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Measuring mass of iriolsgicaf materids is an important topic in the area of medicine and 

reIakd studies. Tvpically, biologicat cefls are cultured in liquid medium and hence mra- 

sming the mass poses an inreresting problem, if in-liquid mass measurement is needed. 

'Ihis Thesis investigates the pssibiity of fabricating a mass measurement device using 

CMBSconrpatible micromachining technology. The gate polysiiicon available in the 

commercial CMOS processes is very srrain-sensitive and exhibits a gauge factor of 25. 

Using the gate polysilicon a strain sensitive structure can be fahcated for the above men- 

tioned application. A microcantilever structure formed out of two layers of silicon dioxide 

sandwiching the main sensitive plysiticon was designed and fabricated using Northern 

Telaom's CMOS 3DLM process and MITEL's 1.5 pm Technology. The chips were then 

anisotropically etched and packaged for experimentation. The m s  sensing was accom- 

plished by detecting &e shift in tiie mechanical resonance of the cantilever suucture. 

The: devices were sirnulazed using Ah7f YS for charactefimtion and perfomanut: optimiza- 

tion. An on-chip circuit was also integrated to investigate the feasibility of producing an 

integrated smart sensor system. 

Prototype devices exhibited a mass sensitivity of 25 H&g in air and 23 Hdng in Dl water 

respecdvely. Potential applications and system design will be presented in the Thesis. 
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Introduction 

The technique of usiag tithogqhic process and exposing monocrystalline silicon to aka- 

b e  chemical etchma to produce concave, pymnidaf or other faceted holes, emerged dur- 

mg t 960s and later came Ernown to be &e rechnology of 'bulk micrornachining' [I]. This 

technique was we11 srrited tr, prodlace sgucnrres such as cantilevers and dhphagms to fab- 

ricate functional devices such as acce1eratjori and pressure sensorsf2,3]. 

~ f j e r  *ahn&gy t1.a ev&& 2 ~ t t - g  $ih~ r&xm-a&-g pr-s is the 'swfitf:e 

micromchining' tecfinologyf4~. It was assumed that surface micromachining is the suit- 

able technology that can accommhte on-chip circuitry to produce many micromachined 

aansdwxs. However, a novel technique came into practice which offered designers of the 

micromachined transducers a unique freedom ta design bulk micromachined structures 

without even sing or having sixes to a aompIete fabrication facility. "Kis technique is 

know as CMOS compafZbk micromachining 151. This technique, which emerged during 

Iilk 1980s, allows the inkgradon of micromachined stmctures and CMOS circuitry on the 

same chip teading the way to lihe faiirrication of certain microe1eceo-mechanical systems 

f 6 3 -  





Photodiode Detector 

Focused Laser Beam 

Figure 1 : Illustration of optical measurement of resonance 

1.1 Thesis Organization 

fn this Thesis, Chapter 2 outlines the design based on the theory of determination of mass 

using mechanical resonance and its relevance to the discrete mass sensor. Chapter 3 

describes the CMOS compatible micromachining technology and the post processing 

details to produce the devices. The characterization of piezoresistance coefficients of 

CMOS poiysilicon is presented in Chapter 4. Chapter 5 outlines the experimental mea- 



Stlfement set-up. ExperimentaI details ad resdts are explained in chapter 6. Possible 

zp~lications and severat concf-tsions are &awn in Chapter 7 a776 Chapter 8. rcipcctively. 

The details about input and output of M S Y S  simulation are given in Appendix A. A brief 

summary of the theoretical concepts behind piezoresistance is shown in Appendix B. 



Chapter 2 

Design 

The piemresistive properties of polycrystdline silicon (polysilicon) have been investi- 

gated by many reseafcfrers f9,f 0,111. The literature reports that the CVD polysilicon film 

has a gauge factor (see page 25 for the definition of the gauge factor) from 10 to 27. For 

several reasons, this is a very imp-t property of polysilicon in the field of micro-sen- 

sors and micro-actuators. Fist, polysilicon is widely used in CMOS integrated circuits 

and the well-developed technology exits for depositing and controlling its electrical prop- 

erties. Hence, it could be easily utilized in integrated sensors. In addition, the polysilicon 

uses an oxide isolation, thus avoiding the formation of PN junction. This eliminates the 

leakage problems at higher temperature and makes it ideally suitable for integrated sen- 

sors and actuators. Fmrber, the polysilicon can be deposited on a wide range of insulator- 

coated substrates and its use irr MOS technology allows the poseibility to integrate MOS 

circuitry on Si substrates f 121, 

In modern commercial CMOS processing technology, there are more than one polysilicon 

layers. One of them is used as the gak material of MOS transistors. The process for depos- 

iting this polysilicon layer is well controlled and it has a good quality both in crystal char- 

actaisrics and in electrical parameters. And the other polysilicon layers are used for 

capacitors, resistors or interconnects. In my thesis work, the first polysilicon layer (gate 

material) was selected for the sensitive materiaI because of its electrically stable character- 

istics A p1ysiEco~ piezOiieSismr was used @ sense a strain. the strain is induced 
. . ~k pIfy&c=z, t !  rwIf*&nce ~f tk plp&wii w3 &age, this em be o b m d  

using electric means. 



2.1 Structural Design of Sensor 

2.1.1 Principle 

Any solid body has a mmd frequency also known as the natural resonant Erquency. The 

resonant frequency is determined by its structure and its mass. If another discrete mass is 

added on the body, the resonant frequency will change. Based on the shift in the resonant 

frequency, the mass of the added material can be determined j8J. The lighter the solid 

M y ,  the more the resonant frequency will shift for the same added mass. Hence, to obtain 

good sensitivity, it is important to make the structure simple and as light as possible. 

The structure for the sensor selected here was a cantilever, which combines two beams to 

support a pay-load platform, shown Figure 2. A cantilever structure has several advan- 

tages: It is a simple design, and offers very low mass for a given shape. During resonance, 

the free end exhibits maximurn displacement and it is easier to detect. Due to two arms 

support, the cantilever can easily vibrate in longitudinal direction and suppress torsional 

vibration. Furtha, the cantilever design requires very short etching time during post-pro- 

cessing. 

How to detect the resonant frequency is highly important for a bio-mass sensor to work in- 

liquid medium. If a strain-sensitive resistor (piezoresistor) is introduced into the resonator, 

the resistance will change periodically as the resonator is vibrating. When it reaches the 

resonant point, the amplitude of the vibration is largest, hence, the introduced strain is 

largest. Consequently, the c b g e  of the resistance of the piezoresistor will be largest. It 

can teff the resonant point, A polysilicon resistor, the gate material in commercial CMOS 

technology, was added into the cantilever arms to detect its resonant frequency. The resis- 

tor was sandwiched inside the multi-layers of the insulators available in CMOS technol- 



k A (a) isometric view 
*. 

Si Substiate 

(b) cross-sectional view 

Figure 2: Illustration of the cantilever structure 



2.1.2 Basic Resonant Theory of a Cantilever 

A sandwiched cantilever shown i~ Figure 2 can be considered as an elastic body, and 

therefore, the elastic resonant theory can be used. In this structure. there are two beams to 

support a pay-load platform, but this structure can be simulated as a single beam structure, 

which is as wide as twice of the original beam, supporting a pay-load platform. When a 

periodic force is applied to the cantilever, it acts as a forced elastic vibrator. Its temporal 

behavior can be modeled as a damped and forced harmonic oscillator [13$ 

where Y is the displacement of the cantilever tip from the equilibrium position, b is the 

normalized (by the effective mass) damping coefficient, k is the normalized spring con- 

stant, and Focosot is the normalized external driving force. One of the solutions of this 

equation is 

The amplitude A (a) of the displacement is a function of the frequency of the applied 

force and can be expressed as 



where wo = f i  and fo = wO/ (211, is the resonant frequency for the zero damping 

f 5 = 0) . If there is damping (G + O,) ,  h?m ~ ? e  resonant frequency is given by: 

at which the displacement amplitude A of the vibrating cantilever is the maximum value 

Am. 

According to the analysis shown above and including the effect of the mass of the cantile- 

ver, the fundamental natural frequency with no damping can be expressed as [8] 

where E is Young's modulus of the material, IA is the moment of area and is the function 

of the cross-section area of thc beam, 1 is the effective length of the beam, M is the effec- 

tive mass of the platform including loaded discrete mass and m is the effective mass of the 

beam. 

This resdt applies fm the ezse of a s-imple ciaflrped 'beam with a mass added to the tip of 

tk stmctare. me reanmt r?tqdency in p r o p d m  to the inverse squaic root of 

the sum of the platform mass, added mass and a portion of the beam's effective mass. The 

device used for the experiment has two separated beams to w o r t  a platform. The plat- 

- 9 -  



form sfrucmre cannot be neglected, resulting in a more complicated deflection profile 

Y fx) . Analyzing ;his smcrun using analytical techniques is difficult and hence a com- 

puter aided finite element analysis was used. 

2.1.3 Mass Sensitivity Simulation with ANSYS (see Appendix A 

for details) 

ANSYS5.O is a commercial finite element analysis package, which allows the simulation 

of mechanical properties (stress, natural frequency etc.), thermal transformation and cou- 

ple field distribution. This package was used for simulation and analysis of the structure 

used for the mass determination. 

The structural parameters used in the simulation were selected as following. The cantile- 

ver beams were 10 pm wide and 120 pm long, and the platform was 60 pm by 60 pm. The 

thickness was determined in terms of the thickness of dielectric layers in the CMOS tech- 

nology. The material parameters were selected from reference [ 141. 

To estimate the resonant characteristics of the sandwiched cantilever with and without 

loading, the modal analysis and the harmonic analysis were performed. A three dimen- 

sional finite element model with 736 nodes and 426 linear brick elements was used to 

model the cantilever in the modal analysis. The base of the cantilever beams were 

clamped in all degrees of f k d o m  and 37 master nodes were selected for monitoring the 

motion of the cantilever. The fundamental mode shape is shown in Flg1u-e 3. me resonant 

frequency of the f~ndamental mode is 4697 Hz and this mode has a diving board motion 

with most of the curvature in the m s  due to relative rigidity of the platform section. The 

tip of the cantilever has the maximum replacement in the fundamental mode. If a point 

- 10- 



Cantilever With S&ch Structure 

DISPLACEMENT 
a T E P = l  

XF =G.009003 
YP =0.0031 
ZP =0 .541E-03  
CEHPROID HIDDEN 

Figure 3: Fundamental mode shape 

mass is placed at the tip of the cantilever, the maximum shift of the fundamental resonant 

frequency will occur [IS]. For our analysis, a point mass was placed on the platform, 5 pm 

from the tip. The simialateCa refom fiquency shift h~ rewmce of loding for the hndz- 

mental mode is shown in Figure 4. The frequency shift versus loaded mass is almost h e a  

at the range of less than 1.0 ng, and the slope is 149 Hdng at 0.1 ng loaded mass. Accord- 

ing to equztion (S), the square root function can k expanded into the series. If the added 

- 11 - 
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0-9 0.2 0.3 0.4 0.5 0.6 0-7 0.8 0.9 
Loaded Mass [ng] 

mas causes very small e E i  on the effective mass of the platfonn (M), the first two terms 

of the series is a good approximation to the equation (5) and it shows a linear function. 

This agrees with the result of the ANSYS simulation. 

t?e hmrJe &jsis, we e m  get &e resonmi speetnirt by mmituring zke node's 

&sgbcee . t  fig= 5 shows the fm !od& md ~ d o d  der'kce~. 1;: tk sim.;!a= 

tion, an experimentally deterndned damping factor of 0.03 was added to the model. The 

actuation was lllOde1e.d by applying a periodic force on the tip with a vdue of0.002 dynes. 

- 12- 





2.2 Layout Design 

CMOS-compadble m i a o m c k g  =hiiique involves the fabricatton of cewain micro- 

mechdcal structures fur sensor application on the CMOS chip. These micromechanical 

structures are fabricated by implementing unconventional layout designs in CMOS tech- 

nology without altering the process sequence A single post processing ste? (silicon etch- 

ing) is introduced go fom free standing ~cro-structures on CMOS ICI chip without 

affecting tire circui- &as dlouring miaomhanicd sensors to be prrtdttcd with on- 

chip circuitry for signal conditioning and processing. In general, fabrication of the cir- 

cuitry is based on a given process sequence offered by a foundry. Any standard process is 

associated with pertinent layout desrgn rules. Layout design rules affect only the mask but 

not the process sequence. Fabrication of &-sanding sewor structure involves the pat- 

tenring of the desired mateilrial layers avifable in CMOS technology and the selativety 

etching of the underlying qqmn dsilicon). 

As is the case with dl standard-process fabrication methods, design rules must be fob 

lowed in order to obtain operational circuitry, These rules can somewhat be relaxed when 

designing sensor stnrcnnes, as opposed to chmits on silicon. Circuit design rules are afterg 

broken in order to produce mimme~fianical devices. These violations appear only as 

design rule error Aags but do not affect the cinruitry. 

22.1 Cantilever Layout Design 



FZgure 6: Laiyour of cantilever based on CIMOS technubgy 

plysilicon layer. An etfh or opntng layer is dm defined fwe Figure 6; which is m d a -  

mry for the CMOS sempadbk minomachrning process to expose silicon. The opening 

layer cmvisrs of feu trayen {ACT. CON, VfA md PAS in MITEL f .S prn technology; CF, 

€C. CX and CG in ST CMOS3 rechnoiogyr which are necessary ro expse the substrate 

dlicm. 

Basal on this layout design, the zifrii:  m~c~tfre will produce a composite suucture formed 

strt of &e O i D  axi& Eayzt-i of CMOS process and the polysiticcfn. The pofysiiicon layers 

dm f w W  a resiaw, *c k-- piem~eii~mce iir:"rE be ~ i s d  for Zife d e t d o n  of resonance of 

mg-q- @ysific.~.n i a y  wjff fjg s=&wich& hpaeen &e CvD  xi& @as, 

and k e l  a21 ZQE be dssmyed by tlre an~sontlpic etchant during the postprocessing step. 

Ftlrther* tbe md=ici-sirrg oxide a h  p-rsuerzts m y  IIqtlid to come in contact with the ply -  

- $ 5 -  



silicon layer, allowing the possibility for exposing liquid arnbirnt ro ;he carttiIt.~ rr struc- 

ture. 

in order to make the elecmcal measclrernent simpler, three other p o i  si!iwn rtwstorh were 

a3so integrated along side the cantilever strucrure. so that a Whearhtonc. brldgt. sonligura- 

Figure 7: Layout of resistor bridge in CMOS chip 

The four resistors are placed as dose ro each other as possible so that they can have same 

value. But they (except for the resistor sandufichd in cantilever! shnu!d k. kept away 

from the etching cavity by at least 20 microns, therefore, the stress generated by etched 

cavity cannot affect the resistance. 



2.2.2 On-chip Circuit Layout 

In order to configure an integrated mass sensor system, an operational amplifier was also 

integrated along with the cantilever design. The schematic diagram of the circuit is shown 

in Figure 8. Transistors MI, M2 and resistor Rb form a current source. Transistors M3 and 

M4 are the differential input pair with M5 - M8 as active loads. M l l  and M12 form the 

output stage. The output stage produces a DC level that is same as the input 2 so that the 

feedback resistor Rf does not affat bhe DC operating point. It also delivers a larger output 

current and offers a wider dynamic operating range. The circuit was simulated and opti- 

mized using HSPICE , The optimized W/L ratios of all the transistors, based on the North- 

ern Telecom COMS 3 technology, are shown in the figure. Simulation indicates that t h  

circuit has its open-loop voltage gain 85 dB. 

ill 

P 

Figure 8: Schematic of the bdd-in operational amplifier in NT CMOS3 



The bridge configuration f o d  by the four polysilicon resistors (one being the cantilever 

structure) was connected to the input of the circuit with a feed back resistor Rf. This is 

illustrated in Figure 9. Resistors R1 - R3 are the fixed resistors, and Rs is the sensor resis- 

tor. Any deformation of the cantilever structure will result in the resistance change 

because of the piemresistance and this alters the balance of the bridge. If the cantilever is 

subjected to a periodic force, the output of the circuit will produce a periodic signal whose 

amplitude correspond to the amplitude of vibration of the cantilever structure. This output 

signal can then be processed for analysis. 

Figure 9: Block diagram of the integrated biomass sensor 

Typical value of the polysilicon resistor is around 1.4 K. Using a feed back resistor value 

of 126 K, the closed bop gain of the amplifier becomes 44 dB. 

Figure 10 shows the layout diagram of the circuit. The layout was generated for Northern 

-18- 



Figure 10: Layout of the operational amplifier in NT CMOS3 

Telecorn's CMOS 3 DLM process as well as MITEL's 1.5 pm Technology. The feed back 

resistor was not integrated dong with the circuit, as it can be easily added to the circuit 

externally. 



Chapter 3 

Post-Processing of CMOS Devices 

The layout designs were implemented on silicon by Northern Telecorn electronics and 

Mitel Semiconductors (through Canadian Microelectronics Corporation). The devices 

were received in the form of chips and it required the micromachining step in order to 

form the cvltilever structure. This was accomplished by the etching techniques outlined in 

the CMOS compatible micromachining process [5]. Since the etching process had to be 

performed on individual dies, a small glass holder for the chips was used to carry the dies 

inside the etching solution. 

3.1 Anisotropic Etching 

The chips were misotropically etched using EthyleneDiamine Pyrocatechol in water 

(EDP). EDP offers an etch selectivity ratio between the { 100) and { 11 1 ) planes of 35: 1. 

Also this etchant is quite suitable with CMOS processed chips because of no potassium or 

sodium contamination, and it does not attack the oxidation layer that seriously. The etch 

temperature was maintained at 95 OC and a cold water reflux arrangement was used in 

order to prevent the evaporation of EDP during the etching process. The etching apparatus 

is shown in Figure If .  The cross-section view of the etched silicon wafer is iElustrated in 

figine 12. 

Typically an etch duration of 90 to 120 minutes were required to free all the cantilever 

stntctmes on the chip. Periodic microscope inspections were performed in order to ensure 
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Figure 1 1 : EDP etching apparatus 

the correct release of the structure. 

3.2 Cleaning 

Any etching process leaves considerable residue on the surface and requires thorough 

cleaning. After the EDP etching step the devices (along with tbe holder) were ~srnsferred 

quickly to a beaker containing hot DI water at 90 OC. The chips were allowed to rinse in 

this condition for 10 minutes and then were transferred to another beaker at 50•‹c DI 

water. After this step, the devices were transferred to room temperature DI water rinse and 



<I 00> Surface Orientation 

Figure 12: Cross-section of the etched cavity shape 

cleaned for 20 minutes. Finally the devices were individually removed from the water 

bath and rinsed with acetone and allowed to dry naturally. 

3.3 Bonding Pad Protection 

If CMOS chips were exposed to EDP for a duration longer than 30 minutes, most of the 

rimes the aluminum bonding pads are attacked by EDP. If electrical connection is required 

to microstructure then the bonding pads should be protected. 

3.3.1 Electroless Nickel Plating 

Efectroless plating of nickel can be ufed to protect the bonding pads against the attack 



from EDP. This can be accomplished by the process described in [16]. First the exposed 

aluminum pads should be zincated and a layer of nickel is deposited using electroless plat- 

ing technique. Subsequent to this a thin layer of gold can be coated on top of the nickel 

surface by electroless gold coating. This process should be performed on the CMOS chips 

prior to post-processing. 

3.3.2 Special Pad Design 

One other technique to protect the bonding pads is to make a special design for the bond- 

ing pads. Uwally the bonding pads designs are made using both the metal layers available 

in the CMOS process with the inter-metal dielectric isolation removed. This has to be 

designed by the user by using the VIA layer. The design can be altered such a way the 

inter-metal dielectric can be left between the two metal layers of the bonding pad. During 

the anisotropic etching only the top metal layer is attacked and the bottom metal layer will 

be protected by the diei&c. This leaves the duminum pads 'below the dielectric with 

sufficient area for bonding. To bond to this aluminum the bonding machine has to break 

through the dielectric Iayer. Hence, a slightly higher power should be applied to the 

bonder-tip in order to break through the dielectric layer. 

This approach has given sufficiently good result and many devices were bonded and used 

for the experiment. 



3.4 Other Etchants for CMOS-Compatible Microma- 

chining 

Hydrazine is another anisotropic etchant for silicon. It does not affect the aluminum pad 

and has longer life time and there is no residue. However, this etchant poses severe: safety 

hazards due to its explosive nature. Further, its anisotropy ratio is much lower, and there 

will be a large lateral etching and undercutting. Consequently this introduces difficulty in 

the layout design. 

TMAH (Tetramethylammonium Hydroxide) can be also used for anisotropic silicon etch. 

We found the etching rate is lower than EDP in our laboratory experiments. This etchant 

also attacks aluminum and exhibits large lateral etching. 



Chapter 4 

Piezoresistance of CMOS Polysilicon 

Polycrystalline silicon has been shown to be a suitable strain gauge material [9] with its 

high gauge factor compared with metal film sensors, but lower than single-crystal silicon. 

The gauge factor is defined as the fractional change in resistance per unit strain [9]: 

where 6 is the applied strain, R is the resistance and AR is the resistance change due to the 

applied strain. 

The gauge factor is an important parameter to describ the piezoresistive property of a 

material. The result of the theoretical analysis shows that the gauge factor of the polysili- 

con film is the funtion of the grain size and the doping concentration. The details are 

shown in Appendix B- The experimental results of CMOS gate polysiLicon are shown in 

this chapter. 

In CMOS technology, the polysilicon gate material is deposited with LPCVD (Low Pres- 

sure Chemical Vapor Deposition) method at a temperature between 620 to 640 OC. The 

reaction gas is silane (SiH4). The surface of the substrate is heated to create the decompo- 



sition of silane into silicon and hydroger! in accordance -with the following reaction: 

The conditions of this reaction determine the deposition rate and structure of the films. 

Contributing factors are &e mass transport rate and the surface reaction rate of the SiH4 

molecules on the film surface. 4 reduction of the pressure will lead to an increase in the 

mass transport rate, since the diffusion rate is inversely proportional to the total system 

pressure ( D ,  oc I / P I .  Therefore, in LPCVD processes the deposition rate is determined 

by the surface reaction rate. This reaction will depend mainly on the deposition tempera- 

ture and on the partial pressure of the reaction gas. The temperamre will also determine 

the structure of the dqosited film, Typically, below 585 "C the material deposited is 

amorphous, above 600 "C it is polyxystalline, with an average grain size increasing with 

increasing deposition temperature. Doping of the polysilicon film can be carried out by 

one ofthe following three procedures: (I) by addition of a doping gas such as diborane or 

phosphine into the reaction gas mixture; (2) by diffusion; or (3) by ion implantation, In 

CMOS process, the very high dopant concenttadon in gate polysilicon is expected in order 

to obtain good conductivity. Uniformity and repeatability of the doping process are irnpor- 

tant as wefl. The doping of poljrsilicon fiims is thus done primarily by ion implantation. 

fn the experiments, two types of CMOS chips were fabricated by two different manufat.- 

tams. One is from Nodern Tdecom RJT CMOS'S), and the other is from MiTEL 

@EEL CMOSIS), For NT CMOS3 chip, the plysilicon resistor sandwiched in the can- 

tiliever was deposited on the kld oxide layer (7MO .& with WCVD at tk temptwe 

620 OC . The thickness of  the plysilicon film was 3500 A. The doping was pdo-rmeLt by 

phosphorus ion implantation. Then the plysilicon is patterned. After that, the CVD SQ 

layers are deposited, followed by the passivation layer deposition. The resulting CMOS 
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chips were post-processed in ma lahramryry The cantilever was released with EDP as the 

silicon animtropic e t ~ h ~  

The piemresistance of rIre plysficon resistor sandwiched in the cantilever were investi- 

gated expaimentally. The bonded chip was mounted on a connection board, and it was 

f i d y  fixed under a ~croscope. The polysilkon resistor was ekcb-ically connected for 

measurement. A probe was used to push the cantilever down in order to introduce a stress 

in the cantilever beam, The probe tip was placed on the platform portion of the cantilever. 

Using an adjustable screw, the cantilever was bent down. The displacement of the cantile- 

ver tip was determined using the focus of the microscope. The reading error was estimated 

to be about one micron. The experiment;il data is shown in Tables 1 a d  2. 

Table 1: ~ ~ i s t i v e  Properties of MlTEL CMOS Polysilicon 



In the tables Ax is &e diqfacemeni of the- cantilever tip (differewe between the focus 

positions), rl is the resistance of &e plysilicon resistor, which changes with the displace- 

ment of the cantilmer tip, Arl is the change in resistance rl for the respective displace- 

ment of the cantilever dp, and u, is the stress, which is obtained from simulation with 

ANSYS. When the tip of the cantilever has a certain displacement, there is a distribution 

of the stress along the cantifever beam. With the static structure d y s i s  uskg ANSYS, 

we can obtain the sr+ess &stribiftion. The mfilever tKam was 1 2 0  ; ~ t m  long and 1 0  pm 

wide and the polys3icon resistor was relatively thin and was covered by silicon dioxide 

layers so that the beam can be considered as a isotropic Kin wire. Thus lthe sgess and 
stress main relation can be simply expressed as E = - , where E is Young" modulus. 
strain 

Based on &is, the strain distribution can be es!5Jma*ed. it should be n o t i d  that the cantile- 

ver consists of a several Sayers of silicon dioxide and a pofysiticon resistor. Since the 

cross-section area of the potysilicon resimr is much smaller rhan that of Si% iajpers (less 

tiran 1:10), the Siws Young's modulus can be used in the cafculation instead of silicon's 

Yoang's d d u s  as a dose approximation 



Figure 13: Resistance change vs, displacement of cantilever tip 
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Figure 14: Relative c f ~ g e  in resistance vs. displacement of cantilever tip 

feature afthe gate plysilicon maxerial is good for the resonant sensor, as near the resonant 

frequency, the cantilever vihaks at the largest amplitude. Thus maximum resistance 

change can be obtained for meas-nt, 

Tfie ~esistmce of the gate polysiIicon as a function of the s.train introduced in the cantile- 

ver is shown in Figure 15, it shows that the resistance of the gate polysilicon materid on 

both chip is be Iinear frmcdon of the saain when the strain is smaller. In the experiments, 



Figute 15: Resistance as a function of strain 
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PSG/SOG 13UO/5OOO/l8CM A, inter-metal-dielectric- 1 3000 f 300 A. spin-on-glass 4200 

A, inta-metal-dielecrric-2 3000 f 300 A and finally passivation: oxidejnitride 5000j5000 

A. We can see that there is about 2.8 pm thick dielectric layer above the polysilicon, but 

ody 0.9 pm thick dielectric layer below it. When the cantilever is bent down, the top part 

of it experiences tensile strain but the bottom part experiences compressive strain, so that 

the polysilicon experiences an effective compressive strain and consequently the n-poly- 

silicon resistance increases. This was confirmed by the fact that the resistance of the poly- 

silicon in the cantilever beam decreased from 1168 to 1152 SZ after etching cavity. The 

cantilever was observed to bend upward by 8 pm after releasing. As the cantilever bends 

up, the polysilicon is experiencing tensile strain and the resistance decreases. Also, it was 

confirmed using ANSYS simulation. 

The gauge factor defined by equation (6) can be obtained in terms of the experimental 

data. For the samples from MITEL CMOS technology, the gauge factor is 25, and the rel- 

ative resistance change Arl/rl (0) at the displacement of 15 pm is 2.4%. The samples 

from NT CMOS3 have the gauge factor of 24 and the relative resistance change of 2.2% at 

the displacement of I6 p m  Thus, we can conclude that the gate polysilicon in NT and 

MITEL CMOS technology has a good gauge factor. This also compares well with the 

results in [9], and it can offer the advantage of potentially higher operating temperature 

limit than diffused singlecrystal silicon strain gauge devices. The most interesting advan- 

tage is that the good piemresistance of gate polysilicon material in CMOS technology can 

increase the scope of CMOS-compatible micromachining technology and can be applied 

to more sophisticated and intelligent transducer systems. 



Experimental Set-up 

In order to experiment the sub-nanogram measurement system, the following experirnen- 

tal set-up, shown in Figure 16, was used. The principle behind the testing was to excite the 

cantilever structure using a sweeping sinusoidal signal and detect the oscillation amplitude 

of the cantilever synchronously using a signal analyzer. 

A miniature vibration table, hAINl SHAKER TYPE 4810, was used to excite the cantile- 

ver. A SR85D lock-in amplifier was used to generate the sweeping sinusoidal signal as 

well as the signal detection system. The sine output was fed to an amplifier (PR7220 25W) 

which in ti?m drives the vibration table. 

The piezoresistor terminals were connected to a DC voltage source and hence when the 

resistance changes a time varying current signal develops through the terminals. The poly- 

silicon resistor in the cantilever forms one of the bridge resistors. A DC voltage is applied 

to the bridge so that the resistance changing will result in bridge imbalance. This signal is 

fed as input to the lock-in amplifier. This signal spectrum can be displayed on the screen 

of RSSSO, as well as stored in the memory. The displayed or stored points of the spectrum 

can be a maximum of 64 K. If the driving signal is sweeping from 1Hz to 64 KHz, the 

interval between two points (reading resolution) is 1 Hz, and 0.1 Hz reading resolution can 

be obtained if the sweeping is from 1 Hz to 6.4 KHz. So the reading resolution can be 

faifEy accurate without cclmpromising h e  sensitivity. The peak of the oscillation spectrum, 

which is the monmt fieq'rimcy pint, be red on tke meen. The rmrded data can be 

directly sent to a computer for analysis. 
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Figure 16: Measurement set-up 



Chapter 6 

Resuits and Discussion 

CMOS chips ( M I E L  CMOS 1.5 chlp and NT CMOS3 chip) were etched by EDF at tem- 

perature of 95 "C for f 20 minutes. The average depth of the etched cavity was measured 

to be 110 prn, Figure i7 shows the unetcheb and etched cantilever structure. The dimen- 



Figure 17 (b): Cantilever structure after postprocessing 

sions of the released cantilever was checked under the microscope. The width of the cmti- 

lever beam was 9.8 pm, compared with the design value of 10 pm. 

Figures 18 and 19 are the phntomicrc?gapf?s of ~4t:  m-chip circ~it before ED? etching 

and after EDP etching. We can see the circuit area did not show any visible damage due to 

post processing. The elecmicaf characteristics of the circuit also remained the same after 

post processing. 

Figure 20 shows the microphotograph of the four polysilicon resistors including the canti- 



Figlure ! 8: On-chip circuit kfme postprocessing 

fever and amplifier. Four polysilicon resistors combine of a Wheatstone bridge. One pair 

of terminals were connected to a DC bias and the other two were connected to two differ- 

ential inputs of the amplifier. When the free-standing cantilever vibrates, the resistance of 

the polysilicon sandwiched in the cantilever will change because of the piezoresistivity, 

and the bridge will output an AC signal. This signal can be amplified and detected. 

WibGijrt measmemenis were performed using polystyrene cabration spheres obtained 

from Duke Scientific Corp. These spheres have a well defined diameter and density and 

&us a mass Tfie pofjistyrene sphere used for this experiment has the diameter of 



Figure 19: On-chip circuit after postprocessing 

10.2 prn and a mass of 0.586 ng. Figure 21 (a) and (b) shows the cantilever with one and 

two polystyrene spheres loaded, respectively. 

6.1 Measurement 

The measurement set-up - is illustrated in Figure 16. The Lock-in Amplifier receives the 

e1ectrical signal from the resonant sensor with the same frequency as the driving signal. 

The oscillation spectrum can be displayed on the screen of the lock-in amplifier and can be 



Figure 20: Photomicrograph of the integrated device 

saved as two data formats on a disk. One is the machine data file, which includes the data 

in the active display trace and the instrument sate. It can be recalled on the screen of the 

lock-in amplifier. The other data format is ASCII data file which may not be recailed by 

the lock-in amplifier, but it can be conveniently transferred to the computer for analysis. 

The resonm frequency (the pxik of the oscillation spectrurnj can be read on the screen of 

the lock-in amplifier or using the computer, Figure 22 shows the typical oscillation spec- 

&urn resuited from fie measurements. Tfiis device has a resonant •’?quency of 3.806 KHz. 



Figure 21(a): Cantilever with one loaded polystyrene sphere for calibration 

6.1.1 Quality Factor 

The quality factor of a resonant sensor is very important parameter for resonant devices. It 

is de5ned as the ratio of the resonant frequency to the bandwidtfi at 0.707 of the maximum 

amplitude (or half paver), expressed with a formula as 



Figure 2 t (b): Cantilever with two loaded polystyrene spheres for calibration 

where Fib is the resonant frequency and &.F is the bandw4dth of the spectrum at 0.707 of 

the miuirnurn arnplirude. The quality factor of a resonant sensor 1s directfy relared to the 

sensitivity. The higher the qudiry factor, &e higher the sensitivity. 73% is because a 

smalfer shift in resonant frequency can be resolved when the device e.l;hibitr; high quality 

factor. 

The Q factor is related ra fhe damping of rire system also. fnaeasef damping reduces the 



Figare 22: Measured oscillation spectrum 

Q, making resonances less sharp and resonant amplitudes smaller for a given actuation. 

When the Q is r e d d  to 0.5, the device is said to be critically damped f 171 and the device 

will not oscillate or resonate. The two t y , ~  of damping contributing to &e Q factor ;tre 

szrmmd d viscous- 

Stmctmd damping is the dissipation of energy when materials are tyclically stressed. And 

it is a result of mataid parametears and device configuration. The snntcnaal damping i s  
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Drag between a moving M y  and its surrounding d i u m  causes viscous damping. 

Increxed viscosity of -t5re d i u m  cornesponds to more drag and rhererbre more viscous 

damping. If rhe medim is vmy viscous and dte device produces significant drag, reso- 

nance cannot be achieved, Viscous damping can be minimized by operating in inviscid 

B@&em ss<h a & ; ~ r  24 &&r& &jj wYV~&ng i.r; a vsaam, Bog fm m y  & m e  mas 

measurement appikariofls, arch as &e case in &is thesis work, operation in a viscous fluid 

will be required. The viscous damping can be reduced by reducing the drag produced by 

tfte body. Bag can be redciced by reducing the frontal area pushed though the fluid. The 

cantilever stntcatre used in our project has two beams and a pay-load platform, which is 

rmnwmy for fcrading dime= mmes- Tiris srrume has a minimid fiontal area and the 

two 'beams c k p ~ s s  the lateral and tonianal vibration. Combiniig with the piezoresistivity, 

&is mtiJever mchrre him a beer  Qualiity factor. The measured data indicates that it has 

a quality factor of 41 in air and 22 in DI water. 

6.12 Sweeping l3me Effeet 

-*@ fram &s dearkd m m e r : h d d  and to ekmicaf f i d y .  This procedure needs 
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a time delay. If hte sweeping rate is too fast (or the sweeping time in the frequency region 

*- + ao sJ"rmj9 the system's rime delay wiii affect the resuits. 

The whole system's delay dme was investigated. At the range of a sweeping frequency, 

the oscillation spectra were recorded at  different sweeping rate. The ratio of the sweeping 

range to the sweeping time was defined as sweeping rate, which indicates how fast the fre- 

quency of the input signal changes. The linear sweeping manner, that is the frequency 

changes finearly with the dme, was selected. The sweeping direction can be either for- 

ward, the frequency changes from low to high value, or reverse, the frequency changes 

from high to low. The data of the both sweeping directions were compared. 

Figure 23 (a) and (b) show the spectra of forward and reverse sweeping at different sweep- 

ing rate, respectively. Based on these spectra, the measured resonant frequency and the 

amplitude of spectra are the function of the sweeping rate, which are shown in Figure 24 

and Figure 25 respectively. We can notice that the measured resonant frequency will 

change if the sweeping rate is higher. It is shifted towards the sweeping direction, that is 

the measured resonant frequency increases as the sweeping rate of forward sweeping is 

increased, and it decreases while the sweeping rate of reverse sweeping is increased. But 

in the low sweeping rate range, the measured resonant frequency and amplitude of spectra 

are stable. In terms of these results, the measured quality factor of the resonant system is a 

function of the sweeping rate, which is illustrated in Figure 26. When the sweeping rate is 

inaeased, the measured Q factor decreases, This indicates that the system cannot follow 

the change in the frequency if the sweep rzte is too fast. One other thing that can be 

n0hced is that the measured Q factor in the case of the reverse sweeping is lower than that 

of the forward sweeping. This could be attributed to the moment of the cantilever. During 

reverse sweeping, the frequency is changing from high to low. At a hjgher frequency 

point, the moving parts have a higher energy, When the frequency is changed to a lower 
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Figure 23(a): Spectra for forward sweeping at different sweeping rates 

point, the energy of the moving parts is lost by damping and friction. But in the forward 

sweeping, the fkquency is changing fiom low to high. The moving parts obtain their 

increasing energy from the electrical signd source. The losing energy of the moving parts 

in the case of the reverse sweeping is much slower than receiving the energy in the case of 

the fornard sweeping. So, the moving parts have the different response time for forward 
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Figure 23 (b): Spectra for reverse sweeping at different sweeping rates 

and reverse sweeping, The slower loss of energy in reverse sweeping makes the resonant 

m e  wider> and so, the measured Q factor is lower &an that in tfte fowaxd sweeping. 

In order to get accutate results, &e f w a r d  sweeping should be selecd. Further, lower 

sweeping rate is  bettet, however7 this will increase the testing time. 3 H JS is a very good 



Sweeping Rate CHzJs] 

Figure 24: Measured resonant frequency vs. sweeping rate 

weeping rate for the measufement F i g  the sweeping rate is important or else the shift 

in the resonant frequency will be introduced and this might contribute to error in measure- 

ment 



Sweeping Rate [Hz/s] 

figure 25: of osdlation spectra vs. sweeping rate 

6.1.3 Bias Voltage Effect 

The electricd resistance of the plysilicon resistor sandwiched in the cantilever is chang- 

ing whilie the cantilever is vibrating. One simple way to measure the resistance is to con- - &he fom xsistm k 2 bridge mn5g;rzdcn. A bias vchge ha rn k qq3fkd t~ the 

bridge. One nade in the bridge wite a he3 goknhl is con_nd m a input of the differ- 

ential amplifier and the odrer point (with changing potential when vibrating) is connmted 

to the other inpnt, As the emtilever is vibrating, the change in resistance will generate an 
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Figure 26: Measured quality factor as a function of sweeping rate 

AC signal and it is amplified, So the bias voltage on the bridge will affect the AC signal, 

and therefore, it may affm the output. 

Figure 27 [a) and (b) show the spectra at different bias. From the figures, we can notice 

that the bias voltage on the resistor Mdge mainly affects the amplitude of the signal. The 

amplitude of the rmmd spectrum becomes lower as the bias voltage is decreased. This 

is due to the output of dlR bridge (K signal) is directly proportional to the bias voltage on 

the bridge. It s h o d  be noted that tfie resonant frequency was not changed when the bias 



Figure 27 (a): Oscillation spma at different bias voltages on resistor bridge 

changed in tile range &om 0.4 V to 3 \1! 
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Figure 27 (b): A three axis plot of the spectra at different bias voltages 

6.2 Calibration with Polystyrene Spheres 

6.2.1 In Air Measurement 

The mass sensing experiment in air was performed using polystyrene spheres. The reso- 

nant frequency of the rrnltwded cantilever was first tested. And then, spheres were placed 

on the pay-load platform of the cantilever with micromanipulator. The electrostatic force 



was sufticient to secure the spheres to the platform, as shown in Figure 21. The resonant 

frequency of the cantilever loaded with the spheres was measured. The oscillation spec- 

trum was shifted due to the loaded mass. Figure 28. shows the shift in the oscillation spec- 

3.2 3.4 3.6 3.8 4 4.2 4.4 
Frequency [kHz] 

Figure 28: Shift in resonant frequency for 1.172 ng mass loading (in air) 

tna after two poIystyrene spheres were loaded. The in-air calibration rest& are listed in 
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Table 3; The results indicate a mass sensitivity of about 25 HzJng. 

6.2.2 In Liquid Measurement 

Mass sensing experiment in liquid medium was performed with polystyrene spheres in DI 

water. A liquid tank was constructed and a hole was drilled on one side of the tank The 

hole was covered with a thin rubber membrane in order to insert the axis of the vibration 

table without producing any liquid leakage. The tank could hold 3 litres of DI water. If the 

water volume is too less, the ripples and waves formed on the surface will affect the move- 

ment of the cantilever structure. This appears as noise in the signal. The measurement 

should be performed in a stiU liquid with tht~rp, device located more or less in the center of 

the ~ank.The cantilever structure electrically insulates the golysilicon resistor. However 

the bonding pads and external connection wires were covered by an epoxy to provide 

insulation. 

The results from the experiments condrcted in DI water are listed in Table 3. One sphere 

loading can lead a shift of !4 Hz in resonant Erequency, which results in a sensitivity of 23 

Hz/ng. It is slightly less than in air response. Figure 29 shows the shift in measured spec- 

trum in DI water. 

Table 3: Calibration Results with Polystyrene Spheres 

/ Onesphere 1 Two Spheres 1 Four Spheres 
I 

I Resonant Fre- 
f quency Shift in 1 15 I 30 1 60 

i 
Air [Hz] I 

- msonant Fre- ' t 

quency Shift in 14 26 49 
Dl Water [Hz] I 
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Figure 29: Shift in resonant frequency for 2.344 ng mass loading (in DI water) 

The resonant frequency in air was different compared to the resonant frequency observed 

in DI water. The cantilever in air had a resonant frequency of 3.806 KHz, while the reso- 

nant fieqnency of 3.122 KHz was observed in DI water. 'This could be atbibuted to the 

increased damping experienced by the cantilever structure when oscillating in liquid 

medium. 



Chapter 7 

Application 

The CMOS-compatible micromachined mass resonant sensor developed in this thesis 

work has potentid appiications. 

7.1 Biomass measurement 

The sub-nanogram mass sensor has application in measuring individual discrete masses of 

less than 10 microns in diameter* Since the piezoresistivity of polysilicon was used, the 

measurement set-up is simpler compared to the original technique of the mass sensor. The 

reading resolution can be increased with a good lock-in amplifier. A resolution of 0.1 ng 

can be readily achieved. 

At present, the study of single biological cells is a promising application for such small 

discrete sensors. Microbiologists and biomedical engineers are interested in how cells live 

and grow under various conditions. Studies of cell growth and division and the reaction of 

cells to toxic substances are a couple of examples among many possible applications. Cur- 

rently the cell mass is determined using bulk measurement of dehydrated cells f183. This 

technique is destructive test which is statistical in nature. Another approach proposed by 

fCilbm et d. 119) suggmed the use of acoustic resonance densitornetry to measure the 

6 mt23 mass af cell cdttires w-i& iLr excess ~f 10 cells per mi. The discrete mass sensor will 

have d~;l_rktage=s o v a  b& of th? above Inahds as it rnorJtoi. &e nitas of a shgk cell 

non-destructively. 



Cell studies are largely performed in a liquid cultwe, thus most applications will q u i r e  in 

fluid measurerntm The device reported here can work in fluids and this makes it pxsibk 

to monitor the growth of cells in culture fluids. The cantilever sandwiched in with a poly- 

silicon resistor and the onchip electronic circuit may form a smart sensor which can mon- 

itor the growth of the biocells in reat dme. 

7.2 Physical Sensor 

The resonant frequency of a solid body is related to the damping in addition to the suuc- 

ma1 parameters. If the device is working in different medium, the resonant frequency will 

be shifted. PresswePacuum sensors and liquid density sensors are other applications 

where the subnanogram measurement system can be utilized. For this application, the can- 

tilever structure should have a increasing drag so that the sensitivity can be higher. This 

can be achieved by increasing the size of the payload platform. 

7.3 Chemical Sensor 

As a resonant sensor, the device can be a chemical sensor if a special material is coated on 

the surface of the cantilever. For instance, a polymer, which can absorb humidity, is coated 

on the surface to absurb humidity, thus the resonant frequency will change due to ambient 

hmnidity level. Since the cantilever Struaure is very flexible and CMOS polysilicon gate 

has good p i e u r x s i s w ,  very sensitive md smart sensors can be impltmznted. 



Conclusion 

An application or' CS-MOS-compatible micromachining for potential biological and chemi- 

cal applioarions has been demonsaated in tb~s thesis. The micromachined silicon dioxide 

cantilever mdwiching a plysilicon resSst.or was employed as a resonant sensor to mea- 

sure m a s  of dkme object&- Tfie *mais measurement of bistmete objec-ts of diameter 

Xi pm and mass of less than 1 ng shows the principle of subnanogram discrete mass sens- 

ing. The measurement of such minute discrete objects opens m y  possible applications in 

biotecfinology. The techniqm developed irr this thesis work offers the possibility of moni- 

toring mass fluctuations of individd living cells in the culture fluid and it would be a 

valuable tool to bioengineers SNdying cell g o d  under various conditions. 

The piezoresistance of plysilicon gate material in commercial CMOS technology was 

investigated. The results show the plysilicon gate material in CMOS process has a good 

pietoresistance characteristics. The gauge factor of 25 (MTEL1-5 CMOS) and 24 (NT 

CMOS3) can be obtained.. Using the piezoresistance of the plysilicon, the resonant fre- 

quency of the cantilever sandwiched in with a plysilicon resistor can be easily tested. 

Flnther* the device can be opaaed inside a liquid medium. 

TIte nreasrnefnent set-up for tesdng the resonant frequency of the cantilever was config- 

med using a miniature vibration table to excite the cantilever to oscillate. Electrical signal 

output from the resistor bridge was d e ? d  with SRSSO Lock-in Amplifier, which cm 

display a d  record the dam d tk resonant frequency can be determined accu~atefy. 



at 3.8806 XHz  in the fundamental mode. A Q factor of 41 in air and 22 in Dl water was 

obtained. The sweeping rate of the diving signal has ax effect on the measwed resonant 

frequency and amplitude of the spectrum. Increasing the sweeping rate will result in 

decreasing the Q factor. For accurate measurement, the sweeping rate should keep at low 

rate. 

Polystyrene spheres were loaded individually onto the tip of the cantilever and the reso- 

nant amplitude versus frequency characteristic was obtained both with and without a load 

and both in air and in DI water, An experimental mass sensitivity of 25 Hdng in air and 23 

Hzjng in DI water were observed. 

The new resonant structure presented in this work has proven that there are two main 

advantages in this device. One is that the device can work in liquids. That makes it possi- 

ble for bioengineers to monitoring the growth of cells in a culture fluid, The second is that 

the sensor part can be easify combined with CMOS signal processing circuits to fabricate 

smart sensors. 



pendix A: 

ANSYS Simulation 
ANSYS5.O is a finite element analysis software package, a general mathematical method 

of modelling physical problems with complicated domains and boundary conditions. It 

includes Static Analysis, Modal Analysis, Harmonic Analysis, Thermal Analysis and so 

on. The stress distribution induced by a force, a pressure or a displacement is predicted 

with the Static Analysis, Modal Analysis shows the resonant frequencies and mode shapes 

of the resonant microstructure. The amplitude versus frequency response characteristics 

was found using the Reduced Harmonic Analysis. 

The analysis procedure in ANSYS is divided into three sections. The first section is pre- 

processing in which the complete model of the structure is defined. This definition 

includes material properties, model geometry, and division into elements and nades 

(mesh). The second section, solution, constructs the matrix equation from the model and 

solves it for the nodal values. Xn this section, the analysis type and analysis options are 

defined and the boundary conditions are set up. But in ANSYS version 4.4A, the defini- 

tion of analysis type and options and set-up of the boundary conditions are proceeded in 

section of preprocessing. The solution requires very little operator input. Post processing 

is the final section, in which the raw solution data are used to generate graphs and contour 

images in order to make the resdts more meaningful. The analysis flow diagram is shown 

in Figufe A* I. 

In the thesis work, ANSYS 5.0 was used to shdate the s~esc &sxib~sim, rewnmt fie- 

quency of the cantilwcr d the shift in resonant frequency with loaded Biscrete llls~sses~ 

S d o n  A-f explains the pracedure for getting the stress distribution according to the dis- 

pIacement of the can~ever tip. Section A2 and A.3 show the procedure used in modelling 
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I GLOBAL DATABASE I 

Figure A. 1: ANSYS analysis flow-chart 

the resonant frequency, oscillation spectrum and resonant frequency shift. The detailed 

listings of all input and output are provided in Section A.4. 

A.1 Stress Analysis 

TIte stress analysis is performed using Linear Static Analysis, which is h e  default We do 

not need to enter analysis type or options in this simulation The detailed listing of dl 

Zrrpur a d  snipmt far the stress analysis is put in &on A.4. i. 'ib entering the ANSYS pro- 

gam, the c m  "'illl~ys-e" is executed When tbe program teUs you "begin". you m y  



type in "/show,xl 1'. followed by .'/menu. on a command. At &IS moment, ANSYS window 

system should be shown on the ween. T t ~ e  menu on rhe meen can be sdecred with 

mouse and on-line help is available. For the cantilever smcnrre, the element type of "et 

45". a three dimensmnal bnck srmctwal * a h  h nodes ar the comers was selected. The 

''mf command was used to define the rnaicrial properties of Young's modulus and den- 

sity for silicon dioxde and polysdicon. For wnpbcny. the basis units of grams and centi- 

were wed. A three dimensional w i ~ d  model of rhe cantilever was defined 

gr~phi~&ly- As shown in Fig~re A.2 ihe rohd model consisri of 81 volumes, each v o h ~ ~ %  



defined by 8 key points. Between two key points. a line is defined. 

elements are defined by segmenting each h e  manually using the line division cotn- 

mmd ("l&s7')- n e  lines are segmented Inso irl Vrn  ~ectlons it the length of lines is greater 

than 10 pm. If its length is shorter than 10 urn. ir is dlv~ded ~nto two segments. Elemeno 

4 node\ ~med over the solid mode! umng the volume mesh command "vmesh" 

m each volume. Before mesh, the material refereace number should be designaed to the 

v~~~~ with the L6n-d' cosnsna~~d, or it will aefaulr 10 number 1 mateial. Rgre A 3  and 

figme A3: Elanmr d l  in ANSY S 



Rgure A.4 show the generated eIements and nodes, respectively. 

Cantilever uith Sanctuieii Srnrture 
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figure A.4: FEA nodes 

The b d a r y  condition is to clamp the base of the cantilever beams in three translational 

and three mmdod dimensions. Two forces are to act on the tip corners of 

payload platform of the cantilever in order to make the cantilever d e f o d .  By adjusting 

tk faces, a c m a h  amom af d i s p m t ,  equal to the amount of the testing point, can 

be 2l&ierer$. 

fa postpror:essing, a p;ttfil can be defined &g "fpathn c o d  Along this path, a dis- 

phemmt dlstriWm or a stress diseibadon can be calculated with the commutd "pdep', 



and can be plotted using 'plpath" command. Figure AS and Figure A.6 give the exam- 

Cantilever wxth SaTdvic% Structure 

ANSYS 5 .O 2 4  
APR 19  1995 
12:37:19 

pfes ofc'p1path", which are the stress dismbution dong the cantifever beam on the top sur- 

face and the bottom surface of the beam, respectively. Figure A.7 shows the displacement 

of the candIever and Figure A.8 presents the stress distribution dong the path vertical to 

the loearn at tfie base- It ili- tihat the stress changes from negative value (wmpres- 

&el at the bottom part to positive (tensile) at the top part when the cantilever bends 

down 
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Figure A.6: Stress distribution along the bottom of cantilever 

A.2 Modal Analysis 

TZEe resonant frequencies and the mode shapes of a solid model can be achieved with 

M&l Analysis. h dre modal analysis, tfie generation of the solid model of the cantifever 

is as sam as in the static dysis it is convenient to copy the solid model of the cantile- 

ver f m  the static analusis;, 

udng the pint  ckman (lms21) located at the middle of the tip of the cantilever. 



Figure k 7 :  Displacement of the cantilever beam 

mand. Thus the point mass will affect the solution of the model. The value of the point 

m a s  m y  be defined by the real constant command "r". 

The only boundary condition applied to this model is to clamp the base of the cantilever in 

all dimensions. This dmoiares the clamping base of the fantilever due to its rigid connrc- 

tion m the s o b t e .  7% bowday condition is applied by constmining the all degrees of 

the freedoms as the base nodes with "D" command. The analysis type i s  defined with the 

Panel or camnmnd " A l l  MODAL", 
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Cantilever with Sandwich Stmcture 
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Figure A.8: Stress distribution along the direction from bottom to top 

at the base of the cantilever 

For determination of resonant frequencies and mode shapes, master degree of freedom 

(master We. A master degree of freedom is an individual degree of freedom on a node 

which is considaed more hpomnt These master DOF's are monitored by ANSYS. 

Improper sefecdon (too few or bad disnibution on the structure) of master DOF's could 

r a d f  in missed resonances But if too many master DOF's, the time for solution could be 

too long and the file of the result data could be so big that it mild cause the conq,uter stop 

nmning. In this sirnutadon, 37 lllasra DOFs were selected and they were uniformly 

located dong the two beants aod on ttme payload platform. 



The solution was postprocessed using the modale "/postlW. The first resonant frquency 

data is loaded with 'kt, 1, f " command. The pIot of the fundamental mode shape shown in 

Figure A.9 is generated using the command "pidisp,2". The torsional resonant mode data 

/Cantilever With Sandwich Structure I 

Figure A.9: Fundamental mode shape 
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can be ioaded with "set,l,2" and the first harmonic mode shape can be obtained with 

"%et,2,3". Figme A-10 and Figure A. f I present these two mode shapes respec-tively. 
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1 Canti l ever  With Sandwich Structure 

Figure A.10: Torsional vibration mode shape 

A.3 Reduced Harmonic Analysis 

The input listing for the reduced dynamic analysis is provided in section A.4.3. With this 

analysis, defined with the command "AM"YPE,HARM", the resonant s p m m  of a point 

on the structure can be modelied. This analysis uses the same finite model formulated for 

the modal stnalysiz and has to be based on the results of the modal analysis. 

The displacement of the cantilever tip over a range of frequency fiom 3500 Hz to 5500 Hz 

was desired. The range of frqency was defined with ''HARFRQ" command. In order to 



1 Cantilever With Sandvich SErYcture 

Figure A. 1 1 : First harmonic mode shape 

obtain the mass shifted and unshifted resonant curve on the same graph, a copy of the 

modeled cantilever with a mass load was made beside the original cantilever. Both cantile- 

- ers were given two forces acting on he tip corner nudes to excite tire cmtilevers to 

vibrate at the given frequency 

TIte post processor "@~26" was used to view the graph of the displaammt versus fre- 

quency for a node on the tip of both cantilevers. me result data file was loaded with the 

command "fi1e,,rf?qn a d  the specific node was defined wing "NSOL" command. The 

graph was drew with "PLVAR", and andit is shown in Figure A.32. 



Figure A. 12: Shift In resonance due to mass loading 

A.4 Input Listing for ANSYS Simulation 

A.4.1 Input Listing for Static Analysis 











A.42 hput L i n g  for Modal Analysis 

Processes of inputting marerial d a ~  generating the solid model and meshing are as same 

as the static iuzalysis, So we can use ''resunae7' command to recover the meshed solid 

model. 
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Electrical Properties of the Polysilicon 
Film 

A plycrystalline material is composed of small crystallites joined together by grain 

bundaries, The angle tretween ?.he orienations of the adjoining aystaIlites is often large. 

f nside each nysmtfi't the iiiomfi are arranged in a periodic manner so &at it can be consid- 

ered as a m a i l  single <rrystaf, me gram boundary is a complex structure, usually consider- 

mg of a few aromc h y m  of disordered atoms. Atoms in the boundary represent a 

transitional region between the different orienmtions of neighboring crystallites. There are 

two proposed mechanisms describing the effects of the grain boundary upon the electrical 

properties of doped poIycryrstdline Semiconductors. First one [20] suggests that the grain 

boiinday acts as a sink for impmity atoms due ta impurity segregation at the grain bound- 

ary. So, the amount of impurity in the crystalline is reduced, which leads to a much 

nrcrller easier co.=adon tkm &sz u.nZcmdy dist&wd imp'Irj-ity cormnmiion. The - -- 
carrier concentration does not approach that of the doping concentmion until the grain 

traiurrdafy is saturated wirh impmity mms. It was also suggested that the segregation of 

tEre imprmrity caused the grain interims to have higher resistance than the grak boundaries. 

However* it has been shorn that sewgation of boron at the grain boundary is significant 

d y  at extremely heavily doped comeneons  of silifon (1 -3 ar percentage of boron). No 

segregation ws o b e d  for doping as high as 1.3 x id0 /cm3. If h e  reduction of carri- 

ers is the r d t  of impurity segregation at tZle grain boundaryt it is expected that the carrier 

correznmtion reduction w d d  depend on the impurity element. But it was observed [21] 

that both beran and p l m s p b  b e b e d  similarly in polysiticon. It is a h  difficult to 

expiain ftaw impurity sege&oa can lead to the mobility minimum seen in the ex@- 



The second mechanism [22,23] suggests that since the atoms at the grain boundary are 

disordered, there are a large number of defects due to incomplete atomic bonding. This 

results in the formation of trapping states. These trapping states are capable of trapping 

carriers and thereby immobilizing them- This reduces the number of free carriers available 

for electrical conduction. After trapping the mobile carriers the traps become electrically 

charged, creating a potentid energy barrier which impedes the motion of carriers from one 

crystallite to another, thereby reducing their mobiiity. Based on this model, for the same 

amount of doping, the mobility and carrier concentration of a polycrystalline semiconduc- 

;m would be less tt-rm &at of a single-cr)rstailine material. 

B a d  on the assuming that the electrical transport properties of polysilicon films are 

mainly governed by carrier trapping at the grain boundary, the carrier movement in the 

applied electrical field can be described with Poisson's equation, and the I-V characteris- 

tics, the carrier concentration and resistivity can be expressed [22,23,24], The real poiy- 

&con materid is a three-dimensional substance. It can be assumed that polysilicon is 

composed of identical cubic ciystallites with a grain size L cm and a boundary thickness 

6. Its .n;mspo~ properties can be considered as one-dimensional, seen in Figure B. 1. it is 

dm assumed that there is only one type of impurity atom present, and the impurity atoms 

are totally ionized and uniformly distributed with a concentration of N cm9. For this 

m a m e ,  Poisson's eqwdon h o m e s  



(c) Energy-band Diagram for Ktype Dopants 

figure B- I : analysis model of plysilicon idin 
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where E i s  the dielectric permittivity of polysiiicon. Integrating this equation and applying 

the boundary conditions that %'(xi is continuous and &/dx is zero at x=l gives 

where Vo is the potential ag the center of the crystallite. In this solution, the Fermi level is 

taken to be same in the every region- 

For a given crystallite size, there exist two possible conditions depending on the doping 

concennation: (a) W<Q, and (b) UV>Q,, 

We first consider the case for UIT<Ql. Under this condition, the cxystallite is completefy 

depleted of carriers and the traps are partially filled, so that 1 = 0 and V(x)  becomes 



where Nc is the effective density of states in rhe conduction band and E p  is the Ferrni 

level, The average carrier concentration- fli,, is obtained by integrating n(x! from -LC to Ll 

2 and dividing by the grain size Tfie result is 

where ni is the intrinsic carrier ~ ~ ~ C e r i & a d ~ n  of single-crystalline silicon. The Fermi level 

can be determined by equating the number of carriers trapped to the total number of trap- 

ping states occupied, given as 

From &is equation, Fenni level is given as 



EQs (1 3 )  and (1 3, the &a concentration can be calculated for a given N, if L, Q, 

and E, are known. 

If LN > Ql,  only part of the crystallite is depleted of carriers and I > 0. Tlte potentid bar- 

rier height then b e c o m  

Based upon Eqs (I 1) and f 161, the grain boundary potentid barrier is a function of the 

doping concentration- It is noted that as the doping concentration is increased, the poten- 

ti& at hi h~aass iirsaiy, reac'hhg a maximum at LJV = Q,, then decreases 

rapidfy as l/N. In the undepieted region, the carrier concentration, nb, is the same as that 

of a simiEarIy doped singfe-crystalline silicon, 



The resistance of a plycrystalline material consists of the contributions from the grain- 

"boundary region and the bulk of the c~ysrallite. If the conductivity in the crystallite is 

much higher &an &at through &e grain boundary, it is a good approximation to consider 

just the resistance of the gain-boundary region. There are two important contributions to 

the amass tife p i n  'bmn8;ii-v: t ~ ~ o n i c  emission and tunneling (field emission). 

"hmnionic emission results &urn those cmiers possessing high enough energy to sur- 

mount the potential barrier at the p i n  boundary. On the other hand, the tunneling current 

arises from carriers with energy less than the barrier height. These carriers go through the 

banter by quantum-mechanical tunneling. 

-- 
When the barrier is narrow and high, the tunneling current cari become comparable to or 

larger than the fhermionic emission current. In polysilicon the potential barrier is higher 

when the barrier width 'momes wider. The barrier height decreases rapidly to a small 

vatue for a highly doped plysilicon, therefore, the mnnelimg current is always expected to 

be d e r  than the thenniec emission current. Because of this, the tunneling current will 

be neglected in our calculation, for the plysilicon gate materia) of comercid CMOS 

texho1ogy u s d y  is k v i r y  doped ( 19x10'~ /em3 for 4000A pofysilicon with sheet 

resistance 20 Q). 

The &ennionic=emissim $ieory for an applied voltage, Va, across a grain boundary dem- 

ons fmtes~ fha t  



where m' is the effective mass of the carrier. If V, is smail, qV, a kT, it can be expanded 

to give 

which is a linear current-vow relationship. From this equation, the barrier resistivity pB 

(defined as the electric field divided by current density) is 

- Eih - 1 - y2 ~ V B  
(2lrm* k ~ )  exp (-1 

' B - J W - ~ O  ( ~ - 2 1 ) g n ~  k~ 

SimWly, crystallite bulk resistivity is 



where Ifc is the voltage across the crystallite neutral region. Total resistivity p. which 

includes pB and pc, is 

From the above analysis, it can be summarized as: (a)when the doping level is lower, the 

depletion layer at the gain boundary is wider, therefore, the grain boundary resistivity is 

main part, and the function of p~ is reducing as flj~doping level is increased (the polysili- 
.- 

con with very heavily doping has the almost s&nee&iistivity value as the single-crystalline 

T~ 4Vs 
silicon with the same amount of doping [22,23]); (b)since pB = -exp ( -) , at lower 

ni kT 
doping level, the resistivity decreases as the temperature increases, and this effect is get- 

ting weaker as the doping is increased (it was observed in the experiments f22,23]). 

In bulk silicon the change in conductivity is due to a shift in the relevant conduction and 

vafence band minima and maxima relative to each other, resulting in a redistribution of the 

carriers between the minima or bands, The transport of carriers across the barrier is 

assumed to be dorrrinated by the thennionic emission and total current has a contribution 

&om each minima. A shB in &ese minima relative to each other will result in a change in 

their relative contribution to the thermionic emission and thus a change in the conductivity 

of the barrier. So the piezoresistance in plysilicon incorporates both barrier and bulk 

effects- 

The plysilicon film consists of grains of length L, separated by negligibly thin grain 
L 

boundary of thickness 6. A depletion region of depth w = - - I into the grain is devel- 2 



oped due to the tritpping of carriers at rhe boundary. Thus the total resistivity of the poly- 

silicon cm be given as Eq. (23). 

The gauge factor G of a matexiat is defined as the fractional change in resistance p a  unit 

strain 

where cis the applied strain. Consider a resistor of dimensions x, y, z with a resistivity p. 

The resistance is thus given by: 

The hctional change in resistance can be calculated by differentiating this equation, 

yielding 

If a uniaxial stress, ax., , is applied m the resistor at an angle q to the current flow, then 
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the s m i n  Cx.$ must be resolved as &own in Figure B.2. The resulting components of the 

m&i are given by [26j: 

2 2 1 c,, = &.,.cos q + C,. sin q + -yxaz. sin211 2 

% = sin233 (cYx. - L., j + (cos2q - sin2q j hSz. 
r,, = Cfy. 

strain 

A 

Figure B.2: Two t a m i d  resistor with an applied stress at an angle 11 
to the anent Bow 

- - In the case of a mmadly applied stress the shear component Î,.,. is zero, thus substitut- 
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ing equation (2'71 in equation (261 yields 

The first two terns results from rhe change in the body size of the resister under the 

appkd stress. For a special case of 3 = O0 (it is the case that tfte first two t e r n  have big- 

gest value), this qtation will h o m e  

For the specid cease of r( = 45', Equ. (29) becomes 

where vxXr., v are Poisson's ratios relating to the reduction in the film thickness due to 

strain. The additional effeet of shear, yxz, on the resistance of the device is a second-order 

effect and is not included in this model. For silicon, the Poisson's ratio is 0.09 [14]. Fkom 

the equations (29) and (?€I), the deformation of the resistor size has a biggest contribution 

of 1.09 to the gauge factorctor For silicon or pofysilicon material, the experimental gauge fac- 
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tor can range fiom 15 :a 27 [9. IOj- Therefore. h e  contribution uf the change in the size af 

tfK re~stor TO the gauge fmar is negligible- The main contrib*~tion is the resistivity 

change of &e plysilicn. The 1st %em of equation (29) or (30) describes the fractional 

change in resistivity. The plysilkon film is assumed to have p i n s  of size L. septtrared by 

a negligibly thin grain boundary of thickness 6 (which is of the order of 1 nm). A deple- 

L tion width, w = - - 1, into the p i n  is developed due to the trapping of carriers at the 
2 

boundary. Since the fraction of the applied voltage across each b i e r  of the grain bound- 

kT ary is s d  (V ,  a -) the M a  can be madefled as a linear resistor. Therefore the resis- 
4 

dvity ofthe film can be given by equation (23). In order to find the fractional change in the 

resistivity, equation (23) is differentiated, thus yielding 

Thus the resistivity change for one grain is given by [27]: 

where xisrc and xDsrB are the effective piezoresistive coefficients of the ltndepleted grain 

and barrier regions res@vefy+ and Pi; is &e compliance ct~ffi~ient for a strain parallel 

to mess, and it has the value of Young's modulus. x'-, is given by 



%c '51c 2 xa12c 1 ~ ~ 1 6 ~  - = c02q- + sin q--;-- + -sin2q--,-- 
S' j; S i i  2 s ii 

where n'llc, z'lu and xg16- are piezoresistive coefficients after the axis system is 

rotated and can be expressed in term of the standard piezoresistive coefficients zl1, a12 

and xM Of the single-crystahe siiicon by: 

The axis rotation is defined by the direction cosines l i ,  mi and ni by the following matrix: 

The effective piezoresistive coefficimt in barrier region dsrB can be expressed with a 

similar equation as equation (33) in terms of the barrier piezoresistive coefficients I C ' ~ ~ ~ ,  

a',, anct a',, [28,29J- 

lSle grain boundary can be modelied on a Schottky-type barrier with a conductivity contri- 



bution, oi, from the itft v d k y  in n-type material expressed as 

vlihere qVB is the M a  height, Ei is tfte energy of the ith valley minima, EF is the Fermi 

energy and mx is tfie &&ve mass conhiburion from the ith valley. When there is a 

strain acting on the grain boundary, the conductive contribution of each valley to the ther- 

xiionic emission earn 'ir,i&t &e will cha~ge due to the band minima energy shift, 

On the assumption that f.he barrier height is unaffected by the strain, that the bands are not 

distorted arld that the t ~ ' d  number of carriers is constant, the piezoresistive coefficients 

can be derived as [29] 

where 3, is the deformation potential urnstant, mioo is the effective mass contribution 

&om the (100) valley, SI1 and St, are the compliance coefficients for a strain parallel to 



Putting equations (32) and f29j into equation (24), we can get the single grab gauge factor 

as: 

The polysilicon film structure can consist of crystallites with a random distribution. In this 

case, the gauge factor can be estimated by averaging equation (38) over all possible direc- 

tions. This results in the equation 

where 



and 
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