.2 Shipley MF-319 (TMAH)

Shipley Corporation 's MF-319 is a standard TMAH based developer used to develop

novolac based resists, such as Shipley 1813. Figure 4.4 through Figure 4.6 plots the

dissolution results with respect to exposure time and development time obtained using

Shipley 's MF-319 developer. All the data for the MF-319 trials was treated in the same

manner as that of the 101 Developer results . Figure 4.4 shows that MF-3l9, when

compared to 101 Developer, exhibits a more pronounced relationship of diminishing

return s for the development depth with increasing exposure time.
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Figure 4.4 - Dissolution depth with respect to exposure time using MF-319 for various development
time s on wafers prebaked at 250 'C.
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Figure 4.5 - Dissolution depth with respect to exposure time using MF-319 for various prebake
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Figure 4.6 - Dissolution depth with respect to development time using MF-319 for various exposure
times on wafers prebaked at 250°C.

4.1.2.3 Comparative Results

For better comparison of the dissolution properties of the two developers, the

dissolution data from both developers are plotted together in Figure 4.7 and Figure 4.8.

Figure 4.7 gives the relationship between dissolution depth and exposure time; Figure 48
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gives the relationship between dissolution depth and development time for the two

developers. These result s show that MF -319 is a more aggress ive developer than the 101

Develop er.
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Figure 4.7 - Development depth with respect to exposure time usin g MF-319 and 101 Developers for
3 and 7 minute development times on wafers prebaked at 250 °C.
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Figure 4.8 - Development depth with respect to development time using MF-319 and 101 Developers
for 30 and 65 minute exposure times on wafers prebaked at 250°C

115



4.1.3 Modelling

In order to understand the relationship between exposure and development ofPMGI,

the exposure and development cycle was modelled . The goal of the model is to

reproduce the relationship between dissolution depth and development time for a given

exposure dose . To build the model, two main experimental results are required. First,

the affect of the incident exposure dose on the OUV optical absorbance of the PMGI

must be det ermined . With this relationship, we calculated the OUV intensity variation

through the film thickness, as the film undergoes chemical, and hen ce optical , changes

Forward integration in time from the film ' s top surface can then be used to determine the

final OUV dose profile . Second , we determined the dissolution rate of the PMGI for a

given DUV dose . When combined with the OUV dose profil e, etch depths at various

development time s can be predicted

The governing and auxiliary equations for the expo sure part of model are given In

equations (4.1) through (45) Equation (4.1) is a formulation of the Beer-Lambert law,

where the optical absorption of the PMGI is dependent on the incident dose.

d1~ tJ =a(D(z,lJ) 1(Z,IJ ,
(4.1)

where 1 is the intensity of the DUV radiation, z is the depth into the film , t, is the

exposure tim e, a is the absorptivity of the PMGI , and D is the incident OUV dose.

The incid ent dose is coupled with the intensity as given in equation (4 .2) . Note, that

for numeri cal simplicity , our numerical models are tracking the incident dose, and not the

absorbed dose, becaus e there is a one-to-one mapping between the incident and absorbed

doses .
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dD(z,t.) =1(7 )_,t ,
dt e

e

The following boundary conditions were applied,

D(z,O) = 0 ,

where 10 is the intensity of the DUV radiation so urce

(4.2)

(4.3)

(4.4)

The absorptivity of the PMGI with exposure dose was determined empirically, by

exposing a Pyrex wafer that was half coated with PMGI. We then measured the

absorption for both the PMGI coated and uncoated Pyrex at different time intervals . The

absorption of the PMGI film was extracted from the data and fit to equation (45). Section

4 .1.3.1 fully describes the reason why this method was cho sen to represent the

absorptivity of the PMGI.

(4.5)

where 0 a , ba, Ca, d.; and/a are empirically determined con stants.

The governing equations for the dissolution rate component ofthe model are given in

equations (4 .6) and (47) . T he dissolution rate , as shown in equation (4 .6), is a function of

the rate equation, which relates the dissolution rate of PMGI to the incident exposure

dose .
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dz
- = R(D(z, tJ) ,
dtd

where td is the development time, R is the rate function, and all other variables are as

before. Note that at this point, D(z, te) does not change, because the exposure is

completed and the dose through the film does not change during development.

(4.6)

The rate equation is given in (4.7) and is a best fit to empirical data. Further discussion

of the rate equation is given in section 4.1.3.2.

(4.7)

where aR is the fully exposed dissolution rate, bR is the unexposed dissolution rate, and CR

and dR are constants that describe the transition between aR and bR Again, these

constants are determined by empirical fitting

4.1.3.1 Optical Absorbance

The optical absorbance of the PMGI film at 254nm is large, leading to a large gradient

in optical intensity through thick films. For example, in a 6f-lm thick film, the intensity

falls by 98.9% at the bottom of the film Furthermore, PMGI's optical absorbance

decreases with increasing exposure dose, which makes characterizing of PMGI's optical

absorbance important for determining the dose received through the depth of the film

with exposure time. Figure 4.9 shows the measured absorbance for a 14f-lm thick PMGl

film. The standard Dill parameters [132], were used as a first attempt to model the

absorptivity ofthe PMGI with respect to incident dose. However, Figure 4.9 shows, the

Dil I model did not provide an accurate fit to the experimental data most likely because

the Dill model emphasizes the role of photoactive compound degradation as the dominate

cause of absorbance change, whereas the optical absorption ofPMGI is affected by
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changes in the molecular weight distribution created by ongoing chain scissions. As the

goal ofthis work was to provide a simple predictive model , we developed an empirical

model to connect dose with absorptivity . Our model has two time constants to allow for

two effects that dominate the response at different times . The model chosen for PMGI

was given in equation (4.5) and the coefficients were found using equation (4.1) through

(4.4) and fit to the experimental data using equation (4.8).

(4.8)

where A is the absorption of a PMGl film with thickness Z,hickness, and all other variables

are as previously defined.

A least squares fit was performed using the fminsearch command and the residual of

the fit using our model was 8.2£-5 compared with 2.4E-3 for Dill's model. The 0111

model provided agreement with the data only during the first portion and fails to predict

the trend after approximately 7 minutes of exposure, where as our model provides

agreement with the data throughout the exam ined exposure range . The coefficients of the

absorbance relationship found for PMGI are given in Table 4 .1.
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Table 4.1 - Coefficients of fit 10 equation (4.5), the absorbance model for PMGI.

0.0989 urn" 0.231 urn'

4.1.3.2 Dissolution Rate

The next empirical result required was the dissolution rate as a function of the incident

exposure dose. An approximate relationship can be extracted from the dissolution depth

with development time data used to produce Figure 4 .3 and Figure 4 .6. The top surface

of all films received a known incident exposure dose, as the incident dose IS simply lox t,

Thus, finding the initial slope of the dissolution depth with development time curves

(Figure 4 .3 and Figure 4 .6) , for various exposure times will yield the dissolution rate at

those exposure doses . Because the first measurement of development depth are recorded

at I minute for 101 Developer and 30 seconds for MF-319, an approximation to the initial

slope was estimated by fitting the curves' first fours points with a cubic spline and then

extracting the initial slope from these splines This procedure results in a conservative

estimate of the dis solution rate at a particular incident exposure dose because the splines

tend to underestimate initial rapid change Using this method , dissolution rates for a
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range of exposure doses can be determined. These rates are then used in an initial fit of

the rate equation (4.7) to generate an initial approximation of the empirical constants.

This initial fit was then used as a starting guess for a more global fitting step. In the

second fitting step, the empirical parameters were optimized to minimize the error over

all data points available for a particular developer.

Figure 4.10 shows the dissolution rate of PMGf as a function of incident DUV dose,

where circles depict the data extracted from the spline approximation fits. The dotted

lines show the fit of the rate equation (4.7) to the data extracted from the spline

approximation fits. The solid lines indicate the result of globally optimizing the

coefficients of the rate equation to fit the data set. The coefficients of the rate equation

determined for 101 Developer and MF-3l9 for the described processing conditions are

given in Table 4.2.
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Figure 4.10 - Dissolution rate of PMGI as a function of incident exposure dose. Circles indicate
extracted data, dotted lines indicate initial fit, and solid lines indicate the fit to the data
set.
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Table 4.2 - Coeflicients of rate equation

101 Developer

MF-319

4.1.4 Discussion

3.56 urn/min

8.96 ~lm/min

0.00966 um/rnln

0.0899 urn/min

0.426 cm2/J

0.166 cm2/J

8.80 J/cm2

-6.30 J/cm 2

To aid discussion, the optimized fit of the rate equation was used to plot the

development depth versus development time relationship . Figure 4.11 and Figure 4.12

show the fit of the model to the data for the two tested developers.
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Figure 4.11 - Results of modelling for development depth with respect to development time for
various exposure times for 101 Developer.
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Figure 4.] 2 - Results of modelling for development depth with respect to development time for
various exposure times for MF-319 developer.

As shown in Figure 4.11 and Figure 4.12, the mode fits the trends in the data, Our

results show a large gradient in dissolution properties throughout the thickness of the

exposed PMGI. The dissolution properties of the PMGI film are dependent on the

molecular weight, which is, in turn, dependent on the dose received [102]. The absorption

of DUV radiation by the PMGI films correlates to the gradient in received dose which

causes the gradient in dissolution rates. Absorption at the top of the film causes the

intensity, and so the dose, to decrease with depth into the film. Thus, we initially see a

high dissolution rate that falls with depth. Correspondingly, the dissolution rate ratio

(ORr), or selectivity, between exposed and unexposed rates of dissolution also falls with

depth.

Using this model, the dissolution rate and dissolution rate ratio as a function of

development time can be determined. These relationships, plotted in Figure 4.13 and

Figure 4.14, show that MF-319 is more aggressive than 101 Developer, but that 101

Developer is more selective than MF -319 for thinner films. Figure 4.11 shows a rapid

decrease in dissolution rate with development depth for both developer types, which

correlates to the rapid decrease in exposure dose received throughout the film.
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Figure 4.14 - Modelling results for Dissolution rate ratio and exposure dose with respect to
development depth for an exposure time of 90 minutes using 101 Developer and MF
319 developer on a wafer prebaked at 250°C.

For accurate pattern transfer to the PMGI film , a high selectivity between the exposed

and unexposed portions of the film is required . A high ORr by definition indicates high

selectivity and, thus, is a determining factor in the achievable aspect ratio of the
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structures produced. Maintaining a high DRr is desirable throughout the entire

development process . Unfortunately, because of the high absorptivity ofPMGI,

maintaining a high DRr throughout the thick film requires very long exposure times.

Between the two developers, 101 Developer has a significantly higher DRr at higher

doses of DUV, but at lower doses, MF-319 has the higher DRr. The dose at which 101

Developer has the higher DRr, as predicted by our model , is 4 .6 I/cm''.

4.1.5 Conclusions

The dissolution rate ratio was shown to decrease with dissolution depth for both

developers due to the high absorbance of DUV radiation by PMGI films . The developed

model was useful in identifying the absorptivity ofPMGI as the main contributor to the

thickness gradient in dissolution properties ofPMGI. The strong absorption of254nm

Iight by the PMGI provides a developed depth that is highly related to the exposure dose .

This dependence allows for easy definition of dimple and anchor structures through

exposure dose control .

4.2 Mechanical Characterization

Earlier work had reported the use of PMGI as a sacrificial layer in surface

micromachining technologies [81,119,120]. Additionally , my colleagues and I reported

preliminary results on the feasibility ofPMGI as a structural material [133]. PMGI is not

well characterized, and the thermo-mechanical properties are unreported . This section

describes in detail a process sequence to realize an assortment of rnicromechanical

devices and actuators using PMGJ as the structural material with the goal of extracting

the thermo-mechanical properties of the PMGI resist.

Demonstrated micromechanical structures include Guckel rings [98], suspended

platforms, cantilevers, bent-beam stress gauges [134] , out-of-plane prop-up structures

[135, 136]. and bent-beam actuators [98 , 137, 138]. These micromechanica1 structures

were fabricated using DUV exposure ofPMGI , and released USing bulk silicon etching

techniques
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4.2.1 Fabrication Method

Two formulations ofPMGI (SF9 .5 and SF14) were used in the fabrication process .

The se two formulations were prepared from commercially obtained SF19 PMGI[107]

using the standard T-Thinner[139]. The fabrication sequence for these PMGI-MEMS is

depicted in Figure 4.15 and described below.
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a) I
o Substrate

a) Each process run begins with a bare silicon

wafer that is RCA-cleaned.

b)

PMGI

b) Optionally, 25nm thick Cr and 100nm thick

Au metal films is sputter deposited. The Cr-Au

bilayer is patterned using standard

photolithographic techniques and standard

chromium-gold etchants (Transene Company

Inc. Au-etchant TF A and Cr-etchant 1020).

c)

c) A Headway Research, Inc. spin coater is then

used to spin the PMGI-SF 14 onto the wafer at

LOOO rpm for 40 seconds, yielding a nominal

layer thickness of 3.5urn. The coated wafer is

then prebaked on a digitally controlled Torrey

Pines Scientific EC HOtherm™ ramping

hotplate at 200°C for I minute. If a thicker

PMGI layer is desired , the spin and prebake

steps can be repeated multiple times. This

experiment used PMGI f Ims consisting of two

to three spins, yielding film thicknesses

ranging from approximately 7~m to IOurn.

Once the desired thickness has been achieved ,

a reflow bake is carried out by ramping the

hotplate from 200°C to 30W C at 450°C/hr and

holding the peak temperature for 2 minutes.

The wafers are a llowed to coolon the hot-plate

unti I the temperature falls below 140°C before

removal.
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d)

D AI

d) A IOOnm thick layer of aluminium is then

sputtered on top of the PMGllayer. This

aluminium will later act as a hard mask for

DUV patterning the PMGI.

U i~ t U e) Shipley 1813 photoresist is then spun onto the

wafer and soft-baked at 100°C for 3 minutes on

a hotplate. The 1813 resist is then patterned
e)

• Imaging Resist

using near-UV and developed in MF-319

developer. All near-UV exposures in this work

were used a Quintel Corporation Q-4000 mask

aligner. The aluminium layer is then etched

using Transene Aluminium etchant Type A.

remaining 1813 resist, acts as a DUV mask for

f)

Deep-UV t) The patterned aluminium, along with the
• • • t ; , + , • • • • •

the PMGI structural layer. A 30 minute DUV

exposure is carried out in an Optical

Associates Inc. MBA-model 800 Mask aligner

which nominally delivers 17mW/cm2 of DUV

illumination.

g)

Near-UV.. .. .. g) To ensure that the 1813 resist is fully exposed,

the wafer is then flood exposed in a near-UV

mask aligner for 60 seconds.
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h)

i)

h) The 1813 photoresist, aluminium, and the

exposed PMOI are all etched by MF-319.

Therefore, developing the exposed wafer in

MF-319 not only dissolves the exposed PMOI,

but also strips any remaining 1813 resist and

aluminium.

i) The final step in this process sequence is a

s ilicon bulk-etch performed using an in-house

built XeF 2 vapour etching system, which

releases and thermally isolates the

micromechanical devices from the substrate.

Figure 4.15 - PMGI Structural Fabrication Process

Two classes of structures were fabricated: passive structures for the extraction of

thermo-mechanical properties and active structures for the demonstration of micro

actuators. For wafers with only passive structures, as shown in Figure 4.16, step 2 in the

process sequence above can be omitted. However, because PMOl is a dielectric, any

electro-thermal devices require the patterned metal layer provided in step 2. An example

of these active devices with patterned metal is shown in Figure 4.17.

To promote adhesion between the metal and the PMO[, the PM01-metal bilayer

should be baked past PM01 's glass transition temperature . However, when the metal

layer is on top of the structural layer, as is common, the metal layer tends to reticu late.

Placing the patterned metal film first avoids reticulation. As a result, deposition and

patterning of the Cr/Au bilayer before the deposition of the PMOl film leads to better

adhesion.
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a) Guckel Ring b) Suspended Platform

c) Out-of-P lane Prop-up Structure Using a
Tsang Suspension[135, 136]

d) Bent Beam Stress Gauges

Figure 4.16 - Mechanical structure fabricated usin g PMGI as the structural material.
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Figure 4.17 - Optical micrograph or PMG I bent-beam electro-thermal actuators showing patterned
metal layer for electro-thermal excitation.

4.2.2 Thermo-Mechanical Property Extraction

When producing mechanical structures, the coefficient of thermal expansion and

Young's modulus are two of the most commonly required parameters; thus , determining

these two parameters is important. Determining the coefficient of thermal expansion was

accomplished using bent-beam structures in a temperature controlled chamber. Young's

modulus was determined using two methods: I) comparing residual stress and strain, and

2) using cantilever deflections.

To avoid confounding the material properties of PMGI with the metal layer, these

measurements used only passive structures that did not include any metal layers. Thus,

step 2 of the processing sequence above was omitted for the structures described in this

section.

4.2.2.1 Coefficient of Thermal Expansion

The coefficient of thermal expansion (CT E) was determined by capturing optical

micrographs of bent-beam structures (Figure 4.16d) at a range of temperatures, and then

solving for the CTE using the bent beam gauge method described by Stanec et al. [134].

The change in strain in the bent beam structure changes with temperature due to thermal

expansion . Assuming that the CTE is constant over the temperature range of interest, the

change in strain can be expressed as ,
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(4.9)

where £0 is the strain in the beams, a is the coefficient of thermal expansion, and t1T is

the change in temperature .

Stanec et al.:e analysis provided a linearized model for the relationship between the

strain in a bent-beam structure and the deflection of the structure's tip:

Gcos'(B) + Sin'(B))
e = d

a Lsin(B) , (4.10)

where, as shown in Figure 4 .18 , h is the beam width, Lis axial length of the arm s, B is the

inclination angle of the arms, and d is the deflection of the tip of the bent-beam structure .

d
t

/

Figure 4.18 - Parameters of bent beam sen sor model for extraction of CTE.

In order to determine the CTE, we used the experimental setup described in Figure

4 .19. To provide a uniform temperature distribution across the sample, the sample wa s

placed on a heated chuck that had an enclosure with a transparent top . The enclosure also

included a thermocouple to monitor the temperature of the sample A microscope with a

digital camera was used to capture images of the sample 's deflection with changing

temperature. The resulting images were then analyzed using the standard image analysis

package National Instruments' Vision Builder AI 2.6, to extract d, B, h. and L, which are

needed to determine co The strain measurements arc giv en in Figure 4.20
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Camera

Thermally
Controlled

Chuck

Figure 4.19 - Experimental setup for determining CT E.
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Figure 4.20 - S tra in mea sured from bent beam sensors with respect to temperature.

The data has three distinct regions : an ini tia l relaxation region, a linear region , and a

creep region.
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• In the initial relaxation region, the thermal expansion is relieving out-of-plane

torsion caused by high residual tensile stress . A straight beam in tension

would not be expected to bend out of plane, but due to the V shape of the

chevron stress gauge, the tensile stress causes the beams to twist which

deflects out of plane . As the torsion is relieved, the vision system

misinterprets this as a negative displacement. As a result, this region is not

suitable for extracting the CTE.

• In the linear region, equation (49) holds, and so the CTE can be extracted .

This area is the proper operating region for the chevron strain gauge, and it is

the area that is curve fit to extract the CTE.

• In the creep region, temperatures approach the gla ss transition temperature,

where the creep rate becomes significant and leads to plastic deformation of

the bent-beam stress gauges . In this region behaviour is viscoelastic rather

than elastic . Consequently, this region is a lso not suitable for extracting the

CTE.

Experiments on 23 samples yielded an average value of 53.7 ± 56ppmrC for the

CTE. These values of the CTE are WIth respect to the silicon substrate (aMeasured=aPMGI 

aSilicon) , so the CTE of the silicon substrate of2.33 ppmrC [140] must be added to

determine the true CTE of the PMGI Thus, the CTE ofPMGI found in this experiment is

56 ± 6 ppm/T'.

4.2.2.2 Young's Modulus

Young's Modulus for PMGI was determined using two methods. a residual stress

method using bent-beam structures, and a cantilever profilometry method .

4.2.2.2.1 Residual Stress Method

The residual stress method of determining Young ' s Modulus involves simultaneously

measuring the stress and strain in the PMGI film . The residual stresses in the PMGI

films were determined using Stoney's method [141] , which involved measuring wafer
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bow before and after PMGI film deposition using an Ionic Systems Stress Gauge. The

measured residual stress was 21. 3 MPa.

The residual strain was determined by analyzing the deflection of bent-beam strain

gauges before and after XeF2 release as described by Stanec et at. [134]. The deflections

were extracted from optical micrographs using National Instruments ' Vision Builder AI

2.6 software, and then equation (4 .10) was applied to determine the strain. Along with the

measurement of deflection, there are two measurements of 8. the unreleased angle and

the released angle . These two values lead to two different estimates for Young's

modulus . Because these two angles are bounds on the range of ampl ification, the two

estimates of Young 's modulus give a high and Jow bound of the true value. Twenty-three

bent-beam strain sensors with 8 different permutations of the beam width , axial length,

and inclination angle were tested. Young's modulus was measured to be between 3.8GPa

and 52GPa

4.2.2.2.2 Cantilever Deflection Method

The second method used to determine Young 's Modulus invol yes measuring the

deflection of a cantilever while a profilometer stylus is scanned down its length, as shown

in Figure 4.21. Hopcroft et at. [142 , 143] describe how the resulting deflection-versus

distance curve can then be fit with a cubic polynomial whose cubic coefficient is related

to Young's modulus, E:

E=~
3AI '

(4.11 )

where F is the force exerted by the profilometer stylus, A is the cubic coefficient of the

curve fit, and I is the moment of inertia of the beams.
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Undercut of PMGI
(Soft Achor)

i
A

Profilometer Stylus

A

Cantilever Under
Test

Side View

Figure 4.21 - Experimental setup for cantilever measurement of Young's Modulus.

This type of analysis is unaffected by non-uniform stress gradients and any initial

angular offsets because those effects contribute only to the quadratic and linear terms of

the curve fit. However, Hopcroft et at. do not provide an analytical method for choosing

the region that is to be fit. Choosing the fitting region is important in order to avoid

errors associated with compliance at the cantilever's anchor (see Figure 4.21), or errors

caused by the cantilever's tip touching the substrate. Additionally, due to the isotropic

nature of the release step, our structures include a soft anchor not found in [142 , 143].

Our method for determining the fitting region is to sweep a fitting window across the

data set and calculate Young's Modulus for each position of the fitting window. In the

absence of cantilever touch down, the resulting curve asymptotically approaches the true

value of Young 's Modulus due to the weakening influence of the anchor's compliance.

This asymptotic behaviour was tested by simulating the deflection of a cantilever that
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also had a soft anchor using the finite element analysis package ANSYS[144]. Figure

4.22 compares the simulated and measured deflection data for a cantilever.
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Figure 4.22 - Young's Modulus extracted from data from a single cantilever test and simulated data
both analyzed using a lOO/Jm fitting window.

The measured data shows two features that are not visible in the simulated curve. The

first is an initial low value that increases to meet the simulated curve before following the

expected behaviour. Al I mea surements were started more than IOuum from the

cantilever's anchor, so this initial value is a result of the stylus sweeping the hard and soft

anchor of the cantilever. The second feature not present in the simulations is the eventual

rise of the Young 's modulus near the end of the cantilever. This rise is due to the tip of

the canti lever touching down at the bottom of the cavity ; therefore, the true value of

Young 's modulus is the value before the curve begins to rise again. One possible problem

with this method of determining the fitting window could occur if the cantilever tip

touches down before the value of Young' s modulus has reached its asymptotic value. To
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ensure that this error has not occurred, the section of the curve prior to touch down was

fitted with an exponential function to obtain the asymptotic value. For this test , five

different cantilevers were each tested five times. To ensure that repeated measurements

were independent, the stage was repositioned to a new cantilever between each

measurement. Figure 4.23 shows the extracted Young's modulus for various fit windows

and their corresponding fits. This analysis yields an average Young's modulus of

5.0 ± 0.5GPa.
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Figure 4.23 - Young's Modulus data COl' 25 cantilevers analyzed using a IOO!!m fitting window and
exponential curve fits to the data to extract the asymptote.

4.2.3 Actua tor performance

To demonstrate that PMGI can also be used to fabricate actuators, bent-beam

(chevron) actuators [98, 137, 138] were evaluated. The layout and cross-sections of one
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such actuator is depicted in Figure 4.24. Because bent-beam actuators are active devices,

step 2 from the fabrication sequence was included in the fabrication of these actuators .

~ Cr/Au bilayer

B

j
D Substrate

A PMGI

Figure 4.24 - Layout and cross sections of the bent-beam thermal actuators that were fabricated with
our PMCI process.

Figure 4.25 shows the deflection response for three different actuators at various input

powers. While these actuators produce significant deflection, they cannot deflect past

their pre-release position. As the wafers cool below the glass transition temperature, any

difference between the CTEs of PMGI and the substrate leads to residual strain. After

release, this strain causes the initial deflection. Applying heat, such as when electro

thermally driving the actuators, relieves this strain. The thermal strain between the PMGI

and the substrate approach zero as the applied temperature approached the glass transition

temperature. The actuators can thus be actuated back to their pre-release position only by

heating to the glass transition temperature.

Further displacement is not possible, because the PMGI wi II be above the glass

transition temperature and will undergo plastic deformation rather than support any

strain. As discussed in section 4.2.2. I, even achieving a zero displacement is limited , as

appreciable creep occurs at temperatures below the glass transition temperature . This

deflection characteristic of PMGI electro-thermal actuators should be inherent to all long

chain polymers, for example PMMA, which do not undergo crosslinking after deposition.
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Figure 4.25 - Deflection with respect to input power for several different actuators. The
measurements of tbe actuators are described in the legend and refer to the parameters
described in Figure 4.18 . The metal lines used to provide the thermal excitation were
10~m in width for all actuators.

4.2.4 Conclusion

This section reports a systematic testing of PMGI as a structural material for surface

micromachining in order to extract some of its thermo-mechanical properties. Using our

developed fabrication process, an assortment of passive and active mechanical structures

was successfully produced.

Using the strain temperature relationship of bent-beam strain gauges, the coefficient of

thermal expansion of PMGf was extracted, and was found to be 56 ± 6 ppm/X' . Various

measurements of Young 's modul us determined the stiffness of PMGI to be between

3.8GPa and 52GPa, with an expected value of 5.0±O.5GPa.
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5 PROCESSING DESCRIPTION FOR SU-8 STRUCTURAL
MICROMACHING USING PMGI SACRIFICIAL
LAYERS

Th is chapter describes the three different SU-8 processes using PMGI sacrificial layers

developed for this doctoral work. This group of processes is nam ed the Polymer-On

PMGI (POP) processes. This chapter begins by describing the base sacrificial layer

patterning, which is common to all three proc esses. Following this description, the

chapter provides the detail s of the POP-S 1M, POP-S 15, and POP-S2 processe s, where

the suffix describes the number of SU-8 structural layers and presence of a patterned

metal layer.

5.1 Base Sacrificial Layer

The base sacrific ial layer is common to all three POP processe s and requires two

masks to provide dimples and anchors in a layer ofPMGI. The thickness ofPMGI

chosen for this sacrificial layer is nominally 4.0 urn with 1.8 urn dimples . The sacrificial

layer thickness can be increased up to approximately lOurn before it begins to crack. For

the structures fabricated in this work, the sacrificial thi ckness of 4 urn produced the best

results for devices that were to be assembl ed out-of-plane. Thicknesses for all other

layers are enumerated in Appendi x B. The process flow for the base sacrific ial layer is

illustrated in Figure 5.1
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a)

D Substrate ..... Cr/Au

a) The process begins with an RCA cleaned

wafer that is then sputtered with a Cr/Au

(lOnm/50nm) bilayer. The metallization is

sputtered using a Corona Vacuum Coaters DC

sputtering system. In step (h) the gold portion

of the bilayer is etched with the anchor pattern

to create a high contrast pattern for further

alignment. As well, SU-8 has poor adhesion to

gold, so the remaining gold acts as a low

stiction surface for the SU-8 [79].

b)

PMGI

b) The sacrificial layer of PMGI is then spun

onto the wafer to a nominal thickness of 4J-lm

which is achieved by spinning SF 14 at 900 rpm

for 40 seconds. (The thickness of this

sacrificial layer is tailorable to meet design

requirements.) A pre bake of the PMGllayer is

then carried out on a Torrey Pines Scientific

ECHOtherm™ ramping hotplate. The wafer is

placed on the hot plate at 150°C for one minute

after which the hotplate is ramped at 450°C/hI'

to 250°C for a total time of 15 minutes. The

starting temperature was chosen, because it is

the lowest recommended baking

temperature[ 108]; 200GC was also tried, but it is

above the boiling point of the casting solvent

and some wafers contained trapped bubbles or

exhibited a roughened surface. The

temperature maximum of 250°C was chosen to

allow some reflow of the resist layer in order to

increase its uniformity.
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c)

d)

l...LLLLL ~ ..ll.. ~ l.l..

• Shipley 1813 ~ ~ Near - UV

r r i i i r r r i r }:

[ ! DUV

c) Shipley 1813 resist is spun onto the wafer at

3000rpm for 30 seconds. The wafer is then

prebaked at 100°C on a contact hotplate for 2

minutes and exposed with the DIMPLE mask,

after which the wafer is developed in MF-319

for 45 seconds.

d) The patterned 1813 resist acts as a mask for a

4 minute DUV exposure of the PMGI. The

DUV exposures are carried out using a

Stratalinker 2400 which provides uncollimated

uniform illumination of 4mW/cm2 at 254nm

[13 I].

e)

f)

~ ! ~ ! ! ! I I ! e) A 60 second near-UV flood exposure of the

wafer is performed in the mask aligner to

ensure that all the remaining 1813 resist is fully

exposed.

f) The wafer is then developed in MF-319 for

45 seconds to both remove the 1813 resist and

develop the PMGI.

g)

...u ! L.LLLU...1..U..
- - -- --- 1--- -- ,.- -~:

g) Shipley 1813 resist is again spun onto the

wafer at 3000rpm for 30 seconds. The wafer is

then prebaked at 100°C on a contact hotplate

for 2 minutes and exposed with the ANCHOR

mask, after which the wafer is developed in

MF-319 for 45 seconds.
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h)

i)

j)

ttttttt Jrttt h) The patterned 1813 resist again acts as a

mask for a 60 minute DUV exposure of the

PMGI.

i) A 60 second near-UV flood exposure of the

wafer is performed in the mask aligner to

ensure that all the remaining 1813 resist is fully

exposed.

j) In one continuous room temperature wet

etch ing step, the 1813 resi st is removed, the

PMGI anchors are developed, and a self aligned

anchor pattern is etched into the Cr/Au bilayer.

The wafer is developed in MF-319 for 60

seconds, followed by a 60 second rinse in 01

water, then an approximately 30 second gold

etch in KI2 (end point detected visually and

given an extra 10 seconds) and a 60 second

rinse in DI water. Keeping this process as one

continuous wet etch step leads to a reproducibly

clean result

Figure 5.1 - Process description for fabrication of the PMCI base sacrificial layer.

The sacrificial layer produced in this fashion provides repeatable control over the

thicknesses of the anchor and dimple features . As discussed in section 4.1 , the

controllability of the dimple depth is due to the high absorption of the PMGI. The high

absorption leads to a heavy dependence of the development depth on the exposure time

rather than the development time. Therefore, the depth of the dimple layer is defined by

the length of the exposure, which allows the anchors to be developed after the dimples

without over etching the dimples and creating undesired anchor points. The dimples are

defined first in this process because the step coverage required to spin the second layer of

144



1813 on the dimples is less than that ofthe anchors, leading to a more uniform resist layer

and a more uniform pattern transfer.

5.2 POP-81M Process

The POP-S IM process has a single layer of SU-8 with a patterned metal layer on top.

The metal layer is patterned by encapsulating the structure with PMGI and using the

PMGI for a bilayer lift-off process. This process requires 4 masks, including the two

used for the definition of the base sacrificial layer: DIMPLE, ANCHOR, SU-8_1 , and

METAL layers . The POP-S IM process starts with the base sacrificial layer described in

section 5.1 and then proceeds as illustrated in Figure 5.2 . An example run sheet for the

POP-S IM process is given in Appendix C

The "fi rm bake" discussed in step (m) has two purposes : to produce low curvature

devices, and to ensure that the SU-8 will survive the spinning on of the PMGI

encapsulation layer. As described in our paper[ 13], the out-of-plane curvature is due to

two different gradients the exposure gradient and the thermal gradient. The flood

exposure in step (m) is intended to saturate the level of activated photo acid generator

throughout the SU-8 layer to minimise the exposure gradient. The thermal gradient is

minimised by covering the wafer as it is baking on the hotplate . Hence, low curvature

structures, which are the first purpose of the firm-bake step, are achieved through

minimising the two gradients. The second purpose of step (rn) is to ensure that the SU-8

will survive the spinning on of the PMGI encapsulation layer. One of the casting

solvents for the PMGI is cyc1opentanone, which is also the casting solvent for the SU-8.

Thus, uncrosslinked SU-8 is soluble in the PMGI resist; therefore, if the SU-8 is not

sufficiently crosslinked, it will absorb solvent during the PMGI spinning and may swell

and warp . However, if the SU-8 is over baked, the tensile stre ss generated by the

crosslinking can cause it to lose adhesion to the sacrificial layer during the PMGI

spinning. The second purpose is achieved by baking the SU-8 so that its crosslinking

density lies in the processing window that allows the spinning of the PMGI encapsulation

layer.
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j)

D Substrate

•
~ Cr/Au

j) Starting from the base sacrificial layer as

described in section 5.1, the wafer undergoes

a dehydration bake of 5 minutes at 120°C.

k)

I)

o Unexposed SU-8

.L! ! ! ! ! ! j l ! !1...1. •
~ . -~~- ---------

• Exposed SU-8 ! ! Near - UV

k) SU-8 20 lOis spun onto the wafer, hand

ramped from 500 rpm to 4000 rpm, for a total

of 40 seconds including the hand ramp. All

hand ramps in this work are used to

encourage even resist coating and take

approximately 5 seconds. Forty seconds was

chosen to ensure that the wafer would be at

the target speed for at least the fu II

recommended 30 seconds if hand ramping

took longer than the nominal 5 seconds.

The SU-8 layer is then prebaked at 95°C for 6

minutes, followed by 65°C for I minute on

two separate hotplates. By starting at 95°C,

the SU-8 reflows and becomes more

planarized than if it is stepped from 65°C

because the solvent level is greater.

I) The SU-8 is then exposed for 40 seconds

using the SU-8_1 mask to pattern the SU-8

layer. After which, the SU-8 layer is post

exposure baked in a stepped fashion: 3

minutes at 65°C ~ 6 minutes at 95°C ~

I minute at 65°C.
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n)

0)

p)
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m) The SU-8 layer is then developed in SU-8

developer for 2 minutes with hand agitation

and rinsed in IPA . To further treat the SU-8

layer prior to PMGI encapsulation, the wafer

is flood exposed for 60 seconds and "firm

baked" in a stepped fashion: I minute at

65°C ---7 30 minutes at 95°C.

n) PMGI SF 9.5 is then spun on , hand ramped

from 500 rpm to 900 rpm, for a total of 40

seconds including the hand ramp. The wafer

is then prebaked at 150°C for 30 minutes.

This step also serves to hard-bake the SU-8

prior to release .

0) A layer of Shipley 1813 resist is spun onto

the wafer, hand ramped from 500 rpm to 2000

rpm , for a total spin time of 40 seconds

including the hand ramp. The wafer is then

pre baked at 100°C on a contact hotplate for 3

minutes and exposed with the METAL mask,

after which the wafer is developed in MF-319

for 45 seconds. The 18I3 is then hard-baked

at 120°C on a contact hotplate for 3 minutes.

p) The patterned 1813 resist acts as a mask for

a 90-minute DUV exposure of the PMGI.
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q)

r)

s)

q) The PMGI is then developed for 3 minutes

using the 101 Developer, which develops the

PMGI, while leaving the 1813 layer intact, in

order to create the re-entrant profile needed

for lift-off.

r) A CriAu bilayer of thickness 20nm/80nm is

sputtered onto the wafer using the same

Corona sputtering tool as before.

s) Lift-off and release are then performed in a

single step.

Figure 5.2 - The fabrication sequence for a dimpled cantilever using the POP-SI M process

We developed three different release methods, which all use hand agitation and short

bursts of ultrasonics. The main goal of the stepped release processes is to dilute any

residual polymer and prevent redeposition, as well as move between miscible solvents

until reaching IPA, which has a low vapour pressure and surface tension and will

evaporate quickly from the substrate. The three release methods are:

• 30 minutes in 25% TMAH at room temperature ~ 2 min in fresh 25% TMAH

~ 2 min in Dl water ~ 2 min in IPA ~ N2 blow dry from a distance

• 30 minutes in MicroChem's EBR PG at 60°C ~ 2 min in fresh EBR PG at

room temperature ~ 2 min in iPA ~ N2 blow dry from a distance

• 30 minutes in glacial acetic acid[ 145] at 60°C ~ 2 min in fresh glacial acetic

acid at room temperature ~ 2 min in 01 water ~ 2 min in IPA ~ N2 blow

dry from a distance.

All three methods work due to SU-8's excellent resistance to solvents, acids, and

bases. However, a study needs to be conducted to determine the release method that

provides the cleanest release with the least impact on the SU-8.
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The POP-SIM process was published in MEMS 2007 in Kobe, Japan[81]. A similar

process, using spin-on-glass (SOG) as a thin sacrificial layer has also been produced in

our research group. That process, designed by Ma et al. [146] was presented at CCECE

2007. Their process was similar the POP-S 1M in that it used a single thickness of SU-8

on top of a sacrificial layer that was patterned with both anchors and dimples; however, it

is limited to a single structural layer as the SOG cannot be spun and baked on top of the

SU-8 layer to provide a second sacrificial layer. This process did incorporate two

different patterned metals to form thermocouples . The first metal layer was blanket

deposited and then patterned using a thick resist layer and metal etchant. The second

metal layer was patterned using lift off. The POP-S I M process should be capable of the

producing structures with 2 metal layers in the same way .

5.3 POP-S1.5 Process

The POP-S 1.5 process has a single structural layer with two or more thicknesses of

SU-8 defined in that layer. The multiple thicknesses are due to more than one layer of

SU-8 being spm deposited and exposed ; however, because these layers are not

Independent of each other, this process is classified as a 1.5 layer process. This process

requires at least 4 masks , including the two used for the definition of the base sacrificial

layer: DIMPLE, ANCHOR, SU-8_1 , and SU-8_2 . The POP-S 1.5 process starts with the

base sacrificial layer described in section 5.1 and then proceeds as illustrated in Figure

5.3. An example run sheet for the POP-S1.5 process is given in Appendix D.
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j)

D Substrate

• PMGI

... Cr/Au

j) Starting from the base sacrific ial layer as

described in section 5.1, the wafer undergoes

a dehydration bake of 5 minutes at 120°C.

k)

I)

m)

n)

D Unexposed SU-8

l..!!! l !! l...1
~- I I I . """""---
• Exposed SU-8 ! ! Near - UV

-,

I - ,-- - - ,- - - - - - - - -

l...U.....LLJ ! j l Ul..

k) SU-8 20 lO is spun onto the wafer, hand

ramped from 500 rpm to 4000 rpm, for 40

seconds total including the hand ramp. The

SU-8 layer is then prebaked at 95°C for 6

minutes, followed by 65°C for I minute on

two separate hotplates.

I) The SU-8 is then exposed for 40 seconds

using the SU-8_1 mask to pattern the SU-8

layer, after which the SU-8 layer is post

exposure baked in a stepped fashion:

3 minutes at 65°C ~ 6 minutes at 95°C ~

I minute at 65°C.

m) A second SU-8 20 I0 layer is spun onto

the wafer, hand ramped from 500 rpm to

4000 rpm, for a total of 40 seconds including

the hand ramp. The SU-8 layer is then

prebaked in a stepped fashion: 3 minutes at

65°C ~ 5 minutes at 95°C ~ I minute at

65°C on two separate hotplates.

n) The SU-8 is then exposed for 40 seconds

using the SU-8_2 mask to pattern the SU-8

layer, after which the SU-8 layer is post

exposure baked in a stepped fashion:

3 minutes at 65°C ~ 6 minutes at 95°C ~

I minute at 65°C.
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0)

0) The SU-8 layer is then developed in SU-8

developer for 2 minutes with hand agitation

and rinsed in IPA.

p)

!!!!!!! ( ! ! ! p) To minimise curvature of the SU-8 layers,

the wafer is flood exposed for 90 seconds

and hard-baked . The wafer is placed on a

hotplate at 95°C and ramped at 300°C/hr to

150°C for a total of 30 minutes. During

baking, the wafer is covered with a glass

plate, which is not in contact with the wafer,

to minimise thermal gradients.

q)

q) The SU-8 devices are then released using

one of the three methods described in part (s)

of the POP-S IM process .

Figure 5.3 - The fabrication sequence for a dimpled cantilever using the POP-S 1.5 process.

5.4 POP-S2 Process

The POP-S2 process has two independent structural layers of SU-8. The independence

of the second structural layer is created using a second sacrificial layer that is patterned

with a via/anchor layer so that a second layer of SU-8 can be connected to the underlying

structure where desired: either the first SU-8 layer or the substrate. This independence

allows for the creation of true kinematic joints, such as hinges and gears. Including the

two masks used for the definition of the base sacrificial layer, the POP-S2 process

requires at least 5 masks: DIMPLE, ANCHOR_I , SU-8_1 , ANCHOR_2, and SU-8_2.

The POP-S2 process starts with the base sacrificial layer described in section 5.1 and then

proceeds as illustrated in Figure 5.4. An example run sheet for the POP-S2 process is

given in Appendix E.
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j)

D Substrate

• PMGI

~ Cr/Au

j) Starting from the base sacrificial layer as

described in section 5.\, the wafer undergoes a

dehydration bake of 5 minutes at 120°C.

k)

I)

m)

D Unexposed SU-8

~ ~ J L ~ L.l l I ~ ~ L.... .
I' ~ I~

• Exposed SU-8 ~ ~ Near - UV

k) SU-8 20 \0 is spun onto the wafer, hand

ramped from 500 rpm to 4000 rpm, for 40

seconds total including the hand ramp. The SU

8 layer is then prebaked at 95°C for 6 minutes

followed by 65°C for \ minute on two separate

hotplates.

I) The SU-8 is then exposed for 40 seconds

using the SU-8_1 mask to pattern the SU-8

layer, after which, the SU-8 layer is post

exposure baked in a stepped fashion:

3 minutes at 65°C ~ 6 minutes at 95°C ~

I minute at 65°C.

m) The SU-8 layer is then developed in SU-8

developer for 2 minutes with hand agitation and

rinsed in IPA. Prior to PMGI encapsulation, the

SU-8 layer is flood exposed for 60 seconds and

firm baked in a stepped fashion: I minute at

65°C ~ 30 minutes at 95°C.
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n)

0)

• I I

--

--- -- -
'.'

. 1 I I

_ ,. . I--!_ ,~

• Shipley 1813

n) PMGI SF 9.5 is then spun on, hand ramped

from 500 rpm to 900 rpm , for a total of 40

seconds including the hand ramp. The wafer is

prebaked for 3 minutes at 150°C and then

ramped at 300°C/hr to 200°C for a total of 15

minutes (not including the initial 3 minutes at

150°C). A second layer of PMGI SF 9.5 is then

spun on and baked in the same way to increase

the thickness of the sacrificial layer. This step

also serves to hard-bake the SU-8.

0) A layer of Shipley 1813 resist is spun onto

the wafer, hand ramped from 500 rpm to 2000

rpm , for a total spin time of 40 seconds

including the hand ramp. The wafer is then

prebaked at 100°C on a contact hotplate for 3

minutes and exposed with the ANCHOR_2

mask, after which, the wafer is developed in

MF-3I9 for 45 seconds.

- - -

. • ~ 1 r .
. ---- - -p)

r r r r r r r 1 ! r r r p) The patterned 1813 resist act s as the mask for

a 90-minute DUV exposure of the PMGI.

r 1 DUV

q) A 60 second near-UV flood exposure of the

q) wafer is performed in the mask aligner to ensure

that all the remaining 1813 resist is full y

exposed , after which, the wafer is developed in

MF -319 for 3 minutes to both remove the 1813

resist and develop the PMGI.
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r)

5)

t)

u)

I I.:. L-....-

~ ~ ~ ~ ~ L.LU_L.Ll.
:: I - .

" .
' I I ' , ;
- ' -----

;, I II ' I
__ I .. I .

~__~ I~

r) The wafer undergoes a dehydration bake of 5

minutes at 120°C, after which, a second SU-8

20 I0 layer is spun onto the wafer, hand ramped

from 500 rpm to 4000 rpm , for a total of 40

seconds including the hand ramp. The SU-8

layer is then prebaked at 95°C for 6 minutes and

then at 65°C for I minute on two separate

hotplates.

s) The SU-8 is then exposed for 40 seconds

using the SU-8_2 mask to pattern the SU-8

layer, after which, the SU-8 layer is post

exposure baked in a stepped fashion :

3 minutes at 65°C ~ 6 minutes at 95°C ~

1 minute at 65°C

t) The SU-8 layer is then developed in SU-8

developer for 2 minutes with hand agitation and

rinsed in IPA. To minimise curvature of the

SU-8 layers, the wafer is flood exposed for 90

seconds and hard-baked . The wafer is placed on

a hotplate at 95°C and ramped at 300 °C/hr to

150°C for a total of 30 minutes . During baking,

the wafer is covered with a glass plate that is not

in contact with the wafer in order to minimise

thermal gradients .

u) The SU-8 devices are then released using one

of the three methods described in part (s) of the

POP-S 1M process.

Figure 5.4 - The fabrication sequence for a staple hinged plate using the POP-S2 process.
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6 FABRICAITON RESULTS AND DISCUSSION

Example devices were fabricated using each of the three different processes to

investigate their feasibility . This section demonstrates some of the results of those

fabrication runs, and discusses areas for improvement.

6.1 POP-81M

The first process discussed is the POP-S IM process ; a process that has a patterned

metal layer on a single structural SU-8 layer Scanning electron micrographs (SEMs) of

some of the fabricated structures are shown in Figure 6.1 and Figure 6.2. All SEMs were

taken using an FEI DualBeam Strata 235 scanning electron microscope .

Figure 6.1 shows two different thermal actuators fabricated using the POP-S IM

process. Figure 6. la is a gripper that has been assembled out-of-plane using a Tsang

suspension [135 , 136, 147]. The gripper, which is normally closed, is actuated to an open

state by a chevron thermal actuator embedded in the structure. Figure 6.1b is a series-

Iinked compound thermal actuator, which consists of a series connection of 5 modified

chevron actuators, such that only the anchors of the first actuator are anchored to the

substrate. The rest of the "anchors" are kept a static distance apart by a connecting rod

that is not actively heated during actuation. Neither of these actuators is possible in a

single layer fabrication process that uses a conductive structural layer or blanket metal

deposition, but they are made possible by the POP-SIM process 's ability to decouple

electrical and mechanical properties. In the case of the out-of-plane gripper, if the plate

electrically conducts, then most of the current would flow through the plate and not

through the chevron's arms . In the case of the series-linked compound thermal actuator,

if the structure were entirely conductive, the current would flow only through the first set

of actuator arms and only that set would contribute to actuation. With the POP-S 1M

process, the structural material is non-conductive and the metal layer can be patterned to

ensure the current flows only through the actuator Thus, the POP-S 1M allows the

mechanical and electrical properties of the structures to be decoupled .
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I 1

a) Out-or-plane gripper b) Compound thermal actuator

Figure 6.1 - a) An out-of-plane gripper with patterned metal. b) A series compound thermal
actuator.

Figure 6.2 shows two different prop up structures with patterned metal. Figure 6.2a is

an unassembled suspension platform using Tsang suspensions . Figure 6.2b is a Celtic

knot patterned on a plate held out-of-plane by a Tsang suspension .

. meJlE!lm • ICID
. a::J~ . "':3' fEJmW

a) Unassembled Tsang platform

I ..... .

b) Assembled Tsang plate

Figure 6.2 - a) An unassembled Tsang platform with a patterned metal layer. b) Assembled Tsang
plate with Celtic knot patterned in metal.
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This process produces well patterned structures with a residue free release. During the

fabrication of the wafer shown in these images, the hard-bake step for the imaging resist

was forgotten and the profile was damaged in the pump down prior to sputtering. As

shown in Figure 6.1 and Figure 6.2, this manifested itself in some wings where the lift-off

profile was damaged. These patterning defects are found mostly on the Tsang

suspensions where the lift-off profile was close to the edge of the underlying SU-8

structure. Optimizing the lift-off process will likely fix these defects , otherwise design

rules can be instituted to ensure that the lift-off profile is kept away from the edge of the

SU-8 structures.

6.2 POP-S1.5

The second set of results discussed, are for the POP-S 1.5 process, which has a single

layer ofSU-8 with two different patterned thicknesses . SEMs of some of the fabricated

structures are shown in Figure 6 3 through Figure 6 7

Figure 6.3 shows a couple of vanity signs with the acronym for our research group, the

Institute for Micromachine and Microfabrication Research (lMMR), and my name , which

are written in the second thickness of SU-8 and held out-of-plane on Tsang suspensions.
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a) Assembled Tsang plate b) Assembled Tsang plate

Figure 6.3 - a) An assembled Tsang plate with two thicknesses of SU-8 bearing the name of our
re search group. b) An assembled Tsang plate with two thi cknesses of SU-8 bearing my
name.

Figure 6.4 shows a suspended platform, assembled using locking Tsang suspensions,

along with a close-up of the platform itself The bright lines on the substrate are

scratches in the gold layer made by the probe needles used to assemble the platform. The

SU-8 produced in this process is very robust, allowing the release of the untethered

15x 1.5mm suspended platform shown in Figure 6.5 Without any damage.
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a) Assembled Tsang platform

--- , oa ~

b) Close-up of platform

Figure 6.4 - a) An assembled Tsang platform with 2 thicknesses of SlJ-8. b) Close-up of platform in a)
showing the 2 thicknesses of the SU-8 structure.

a) 1.5mm x 1.5mm Tsang platform b) Close-up of suspension locks

Figure 6.5 - a) A 1.5mm x 1.5mm Tsang platform with 2 thicknesses of SlJ-8 released and assembled,
b) a close-up of a locked in Tsang suspension supporting a platform.

Figure 6.6 shows a 1.5 layer version of the series-linked compound thermal actuator

with a close-up of one of the central shuttles showing the two thicknesses of SU-8 The

close-up shows a mask induced defect In the second SU-8 layer due to poor mask

generation. This version of the series-Iinked compound thermal actuator cannot be
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operated as fabricated, because no conducting layer is present to provide the electro

thermal excitation. However, this limitation can be overcome using the same method that

Sameoto et al. [79] use for their 1.5 layer process. A blanket metal deposition will add a

conductive layer to the actuator, and, because the structural material overhangs the

anchors, it is equivalent to a lift-off profile, so the actuator's metal will not be connected

to the substrate. Further, if the second thickness ofSU-8 is exposed to have a negative

sidewall angle, the resulting re-entrant profile will electrically isolate the metal on the

second thickness of SU-8 from that on the first thickness of SU-8 . The drawback to this

blanket deposition method is that it removes the independence of electrical and structural

properties afforded by the POP-S IM process . However, the POP-S 1.5 process allows for

structures with selective compliance, meaning a structure can Include both low and high

aspect ratio sections to provide either low or high compl iance out-of-plane. An example

of this selectivity is thin springs suspending a thick plate, so that the plate would stay

rigid , but could be easily actuated up and down.

a) Compound thermal actuator b) Close-up of2 thicknesses

Figure 6.6 - a) A series compound thermal actuator with two thicknesses of SU-8 rather than
patterned metal. b) Close-up of actuator shuttle in a) showing the 2 thicknesses of the
SU-8 structure. The damaged beam in the lower right corner shows the effects of a
mask defect in the Mylar masks.

Figure 6.7 shows two cantilevers attached to assembled Tsang suspensions. These

structures, when examined on edge, allow for observation ofthe out-of-plane curvature of
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the different layers. Figure 6.7a is a cantilever fabricated in only the first thickness of

SU-8, and Figure 6.7b is a cantilever that has both thicknesses of SU-8 defined. As

shown in Figure 6.7, little curvature is present in the cantilevers which are 500llm in

length. This set of structures underwent the flood expose and hard-bake to minimize

curvature. In contrast, another set of structures from the same wafer, that was just baked

and not flood exposed, have radius of curvatures less than 1 mill imeter. In these 1.5 layer

structures, more than the two gradients referred to in section 2.2.2 .5 are contributing to

out-of-plane curvature. In the 1.5 layer process because the lower thicknesses of SU-8

has already been crosslinked prior to the second thickness of SU-8, the lower thickness

has some tensile stress prior to the second thickness crosslinking. This stress leads to the

two layers having sl ightly different tensile stresses, creating a bimorph effe ct that causes

out-of-plane curvature . This out-of-plane cur vature was present in Figure 6.6a, where the

actuator was bowed out-of-plane.

a) Single thickness curvature test b) Dual thickness curvature test

Figure 6.7 - a) A cantilever on an assembled Tsang plate with a single thickness of SU-S. b) A
cantilever on an assembled Tsang plate with 2 thicknesses of SU-8. The bright scratches
are from the probe tips used to assemble the structures, which damaged the gold layer.

The POP-S 1.5 process provides residue free results with good pattern definition and is

capable of fabricating a variety of interesting mechanic al structures . This work used only

two layers of similar thickness; however, this process is capable of producing multipl e

layers with a wide ran ge of different thicknesses .
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6.3 POP-S2

The last set of fabrication results discussed are for the POP-S2 process, which has two

structural layers ofSU-8 that can be independently patterned . SEMs of some of the

fabricated structures are shown in Figure 6.8 through Figure 6.12 .

Figure 6.8 shows an assembled staple-hinged plate with Lee locks[148]. The plate is

fabricated in-plane and assembled after release. Tethers at the top of the plate hold it in

place during release and are then detached from the substrate during assembly. Thus, the

only thing keeping the plate from leaving the substrate is the set of staple hinges at the

bottom of the plate that interlock with holes at the bottom of the plate like links in a

chain, not physically connected, but constraining all motion other than rotation [149].

Hence, the plate is free to rotate about the hinges and can be assembled into an out-of

plane position. The Lee locks on the side are pressed out as the plate rises and snap into

place once the plate reaches the lock notch, where they keep the plate in an upright

position.

In Figure 6.8 , the lock notches are oversized and are not holding the mirror in position,

but they would stop the plate from falling down. The plate is being held up by the flat

edge of the structural layer and hinges As shown in Figure 6.9, the hinges appear to be

bowing a little as the pin approaches its widest point at 45 degrees . Either this bowing is

an artifact, caused by charging induced lensing effects in the SEM, or the pin is slightly

oversized for the staple hinge While charging is definitely the cause of the bright swirls

seen in Figure 6.9, the reason for the bowing is more likely an oversized pin, becasue the

feature sizes tend to bloat when using Mylar masks and the mirror is stable in the

assembled position. Either way, the Joint operates properly and shows that a true

multilayer process has been achieved, as two independent layers are required to fabricate

freely moving hinges [149].

While all of the spin on layers will be both conformal and planarizing to different

degrees, Figure 6 .9b shows that the SU-8 is more planarizing than conformal and that the

second PMGI sacrificial layer IS more conformal than planarizing The self-planarizing

nature of the SU-8 is shown in Figure 6.9b, where the top of the hinge is flat and the

hollow between the pin and the anchor is filled with the second SU-8 layer. If the PMGI
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layer were planarizing, there would be no hollow or a shallower hollow for the SU-8 to

fill in. This result is expected, as the second PMGI sacrificial layer is not baked at

planarizing temperatures and the SU-8 is prebaked well above its glass transition

temperature, allowing it to reflow prior to exposure.

a) Front of staple hinged plate h) Back of staple hinged plate

Figure 6.8 - a) Front side of a staple hinged plate. b) Back side of a staple hinged plate showing the
dimples and tether anchors.

a) Staple hinges b) Close-up binge

Figure 6.9 - a) Close-up of staple hinges, b) a close-up a single hinge showing self planarization of SU
S layer.

163



Figure 6.10 shows an assembled plate that uses both staple hinges and scissor

hinges[ ISO). The scissor hinge provides a hinge that does not need to be attached to the

substrate; however, a scissor hinge has significantly more play than a staple joint. The

device shown uses an upward and a downward scissor hinge to couple a linear drive shaft

to the plate. When the shaft to the right is pushed forward, the scissor hinges bend and

allow the plate to be assembled without applying any torque back to the drive shaft.

Again the scissor hinge is only possible with a multilayer processes.

a) Assembled plate b) Close-up of scissor hinge

Figure 6.10 - a) Assembled plate using scissor and staple hinges, b) Close-up of scissor binge.

Figure 6.11 shows an example of a rotational Impact motor[ 151], which consists of a

pin joint (wheel) with flexible arms attached at an angle to the rotating part of the joint.

The actuators impact the arms and compress them, and, due to their angle, the motor will

rotate. The actuators shown are a strain compensated design by Dan Sameoto and are

intended to compensate for the shrinkage of the SU-8 layer[ I 0 I]. Because the POP-S2

process has no metal layer, this motor needs to be blanket deposited with a metal layer to

function properly At the time of writing, the structure has not been electrically tested;

the motor rotates freely when manually probed, but powered operation has not been

achieved.
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Figure 6.11 - Counter-clockwise rotational impact motorj Ifil ] using Sameoto shrinkage compensated
actuators

Figure 6.12 shows two resolution test patterns. Figure 6.12a shows 8~m resolution

tests with a 1: I, 1.51, and 2: I gap to structure ratio. The structures at the top are the

Anchor I patterns and the set below is the SU-8 I layer. Figure 6.12b shows lSurn

resolution tests with a I :1, 151 , and 21 gap to structure ratio The structures are the

SU-82 layer on different underlying structures While Figure 6-12 is not representative

of the features across the entire wafer, it does illustrate a few important points .

The first point is that all features in this process tend to bloat which is mostly due to

the use of Emulsion-on-Mylar (EoM) masks. The printed lines on EoM masks do not

provide clean edges ; rather, the edges are quasi grey-scale. As a result, to produce

straight sidewalls, over exposure of the SU-8 is required, which bloats the Jines . These

poor line edges also cause the striations on the sidewalls which are visible in the SEMs in

this section. Aside from the poor line edges the EoM masks are not rigid, and they often

exhibit poor contact with the wafer, which leads to poor pattern transfer Issues like

bloating. Their flexibility also leads to other drawbacks such as run out error. However,

the EoM masks are an order of magnitude less expensive than chromium masks, making

them a valuable tool during development.
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The second important point, shown in Figure 6.12, is that the resolution of the SU-8 2

layer is less than that of the SU-8 1 layer and is dependent on the underlying layers. This

lower resolution is probably due to topography issues causing poor contact.

a) SU-8 Layer I, Sum resolution tests b) SU-8 Layer 2, 15~m resolution tests

Figure 6.12 - a) Anchor_I and SU-8 Layer 1- Sum resolution tests with a 1:1, 1.5:1, and 2:1 gap to
structure ratio b) SU-8 Layer 2 on different underlying layers - 15~m resolution tests
with a I: I, 1.5: I, and 2:1 gap to structure ratio.

The SEM's shown in Figure 68 through Figure 612 do not show as clean a substrate

as those for the POP-S 1M and POP-S 1.5 processes. This difference was due to cracking

in the sacrificial layer just prior to the Anchor 2 gold etch on the wafer that was imaged

This cracking led to gold etchant penetrating the cracks and damaging the gold layer on

the substrate. These cracks also become a site for unwanted chemistry and will produce

hard to etch micro films. One ofthese micro films IS shown m FIgure 6 13. Ultrasonics

will break up these films and allow them to be removed; however, ultrasonics were not

used during the release of the wafer shown in Figure 6 13
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Figure 6.13 - Micro film formed in cracks in the sacrificial layer. The SEM shows a micro film
draped over an anchor.

Most of the substrate discoloration is damage to the gold layer and a smaller

proportion is residual scum. This cracking can be minimal or wafer wide, affecting all

devices. Avoiding the second gold etch removes the damage to the substrate, but it does

not completely solve the cracking problem. Some possible methods to avoid this

cracking in the future are presented in section 7.2.

The POP-S2 process has been shown to produce multilayer structures with freely

moving parts This achievement has only been accomplished with two other processes:

Seidemann et al.:: process [71] described in section 2.5.21, which requires a separately

bonded capping layer and can only create in-plane joints ; and the PSALMS process

created by myself[78] described in section 2.5.2.3, which is stress prone The POP-S2

process can produce low curvature parts WIth true kinematic Joints both In and out-of

plane without the need for further bonding steps.
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7 SUMMARY OF CONTRIBUTIONS AND
FUTURE WORK

The chapter begins with a discussion of the contributions that set this work apart from

the prior art and then identifies future work for the further development of the POP

processes.

7.1 Summary of Contributions

The assembl y based method created by Seidemann et al. [71] was able to create large

freel y moving parts, but onJy in-plane and in fluidic channels. Additionally, the process

requires a system capable of al igned wafer bond ing. The buri ed mask methods have

issues with metal deposition and control of the thermal budget , and any of the proc esses

using dose control are inh erently stress prone. Of the fabrication processes intended for

mechanics, the sacrif icial fabrication methods pro vide the best results in the literature

when fabricating with SU-8 .

The PMGl sac rific ia l layer described in this thesis provides a distinct set of advantages

over existing sacrificial based fabrication methods used for SU-8 surface

rnicrornachining. As summarized m Table 7 .1 at the end of this section, onJy five other

processes use a sacrific ial based technique and are intended for fabricating mechanical

parts Schmid et al. [126] , Ma et al. [146], Sameoto et al. [79] , and Conedera et al.

process C [82]. Conedera ' s processes A and B are not included as they were discarded

by Conedera et al. for process C.

Schmid et al. ' s process uses LOR resi st as a sacrificial layer for a single layer process

to produce cantilevers [126]. However, the patterning of the sac rific ial layer is isotropic

and does not provide for the creation of dimples. The POP processes provide the

adv antages of anisotropica lly patterned anchors and dimples. Further, the POP processes

have shown the capability of patterning metal on top of complex SU-8 structures, as well

as multilayer fabrication for the creation of freely moving parts.
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Ma et al. 's process uses spin-on-glass as a thin sacrificial layer and patterns two metal

layers on top a single SU-8 layer[146] . However, this process is limited in the thickness

of the sacrificial layer to less than Zum, and it is only capable of producing single layer

structures . The POP-S 1M process should be capable of producing two patterned metal

layers in the same way as Ma et al. However, the POP processes, in general , provide the

advantages of a greater range of sacrificial layer thicknesses, and multilayer fabrication

for the creation of freely moving parts.

Sameoto et al. ' s process uses a polystyrene sacrificial layer that is RlE patterned with

both dimples and anchors to produce 1.5 layer devices [79]. However, the development

and release in this process must be performed in a single step, which means that post

development exposure and firm bake are not possible in this process . Another

implication of the required development/release step is that this process is only capable of

producing 1.5 layer structures and cannot provide patterned metal on top of the

structures . Thus, the POP processes del iver the advantage of patterning metal on top of

SU-8 structures, as well as multilayer fabrication for the creation of freely moving parts .

Conedera et at. 's process C has both patterned metal and the ability to perform

multilayer fabrication [82]. However, the process's base sacrificial layer does not include

dimples, is isotropically patterned , and requires vacuum deposition . As well , its second

sacrificial layer is sol-gel , which is not a standard microelectronics material and leaves

behind polymer strings. This process should be capable of freely moving parts; however,

only a single type of compliant device has been shown. The POP processes provide the

advantages of using only commercially available standard resists, as well as

anisotropically patterned anchors and dimples . Further, the POP processes use vacuum

deposition for only the metal layers, and thus , the POP processes offer lower equipment

requirements

The overall advantages to using PMGI as a sacrificial material are

• The abil ity to photopattern the sacrificial material for anisotropic patterning of the

sacrificial layer with both dimples and anchors

• The use of vacuum processing for only the metal layers
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• The ability to perform a post development exposure and firm bake, which allows

the competing requirements of pattern transfer and out-of-plane curvature to be

optimised in separate steps, making both achievable .

• The integration of metal lift-off patterning on top of the SU-8 structures.

• The fabrication of 1, 1.5, and 2 layer structures.

• The capability to produce freely moving parts both in and out-of-plane.

The scholarly publications resulting from this work include the following : two

conference publications regarding the characterization of the PMGI resist and one

conference publication regarding the POP-S IM process . All three papers are being

followed up with journal submissions

The first PMGI paper, on the "Exposure of Thick Polymethylglutarimide Films for

Structural MEMS"[ 128], was presented at the 2 io" meeting of the Electrochemical

Society. This paper dealt with the exposure and development of thick PMGJ layers and

an expanded follow-up paper is currently under review with the Journal of

Micro/Nanolithography, MEMS, and MOEMS

The second PMGI paper, on "Polydimethylglutarimide as a Structural MEMS

Material", was presented at the Canadian Conference on Electrical and Computer

Engineering (CCECE) 2007. This paper discussed the fabrication of the structural

components required to perform the extraction of electro-thermal properties of PMGl. A

follow up paper that includes the property extraction as well as the structures has been

submitted to the Journal of Micromechanics and Microengineering.

The POP-S IM process was described in the paper "SU-8 Surface Micromachining

Process utilizing PMGI as a Sacrificial Material", which was presented at the MEMS

2007 conference. This paper described the fabrication of the base sacrificial layer as well

as the POP-S IM process. A follow up manuscript including the results of all three POP

processes is under preparation for submission to the Journal of Micromechanics and

Microengineering.
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This work has provided two main contributions to the MEMS community . The first

contribution is the characterization ofPMGI films greater than 6IJ.m in thickness. The

characterization of the exposure and development characteristics of thick PMGI films

provides a starting point for those who wish to use PMGI as a thick sacrificial material.

In addition, the characterization of Young's modulus and coefficient of thermal

expansion for PMGI provide those who wish to use PMGI as a structural material with

two important electro-thermal properties.

The second, and most important, contribution is the development of PMGI as a

structured sacrifi cial material for SU-8 surface micromachining. PMGl's advantages

over other sacri ficial systems have been shown. The adoption ofPMGI as a sacrificial

material for SU-8 improves fabrication result s and allows for the fabr ication of freely

moving part s.
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7.2 Future Work

The main goals of future work on the POP processes will involve pushing the POP

processes to their resolution limits and increasing the reliability ofthe fabrication so that

design rules can be produced for multi-user offerings .

Pushing the POP processes to their resolution limits will require the use of Chromium

masks. The emulsion on Mylar masks are not capable of reliably producing features

below l Ourn While we produced SU-S features as small as Sum using the Mylar masks,

the poor contact and Iine quality produce highly unreliable results between runs and

across a given wafer Chromium masks are significantly more expensive, but will be a

requirement to improve the pattern transfer of the POP processes beyond their current

level.

The second goal of future work on the POP processes should involve increasing the

reliability of the fabrication, which includes improving, the out-of-plane curvature, the

Iift-off and the cracking of the sacrificial layer

The out-of-plane curvature of the devices being fabricated using the POP processes is

small , and the post development exposure and firm-bake methods provides low curvature

results . However, this method needs to be optimized and fully quantified. The main

requirement for quantifying the post development exposure and firm-bake method will be

a new mask set that is devoted to curvature measurement.

While I showed that PMGI can be used to perform lift-off on the patterned SU-8 , this

lift-off process also needs further work . To increase the reliability of this lift-off process,

a set of masks needs to be designed , that is devoted to testing the limits of and the design

rules for the lift-off process. These tests need to account for the issues surrounding the

step heights involved With the SU-8 structural layer

The third area of increased reliability to focus on is reducing the cracking of the

second sacrificial layer in the POP-S2 process . This issue can be addressed in two ways

The first involves further investigation of the intermixing levels between the PMGI and

SU-8 layers based on the prebake temperature of the PMGl We found that the patterned

encapsulation layer for the POP-S 1M process, which is equivalent to the second
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sacrificial layer in the POP-S2 process, does not crack during processing. This difference

could be due to either the lower thickness, the lower baking temperature, or some

combination of the two. The greater the thickness of the PMGI, the more likely it is to

crack. The higher the baking temperature of the PMGI, the denser it becomes. In

addition, as the SU-8 crosslinks at higher temperatures it shrinks and applies greater

stress to the PMGI layers Therefore, the first way to address the problem is to devise a

test to determine intermixing between the SU-8 and the underlying PMGI layer as a

function of the PMGI's prebake conditions. At too Iowa prebake temperature, the SU-8

will intermix with the PMGI, which causes stress gradients and ruins the SU-8 structures .

Thus, a quantitative study of the intermixing as a function of PMGI pre bake temperature

could provide a lower bound that the PMGI could be baked at without significant

intermixing with the SU-8 A lower required baking temperature for the PMGJ should

aid in lowering the cracking The second way to approach the cracking problem is to

move to different formulations of the SU-8 and PMGI. In discussion with one of the

polymer chemists at MicroChem, they stated that they had a new formulation ofPMGI

that will be available soon that should eliminate the cracking issues[152]. As well, the

new SU-8 3000 series [153] of resists has a lower coating stress than the SU-8 2000 with

the same Young's modulus, which will mean less shrinkage. Moving to these two new

resist formulations could possibly solve the cracking problem and allow for a POP-S2M

process or even a POP-S3 process, which would allow even more classes of devices to be

fabricated .
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8 CONCLUSION

This work has investigated the use ofPMGI as a sacrificial layer for SU-8 surface

micromachining. The exposure and development characteristics of PMGI using 254nm

illumination were investigated and the development rate and selectivity of two

commercial developers, .MF-319 and 101 Developer were determined. This information

was used to fabricate PMGI structures and determine the coefficient of thermal expansion

and the Young's modulus for PMGI. The knowledge gained in characterizing the PMGI

resist was then used to develop a photo-patterned sacrificial layer for three SU-8 based

surface micromachining processes. These processes, called the Polymer-On-PMGI, or

POP, processes Included : a process with a single structural SU-8 layer with a patterned

metal layer, a process with a single layer of SU-8 with two different patterned

thicknesses, and a process with two independent structural layers of SU-8 These

processes were named the POP-S I M, POP-S 15, and POP-S2 process, respectively . A

rev iew of the relevant literature found that PMGI, as used in the POP processes, has

advantages over other sacrificial layers used for SU-8 structures. These advantages

include the ability to photopattern the sacrificial material for anisotropic patterning

without vacuum processes, the ability to perform a post development exposure and firm

bake, the integration of lift-off patterning of metal on top of the SU-8 structures, and

multilayer fabrication capable of producing freely moving parts These advantages along

with the low equipment requirements and short times needed to run the fabrication make

the POP processes an excellent option for rapid prototyping and teaching MEMS design

in an academic setting
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Appendix B. Layer Thicknesses for the POP processes.

Figure 8.1 - Nominal Layer Thicknesses for POP-SIM process

Thickness

Cr/Au lOnm/50nm

Sacrificial I 41-lm

Dimple 1.81-lm

Structural I lOurn

Cr/Au IOrun/90nm

Figure 8.2 - Nominal Layer Thicknesses for POP-S 1.5 process

Thickness

Cr/Au IOnm/50nm

Sacrificial -lum

Dimple 181-lm

Structural I lOurn

Structural 2 lOurn

Figure 8.3 - Nominal Layer Thicknesses for POP-Sl .5 process

Thickness

Cr/Au IOnm/50run

Sacrificial 41lm

Dimple l .Sum

Structural I lOurn

Sacrificial 2 311 m

Structural 2 lOurn
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Appendix C. Run sheet for POP-81M process

Wafer #:

Done Fabrication Step

Sacrificial Layer

D Solvent Rinse Acetone and then IPA

Date:

Comments

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

Dehydration Bake 5 minutes @ 120°C

Spin PMGI SF14 40sec @ 900rpm

Prebake 150°C for 1 min
Ramp 450°C/hr to 250 °C 15min Natural cool, take off < 160°C

Spin S1813 30sec @ 3000rpm

Soft-bake 2min on hotplate @ 100°C

Expose Dimple Mask 20sec

Develop 45sec in MF-319

DUV Expose 4min

Near-UV Flood Expose 60sec

Develop 45sec in MF-319

Dehydration Bake 5 minutes @ 120°C

Spin S1813 30sec @ 3000rpm

Soft-bake 2min on hotplate @ 100°C

Expose Anchor Mask 20sec

Develop 45sec in MF-319

DUV Expose 60 min

Near-UV Flood Expose 60sec

Develop: 60s in MF-319 --> 60s in 01 I> Au etch 20 sec --> 60s in 01

D
Profilometer Measurements:

178

Dimple: _

,--__An chor: _



151 Structural Layer

o Dehydration Bake 5 minutes @ 120°C

o Spin SU-8 2010 40sec @ 4000 rpm hand ramped from 500 rpm

o Prebake: 6 min @ 95°C -) 1 min @ 65°C

o Expose SU8_1 Mask 40sec

o PEB : 3 min @ 65°C -) 6 min @ 95°C -) 1 min @ 65°C

o Develop 2min in SU-8 Developer, rinse in IPA

o Near-UV Flood Expose 60sec

o Firm Bake 1 min @ 65°C -) 30 min @ 95°C

o Profilometer Measurement SU-8 Thickness: _

Encapsulation/Metal Layer

o Spin PMGI SF9 .5 40sec @ 900rpm hand ramped from 500 rpm

o Prebake 150°C for 15 min on hotplate

o Spin S1813 40sec @ 2000 rpm hand ramped from 500 rpm

o Expose METAL Mask 30sec

o Develop 45sec in MF-319

o Hardbake 120°C for 3 min on hotplate

o DUV Expose 60 min

o Develop 101 Developer 3 minutes

o N2 Dry

o Sputter
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Appendix D. Run sheet for POP-S1.5 process

Wafer #:

Done Fabrication Step

Sacrificial Layer

o Solvent Rinse Acetone and then IPA

Date:

Comments

o

o

o

o

o
o

o

o

o

o

o

o

o

o

o

o

o

o

Dehydration Bake 5 minutes @ 1200e

Spin PMGI SF14 40sec @ 900rpm

Prebake 150ae for 1 min
Ramp 450 ae/hr to 250 0e 15min Natural cool, take off < 1600e

Spin S1813 30sec @ 3000rpm

Soft-bake 2min on hotplate @ 1000e

Expose Dimple Mask 20sec

Develop 45sec in MF-31 9

DUV Expose 4min

Near-UV Flood Expose 60sec

Develop 45sec in MF-319

Dehydration Bake 5 minutes @ 1200e

Spin S1813 30sec @ 3000rpm

Soft-bake 2min on hotplate @ 1000e

Expose Anchor Mask 20sec

Develop 45sec in MF-319

DUV Expose 60 min

Near-UV Flood Expose 60sec

Develop: 60s in MF-319 ~ 60s in Dl ]» Au etch 20 sec ~ 60s in DI

o
Profilometer Measurements:

180

Dimple: _

L.-__Anchor:----



Structural Layers

o Dehydration Bake S minutes @ 120°C

o Spin SU-8 2010 40sec @ 4000 rpm hand ramped from SOO rpm

o Prebake: 6 min @ 9SoC~ 1 min @ 6SoC

o Expose SU8_1 Mask 40sec

o PEB : 3 min @ 6SoC~ 6 min @ 9SoC~ 1 min @ 6SoC

o Spin SU-8 2010 40sec @ 4000 rpm hand ramped from SOO rpm

o Prebake: 3 min @ 6SoC~ S min @ 9SoC~ 1 min @ 6SoC

o Expose SU8_1 .S Mask SOsec

o PEB : 3 min @ 6SoC~ 6 min @ 9SoC~ 1 min @ 6SoC

o Develop 2min in SU-8 Developer, rinse in IPA

o Near-UV Flood Expose 90sec

o Hard-bake on @ 9SoC ramp 300°C/hr to 1S0°C 30 min covered

o Profilometer Measurement SU-8 Thicknesses: _
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Appendix E. Run sheet for POP-S2 process

Wafer #:

Done Fabrication Step

Sacrificial Layer

o Solvent Rinse Acetone and then IPA

Date:

Comments

o

o

o

o

o
o
o

o

o

o

o

o

o

o

o
o

o

o

Dehydration Bake 5 minutes @ 120 0e

Spin PMGI SF14 40sec @ 900rpm

Prebake 1500e for 1 min
Ramp 450 oe/hr to 250 0e 15min Natural cool, take off < 1600e

Spin S1813 30sec @ 3000rpm

Soft-bake 2min on hotplate @ 1000e

Expose Dimple Mask 20sec

Develop 45sec in MF-319

DUV Expose 4min

Near-UV Flood Expose 60sec

Develop 45sec in MF-319

Dehydration Bake 5 minutes @ 120 0e

Spin S1813 30sec @ 3000rpm

Soft-bake 2min on hotplate @ 1000e

Expose Anchor Mask 20sec

Develop 45sec in MF-319

DUV Expose 60 min

Near-UV Flood Expose 60sec

Develop: 60s in MF-319 ~ 60s in 01~ Au etch 20 sec ~ 60s in 01

o
Profilometer Measurements:

182

Dimple: _
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1st Structural Layer

D Dehydration Bake 5 minutes @ 120°C

D Spin SU-8 2010 40sec @ 4000 rpm hand ramped from 500 rpm

D Prebake: 6 min @ 95°C -; 1 min @ 65°C

D Expose SU8_1 Mask 40sec

D PEB: 3 min @ 65°C -; 6 min @ 95°C -; 1 min @ 65°C

D Develop 2min in SU-8 Developer, rinse in IPA

D Near-UV Flood Expose 60sec

D Firm Bake 1 min @ 65°C -; 30 min @ 95°C

D Profilometer Measurement SU-8 Thickness: _

Via/Anchor2 Layer

D Spin PMGI SF9.5 40sec @ 900rpm hand ramped from 500 rpm

D Prebake 3 min @150°C ramp 300°C/hr to 200°C 15 min

D Spin PMGI SF9.5 40sec @ 900rpm hand ramped from 500 rpm

D Prebake 3 min @150°C ramp 300°C/hr to 200°C 15 min

D Spin S1813 40sec @ 2000 rpm hand ramped from 500 rpm

D Expose ANCHOR2 Mask 30sec

D Develop 45sec in MF-319

D DUV Expose 90 min

D Near-UV Flood Expose 60sec

D Develop 3min in MF-319 ~ 60s in 01
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2nd Structural Layer

o Dehydration Bake 5 minutes @ 120°C

o Spin SU-8 2010 40sec @ 4000 rpm hand ramped from 500 rpm

o Prebake: 6 min @ 95°C ~ 1 min @ 65°C

o Expose SU8_1 Mask 40sec

o PEB: 3 min @ 65°C ~ 6 min @ 95°C ~ 1 min @ 65°C

o Develop 2min in SU-8 Developer, rinse in IPA

o Near-UV Flood Expose 90sec

o Hard-bake on @ 95°C ramp 300°C/hr to 150°C 30 min covered
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