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CMOS Cantilever Microresonator 

ABSTRACT 

A simple CMOS resonant microcantilever is designed and fabricated. Design 

principles and considerations about cantilever arms, releasing the structure, 

piezoresistive detection, bonding pads and etch opening are given. The resultant 

piezoresistor has very large response, requiring no signal amplification. Combinational 

silicon etching is proposed and developed. The silicon-doped TMAH anisotropic etching 

produces excellent results. 

The dynamic properties of a resonant microcantilever in air. vacuum and liquids are 

investigated The changes in fundamental resonant frequency and response amplitude 

with pressure, mass, magnetic fields, and different vicious liquids are successfully 

characterized. The possible applications such as liquid viscosity detection, band pass 

filter, and biochip mixer are demonsaated. 

The effects of temperature-dependent residuai stress on the device dynamic and 

static behavior are studied. Nonlinear ANSYS simulation results have good agreement 

with the experimental data The interaction between water and the cantilever structm is 

aiso simulated, with good agreement. 
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INTRODUCTION 

1.1 Motivation 

The frequency of a mechanical resonator is a highly sensitive probe for parameten 

that alter its potential or kinetic energy. A major class of measurement devices. termed 

resonant sensors, makes use of this phenornenon. Physical or chemical parameters can 

be sensed either by coupling loads to the resonator or by coating it with sensitive films 

[121]. Resonant sensors are attractive because of their high sensitivity of frequency shift. 

Over the past two decades, quartz mechanical resonators, quartz bulk-wave resonators, 

and surface acoustic wave oscillaton have been investigated extensively for precision 

sensing applications [9,101. 

Recently, silicon microfabrication technology has been enhanced with a collection 

of chemical etching processes for micromachining of mechanical structures. Resonant 

microsensors promise better reproducibility through wellcontrolled material properties 

and precise matching of micrornachined structures. CMOS resonant sensors, that is, 

resonant sensors fabricated with CMOS technology in combination with compatible 

micromachining steps, have speciai advantages of inexpensive batch fabrication and on- 

chip amplifier and signal-processing circuitry, which should reduce system 

manufacturing cost. Different resonant sensor pnnciplu, using micromachining 

techniques applicable to CMOS resonant senson have becn proposed and demonstrated 

by MEMS researchers. 

Westberg et al. [21 reported a CMOS resonant sensor to measure the density of 

fluids. The device was fabncated using a standard CMOS process followed by simple 



pst-processing consisting of sacrifkial aluminum etching and silicon bulk 

micromachining. 

Eyre and Pister [3] developed a magnetic field sensor fabricated in standard CMOS 

folIowed by xenon difluoride etching of the silicon substrate. The field is detected by 

measuring the vibration amplitude of a mechanical Lorentz-force oscillator. The 

oscillator consists of a current loop on a silicon dioxide plate. Amplitude is detected with 

a polysilicon piezomistor Wheatstone bridge. 

Ghodsian et al. [4] developed silicon CMOS-compatible micromachining resonant 

structures for mass measurement. The mass-measurement system can measure mass in 

the range of nanograms, in liquid and gaseous envimnments, using commercially 

available CMOScompatible micromachining technology. 

The influence of air pressure on resonating and thermoelrctnc microstructures was 

studied by Brand et al. (51 and Brown (741. The resonant devices were realized with 

industrial CMOS technology followed by silicon etching. The influence of the air 

pressure on the fundamental resonance frequency and quality factor was studied. 

Resonant humidity sensors using industrial CMOS-technology combined with 

postprocessing were reported by Boltshauser et al. [6]. They are based on silicon-dioxide 

resonators coated with thin polyimide films. The resonators are excited electrothemaily 

with polysilicon miston; their vibrations are detected by the piezoresistive effeci of the 

same materid. The moisture uptake of the polyimide increases linearly the mass of the 

resonant system and lowers its monance frequency. A sensitivity of 270 Hz110046 RH 

has been obtained for a resonating beam at 16 kHz. 



Baglio [7] developed resonant magnetic-field microsensors in standard CMOS 

technology. DifFerent mechanical structures have been realized for the estimation of 

magnetic field. 

Magnetically actuated CMOS-compatible CIC devices were first developed in our 

Micromachining Applications and Development Lab (MAD Lab) at the University of 

Alberta and reported in 1996 [72]. Characterization of static deflection and exploration 

of resonant vibration features were undertaken in 1997 [73]. The novel application of 

these devices as pressure sensors and humidity sensors were studied [74,121]. 

For al1 these CMOS microresonators studied before, pre-amplification of piezo- 

cesistance was almost always needed to obtain a reasonably large output signal. The 

residual stress effects which change the device's static and dynamic properties were 

neglected by most researchers. And also. no studies were reported about the case of 

microcantilevers to measure liquid viscosity or to mix the samples in micro-fluidic 

systems. 

Based on the work done in the MAD Lab [72,73,74,12 11, a simple resonant 

rnicrocantilever is developed in this thesis. The major objectives of the thesis are to 

study possible applications such as liquid viscosity sensors, band pass filters and micro- 

fluidic mixers. Special design considerations are taken to achieve large piezoresistive 

output without any pre-amplification. The effects of residual stress on the device 

dynamic and static performances are also addressed. At the same time, the changes in 

fundamental resonant fiequency and response amplitude with pressure, mass, and 

magnetic fields are characterized. In order to improve structural integrity and yield of the 



micr0c:antîIever. a combinational silicon etching method. including silicon-doped 

TMAH anisotropic etching, is proposed and developed. 

1.2 Organisation 

The device design principles and considerations are given in Chapter 2. Details 

about designing cantilever anns, releasing the structure, piezoresistors for deiecting 

deflection, bonding pads and etching openings are discussed. 

Chapter 3 deals with post-prwessing of the cantilever resonatoa. Combinational 

silicon etching is proposed, and the specific details silicon-doped TMAH anisotropic 

etching is provided. 

The dynamic properties of nsonant cantilevers in air, vacuum and liquids are 

reported in Chapter 4. The changes in fiat resonant frequency with pressure, rnass, 

magnetic field and different viscous liquids are investigated. 

ANSYS, a commercial finite element software package available from Swanson 

Software, is used to simulate the dynamic behavior of the cantilevers and is discussed in 

Chapter 5. The nsidual stress effect is included in the simulation as a temperature 

loading. 

Finaily, conclusions and future work are described in Chapter 6. 



Chupfer 2 

DEVICE DESIGN 

2.1 Introduction 

The device in this study was fabricated by the MITEL Corporation with its 1.5 

pm CMOS process [ I  1 11. This process provides two metal layers (aluminum) and two 

polysilicon layen (see Figure 2.1). Nine square millimeters of fabrication space were 

sponsored by the Canadian Microelectronics Corporation (CMC). The mask layout file 

was subrnitted to the industrial foundry via CMC. Once the CMOS process was done, 

pst-processing was conducted in-house to make a functional device. 

O3 m i m n  Nirridc 
OS micron Oxidc 

0.8 micron Al ( m d )  

0.8 micion Oxidc 

0.8 micron AI ( m d 1 )  

0.8 micmn OIU& 

0.05 micron Oxidc 
0.m micron Gate Oudc 

1.0 mimn field h i d e  
0.28 micmn N+ 0.B micron P+ 

\ I I '  1 l 

0.05 micron Oxidc 

0.28 micmn N+ 

\ I I '  

P Wdl(3 micron) 1 N S u h k  

Figurr 2.1 Cross section of a wafer of a typicai MlTEL 1.5 pm CMOS micromachining 
fabrication 

Based on the specific features of the MITEL 1 5 pm CMOS micromachining 

processes, several design considerations have to be taken into account in order to obtain 

M y  fiinctiond devices with better pedormance and maximum yield. 



2.2 Principles of Structure Design 

A mechanicd structure has certain natural frequencies that present one of its very 

important dynamic properties. When a suitably shaped mechanical structure is vibrating 

in gas or liquid, its natuml frequencies and comsponding parameten such as the quaiity 

factor Q and vibration amplitude will be influenced by the properties of the gas or liquid, 

such properties as pressure, density and viscosity, because of damping effects. For 

exarnple, the low frequency damping of small vibrating objects in a motionless gas is 

proportional to gas viscosity and density. If the composition of a gas is fixed, that is, its 

density and viscosity are fixed then the damping of a calibrated vibrator cm be used to 

sense absolute gas pressure. 

The device structure we selected was a double-armed cantilever, which combines 

two arms to support a cross bar at the end. It is simple in structure and easy to design. 

Figure 2.2 shows the shape of the cantilever. In its fint resonant mode, the end exhibits a 

maximum displacement, which can be detected by piezoresistoa located in the 

supporting arms. Due to the two supporting arms, the cantilever cm vibrate in a 

longitudinal direction (up and down) while greatly suppressing torsional movement. The 

actuation of the device is produced by Lorentz forces arising from the interaction 

between an extemal magnetic field and the current flowing in the cantilever (see Figure 

2.2). If the magnetic field B is applied in the plane of the substrate and perpendicular to 

the cross bar, Lorentz forces wiii occur on the suppolting arrns and cross bar. The 

actuation is either up or down depending on the direction of the cumnt. 

When a periodic force is applied to the cantilever, it will vibrate in the 

swrouacling medium such as gas or liquid. If the cantilever is considered as a vibrational 



system with one degree of Freedom, then the linear elastic resonant theory for damped 

systems can be used (see Figure 2.3) 

Figure 2.2 A cantilever device 

The equation goveming the deflection of our damped, driven harmonic 

oscillating system cm be written as 185.1 131: 

where m is the mass, k is the stiffhess of the spring, c is the damping coefficient and 

x is the amount of device deflection out of the plane of the chip. Dividing the above 

equation by m yields 

x+ 2@x+ 0 2 x  = fo COSW*~ 

where, 



c a= Ji, C=- and fo = - 41 
2mw m 

The particular solution of equation (2.2) is 

~ ( t )  = Af, COS(O&~ -a) 

where the magnitude A,, and phase 9 are: 

E 

Figure 2.3 Schematic diagram of a single-degree-of-freedom system acted on by an 
extemal force F ( t )  

After some manipulation, the expression for 

rewritten as: 

(2.5) 

the magnitude and phase can be 



where r is the frequency ratio r =%, a dimensionless quantity. The plot of the 
O 

%k nomalized magnitude - of the steady-state response of a damped system venus the 
Fo 

frequency ratio for several different values of the damping ratio c is shown in Figure 

4 k  2.4. The maximum value of 4 will occur where the fint derivative of - vanishes, 
Fo 

that is, 

That is, when 

where, ru,,, is the resonant frequency at which the deflection 4 is maximum, with 

value 

Equations (2.10) and (2.3) as well as Figure 2.4 imply that the maximum 

deflection, quality factor and resonance fiequency relate to structurr mass m , structure 

stiffness k , extemal dnving force F, a d  damping coefficient c . 



%k Figure 2.4 The plot of the nonnalized magnitude - of the steady-state 
F O  

response of a damped system versus the frequency ratio for several different values of 
the damping ratio 

Based on this theory, we designed a cantilever device to measure such quantities 

as the viscosity of different liquids, air pressure and magnetic field strength. Considering 

the lower frequency (1-20 kHz) that is required to operate the device in the liquids, 

which more closely mimic conventional resonant viscorneters [120], an FEA (finite 

elexnent analysis) modal analysis was conducted during the device mask design. The 

modal anaiysis was critical at this stage because it determined the resonant frequency of 

the final structure. The FEA modal analysis shows that Our device has the ftrst resonant 

frequency of 12.665 kHz which is in the range of 1 - 20 kHz (see Figure 2.5). Figure 2.5 

shows the cantilever in the positions of at rest and maximum deflection. 



Figure 2.5 Modal analysis of the cantilever structure 

2.3 Design of the CantiIever Arms 

The actuation of the cantilever device is the result of the Lorentz force produced 

by the interaction of a time-varying cumnt with a magnetic field. The Lorentz force is 

defined as: 

w here, 

M 

F L : the resulting force on cumnt element of length L, 

i: the time-varying electncal current in the metai loop of the 

can tilever, 

d 

L : the length of the straight conducting element carrying current i , 

4 

B : the uniform magnetic field in which is located. 



An altemating cuneot flowing through the metal loop wïil cause the device to 

oscillate at the applied Frequency. The largest oscillating movement can be achieved 

when the applied current has the sarne Frequency as device's fint resonant frequency. 

This study is focused on the dynamic properties of the device in vacuum. air and 

liquid at its fmt nsonant f~quency. In the case of liquid which presents significant 

damping to the cantilever, the device needs to be designed strong enough and to produce 

sufficient driving force in that liquid. We cm provide sufficient structural strength by 

using almost ail the layea in the MITEL L 5 pm CMOS process. The cross section of a 

supporting arm of the cantilever device is show in Figure 2.6. The test results in 

Chapter 3 and calculation results in Chapter 5 show the structure is sufficiently strong to 

vibrate in liquids such as de-ionized water and isopropyl alcohol. 

The important step in the design is how to maximite the driving force based on 

the lirnited space available. We assume that an externd magnet of fixed strength 

provides the actuation magnetic field. Then to obtain a larger driving force, we increase 

the effective length L of the cantilever in the magnetic field according to equation (2.12). 

The effective length means the length of the meral loop that can produce a driving force. 

Our idea is to try to make every part of the device acted on by a driving force. Based on 

this thinking, the supporting arm of the cantilever device was designed 45' to the fixed 

wall (see Figure 2.2). 

There are two other rasons for designhg 45" supporting m s .  The first is to 

significantly reduce the device deflection caused by the residual stress. Residual bending 

of cantilever devices is often proaounced if the device is fabricated fiom a CMOS 

process. T h e d  effects provide important contributions to film stress. In the CMOS 



process, films and coatings prepared at elevated temperatures and then cooled to room 

temperature will be thennaily stressed due to mismatch of their coefficients of thermal 

expansion. The cantilever structure with multi-layered M O S  thin films will bend 

upwards upon structure release because of this intemal or residual stress. Severe residual 

bending could change the mechanical properties of the device. For example, the residual 

stress will change the resonant f~quencies of the device for most, if not dl ,  CMOS 

Silicon ni tride 
'3 

Aluminum (met2) - 
Aiuminum (met 1 ) . 
Polysilicon (poly2) - 
Silicon dioxide 

about 45 microns -i - I 
about 5.6 Mcrons 

,r 

Figure 2.6 Cross section of a supporting ann of the cantilever device 

In Chapter 5, we will show using ANSYS that if the a m i s  an designed at 90' to 

the fixed wali, the device tip will have a larger deflection due to residual stress. Well- 

designed structure geometq greatiy minirnizes the residual deflection. Figure 2.7 shows 

the tip deflections of three differeat a m  configurations. We can observe from Figure 2.7 

and Table 2.1 that the device with 45' arms has smalIer residual deflection than the 90' 

devices with equal length of or even shorter supporting arms do. 

Anobier reason for the 45" ann design is to speed up the structure release 

process. The d e  of the thumb for improving the etching release process is to increase 



the etching selectivity. For CMOS micromachining devices, conventional etchants like 

KOH and TMAH have limited etching selectivity between silicon and alurninum, silicon 

dioxide and nitride. One solution to this problem is to reduce the etching time. 

Maximum dkjlectiorr37.35 microns 

\ 

(a) The supporting arms (500 jm long) at 45' 

300  micron, 

WIZIDi2 
DSCA=.382151 
W =-.O07791 
W =-.99143 
n t.08~~8 
*DXSErZl4.673 
'XP 403.965 
'Y? 499.979 
*tt ~9.346 
A--54.416 

(b) Shorter (350 pn long) supporting arms at 90' 



(c) Longer supporthg arms (500 pn long) at 90' 

Figure 2.7 ANSYS analysis of the residual deflections for three different cantilever 
configurations 

Table 2.1 ANSYS analysis of the residual deflections for the different cantilever 
configurations 

Supporthg arm Length of the Length of Maximum tesidual 

orientation snpporting arm cross bar deflection 
(Pm) (Pm) (cun) 

Cantiiever #l 45O 500 300 37.35 

Cantiiever #2 90' 

Cantilever #3 90° 

Traditionally, people design the supporting arrns of a cantiiever paralIel to the 

<110> silicon crystal direction for masons of swing design space. If such a cantilever is 



etched in conventional anisotropic etchants, the release procedure starts fiom the end of 

the cantilever and then moves along the am towards the base because the etch rate of 

the (1 11) silicon crystd planes undemeath the arms is very slow (see Figure 2.8). In this 

case, the release time depends on the length of the ami and etch rate of the (41 1) plane in 

the anisotropic etchant. We can see fiom Figure 2.8 that more than 50 pm etch occurs on 

the (41 1) plane while no obvious etching is observed on (1 1 1) plane. 

Figure 2.8 Anisotropic etching of c l  1 0 ,  SiOz strip in 40 wt.% KOH at 80 O C  

For our 45' cantilever am design, the etch starts fiom both the cantilever tip 

dong (41 1) planes and the sides of the arms along vertical (100) planes (Figure 2.9). For 

most etchants such as, KOH and TMAH, the etching rate of the (100) plane is faster than 

that of the (41 1) plane. For instance, the etching ratio of the (100) to the (41 1) plane in a 

35% KOH etchant at 80 O C  is about 1.45: 1. Therefoce, the anisotropic etching release 



time for the cantiiever with 45' arms depends on the width of the arm and etch rate of 

the (100) plane. 

The device width is most often shorter than the device length, plus the etch rate 

of the (100) planes is faster than that of the (41 1) planes. It is easy to understand that 

the anisotropic release time should be dramatically reduced for our cantilever device 

since it has 500 p-long and 45 pm-wide supporting arms orientated 45' to the cl 1 b  

silicon crystai direction. If we etch our device in 35 wt. % KOH at 80 OC, the reiease 

time for a supporting ami with 45' orientation is 25 minutes while we estimate that 7 12 

minutes will be needed for releasing the arm which is parallel to cl 10> silicon crystai 

direction. 

Figure 2.9 Anisotropic etching of Si@ strip paralle1 to d10>  silicon crystal direction in 
40 W.% KOH at 80 O C  

The (100) crystal plane c a ~ o t  be seen in Figure 2.9 because the picture is a plan 

view. However the etching front can be clearly seen. The mechanical ripple on the 

released SiOz is caused by the residuai stress. 



2.4 Control Structure for Post-process Release 

In a typicd CMOS process, a high degree of intemal (nsidual) stress can be 

developed due to the variation in thermal expansion coefficients of materials and the 

thermal cycling which the wafer undergoes during processing, as well as other process- 

induced effects. For the MEMS designer, this stress can have a significant impact on the 

dynamic properties of mechanical structures. In Chapter 5, we will see a certain amount 

of resonant f~quency shift caused by this residual stress. Other examples include 

buckling or breaking of diapbragms and btidges, and deformation of cantiiever beams 

1251 - 
Upward bending is more common with rnulti-layered film structures. During the 

release process from the substrate, the multi-layered film stress redistributes and larger 

stresses occur at the etch release front. The associated deformation can cause the device 

to fail, such as catastrophic rupture or fracture, fracture-related long-term fatigue and 

out-of-specification deformation [ 1 1 1. 

During anisotropic etching of Mite1 CMOS-processed chips, crystal planes (4 1 1) 

revealed by the etchant can form acuie angles of 37'. Stress concentration at these points 

cm exceed the critical stress for plastic deformation so that the film will crack locally to 

release this stress. These cracks can lead to a mpturing of the encapsulation of the 

polysilicon and aluminum lines. Figure 2.10 shows a sketch of crystalline planes 

revealed as the catilever beam is etched and freed ftom the underlying crystalline 

siiicon. Figure 2.1 1 shows an exarnple of crack damage in a cantilever structure 

Edbncated in the Mitel 1.5 pm CMOS pmcess [l 1 11. The cantilever tip is out of plane 

because of residual deflection. 



Figure 2.10 Sketch of crystalline planes nveaied as the cantilever beam is etched and 
freed €tom the underlying crystalline silicon 

Figure 2.1 1 An example of crack damage in a cantilever structure fabncated in Mitel 1.5 
pm CMOS process. 

In order to rninimize any damage caused by the residuai stress effects, the 

cantilever design in this study avoids placing sensingelement polysilicon ünes close to 



the beam center where cracks can lead to open-circuits. As well, specially designed 

connection bars are used to prevent deflection due to the residual stress during etching. 

The device we need for our objective is presented in Figure 2.12 (a). We started 

with two bars, consisting of the same material as the cantilever (Figure 2.12 (b)), 

connected between the tips of two cantilevers in order to eliminate the residual stress 

effect dunng structure release. In addition, we wanted cantilever devices with different 

resonant frequencies for the realization of a band pas  füter. M e r  structure release, a 

laser beam was used to cut the connection bars to separate two connected cantilevers 

(Figure. 2.15). 

(a) wittiout comection bars (b) with connection bars 

Figure. 2.12 Schematic design of cantilever structure withlwithout connzction bars 



The connection bars not only change the geometry of the cantilever tip, but also 

change the etching release pattern. This etching pattern change causes longer tip etching 

release time. This etching time change ensures that the arm parts are always released 

earlier than the tip is. When we etched the device in 5% TMAH at 85 OC for 25 minutes, 

the supporting arms were released, but the cantilever tip was still anchored on the silicon 

substrate (Figure 2.13). This result was exactly what we expected. And also, the 

connection bars rrrnain through al1 the etching process until the laser cuning process. 

Hence, the cantilever device does not bend upwards dunng etching. Stress concentration 

points in the arms are effectively avoided Figure 2.14 shows the cantilever structure is 

Rat after release because al1 the parts are in focus. Here we c m  see that the connection 

bars play a very important role in preventing release bending and damage. 

Figure 2.13 Device after 25 min. etching in 5% TMAH at 85 O C  



Figure 2.14 Rat cantilever structure after release 

From Figure. 2.15, we cm see the shining bars that were reflecting incident light 

from the microscope. The shining suggested a large arnount of upward bending of the 

connection bars because of residual stress. Our measurements showed the cross bar of 

the cantilever had only about 35 prn upward displacement while the fiee end of the 

comection bar in Figure 2.15 had a displacement of 150 p. These results again 

strongly proved the positive role of connection bars in balancing residual stress (see 

Table 2.1). 

As mentioned earlier, one important benefit of using comection bars is that the 

segment of the bars remaining &ter laser cutting contributes to the proof mass on each 

cantilever. Hence, difierent cutting positions can change the natural frequencies of the 

cantiiever. In this study, the fint resonant frequency can shift from about 9 kHz to 13 

WIz, depending on the cutting position (compare Figures 2.15 and 2.16). This cmde 

design procedure appears to be effective for product prototyping in the research and 

development phase, saving time, labor and money. 



Figure. 2.15 Connection bars cut by laser beam to separate two cantilevers. The cut was 
near the tip of the right hand cantilever 

Figure 2.16 Connection bars cut by laser beam to separate two cantilevers. The cut was 
near the center of the comection bars 



2.5 Piezoresistor Design 

The placement of a segment of polysilicon within the cantilever amis will permit 

the measurement of cantüever deflection by measuring the resistance change of the 

polysilicon. Normally, a small constant current flows through the polysilicon and the 

voltage across it is measured. Any cantilever deflection can be detected by monitoring 

the voltage change. In the Mitel 1.5 pm regular process, polyl and poly 2 are doped 

with phosphorous. Poly 2 has a smaller temperature coefficient of resistance. We chose 

poly 2 as the piezoresistor to minimize the temperature effects caused by heating due to 

either the constant current passed through the piezoresistor or the AC current in the 

cantilever structure. 

The resistance change of the resistor due to small mechanical stress is expressed 

as [67,121]: 

where O, and or are stress components parallel and perpendicular to the current flow of 

the piezoresistor and ~r, and Z, are the longitudinal and transversal piezoresistive 

coefficients. 

Equation (2.13) suggests that the polysilicon resistor should be placed in the 

location of highest stress in order to produce maximum resistance change. When the 

simple cantilever is actuated by an altemating current in the magnetic field, the higher 

stress occun at the clarnped ends and nearby 2.17). It is at these areas in which 

we should place the polysilicon resistor. 



Figure 2.17 Stress distribution in the supporting arm when the cantilever is actuated 

. Usuaily, the polysilicon resistor foms a loop in the cantilever a m  that is fairly 

narrow (F~gure 2.18). That is, the dimension of piezoresistor in the direction of uT is 

very small Oess than 20 pl). Accordingly, the item o, is approximated as zero. The 

resistance change is then: 

In the case of linear and small vibration, the induced stress change AG, in the 

cantilever arms is proportionai to the actuating current 1, coswt that flows through the 

metal loup. When the polysilicon resiston are dnven with a constant small DC 

current 1,. the voltage change AV across the resistor is: 



where t is a coefficient determined by the specific CMOS process nin and location of 

polysilicon in the amis. For the given run and polysiiicon resistor design, the value of t is 

fuced. The higher voltage change AV cm be achieved by increasing the currents 1, and 

1,. However, increasing these currents will introduce problems of polysilicon heating 

effects. To avoid this problem, larger piezoresistances were designed on the arm to gain 

a higher voltage change AV . 

Figure 2.18 The optimum design location of polysilicon resistor 

For our cantilever design. the stress caused by cantilever bending distributes over 

most of the cantilever arms according to the stress analysis (see Figure 2.17). This 

allows us to obtain larger voltage change according to equation (2.14) by designing a 

larger resistance R. That is. we place thin polysilicon resistoa which extend dong 

almost the entire length of supporting arms to fully take advantage of bending stress. 

The measured vaIue of the resistance of the fabricated resistor is about 9 kn. 

When the cantiiever is vibrating at its resonant frequency, the measured voltage signal 



From a polysilicon resistor was large enough to measure without an amplifier, as 

reported elsewhere [74,106,12 11 (see Figure 2.1 9). 
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Figure. 2.19 The response of polysilicon resistor when cantilever vibrates in air (without 
using amplifier) 

2.6 Design of the Bonding Pads 

The bonding pad provides electrical connection to the cantilever device; it 

consisb of the aluminum metal layer. Most of the standard etchants like EDP, KOH and 

TMAH will attack aluminum. To preserve the bonding pads. researchers have tried 

several approaches. 

The best approach would probably be to add post-processing steps to the 

standard CMOS process to provide pad protection. The PAS (passivation) layer from the 

CMOS process is intentionaily lefi on the pad area After etching the device, lithography 

and RIE cm selectively remove the PAS layer on the pad area However, this post 



process ne& certain facilities that are not available to some researchers. From the 

viewpoint of production, it will add time and cost. 

Other approaches, such as plating the bonding pads, have been successful in 

some cases. Electroless plating of nickel cm be used to protect the bonding pads against 

attack from EDP [ I l  11. Fiat, the exposed durninum pads should be zincated and a layer 

of nickel is deposited as seed layer using an electroless plating technique, and then a 

thicker gold layer is coated on the top of nickel layer. 

We used two techniques to protect bonding pads from TMAH etching. One is to 

modi@ the TMAH solution to reduce the aluminum etching rate in TMAH. The other is 

to make a specid design for the bonding pads. 

Our bonding pads design (see Figure 2.20) is made using both the metd layers 

available in the CMOS process with the inter-metal dielectric isolation between. The two 

metal layers are electrically connected by using the VIA layer. On the bonding area, only 

the top aluminum is exposed The rest of area is covered with the PAS layer. During the 

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

be protected by the dielectric. 

When we used modified 596 TMAH to release the cantilever device, the top 

aluminum was rarely attacked. Bonding of the pad was easy using the normal operation 

procedure for the bonding machine. 

If the top aluminum layer is totally etched in the normal 5% TMAH, the 

durninum layer below the dielectric is still available for bonding. To bond to this 

aluminum the bondhg machine has to break through the dielectric layer. Hence, a 



slightly higher power and longer contact time should be applied to the bonder-tip in 

order to break through the dielectric layer (see Figure 2.2 1). 

ûxi& and nitride 
\ / 

Figure 2.20 Special design of bonding pads 

Figure 2.2 1 Bonding pad of cantiiever device 



2.7 Design of the Etching Openings to the Süicon Substrate 

One CMOS MEMS layout design issue is the design of etching windows. Our 

past experience shows that inappropriate design of the etching window could 

significantly reduce the etching yield. Sometimes it can result in totally inoperable 

devices, due to broken metal traces €rom post-processing etching. 

During the post-prwessing etching, the cantilever structure was formed by 

immersing the entire die in a corrosive gaseous (XeF2) or liquid (TMAH) etchant. As a 

result, if materials like the polysilicon resistor or the aluminum metal lines are 

susceptible to attack by the etchant, and are not encapsulated in a protective layer on 

every side, they can be etched away and cause failed devices. For the purposes of 

protection from silicon etchants, the FOX (field) oxide, CON (contact) oxide, VIA (via) 

oxide and the PAS (passivation) overglass layer should be used. 

Figure 2.22 Design of opening to the silicon substrate 



An opening through dl layers to bare silicon is necessary in order to form an etch 

window for releasing the cantiiever device. When multi-dielectnc layers are used, an 

opening straight through to the silicon can result in a large step several microns high. 

This leads to severe coverage problems with lithography as well as PVD/CVD coating 

due to steep exposed layer edges at the opening. To minirnize this, openings through 

multiple layers to the bare silicon should be staggered as show in Figure 2.22. The 

final cantilever fabncated by the Mitel 1.5 p process is showed in Figure 2.23. The 

stacked layea cannot be seen in the Figure 2.33 because of the dimension scale. Some 

srnail residual material on the corner areas cm be seen due to the coverage problem. 

Figure 2.23 The cantilever device fabricated by the Mite1 1.5 pm process 



Chapter 3 

POST-PROCESSING OF A CMOS CANTILEVER 

3.1 Introduction 

Microelectromechanicai Systems. or MEMS, are integrated micro-devices or 

systems combining electrical and mechanical components. Most are fabncated using 

integrated circuit (IC) batch processing techniques and can range in size from 

micrometers to millimeters. These systems can sense, control and actuate on the rnicro- 

scale, and hinction individually or in m y s  to generate effects on the macro-scale. The 

significant progress made in recent years with microelectromechanicaI systems is due to 

advances in micromachining technology. Micromachining technology includes a variety 

of basic techniques which produces mechanical structures with very small dimensions 

(in the micrometer range). Generally, micromachining technology can be classified as 

either surface micromachining or bulk micromachining. Surface rnicromachining is the 

fabrication of micmmechanical structures €tom deposited thin films, whereas bulk 

micromachining technology is typically based on single crystal silicon etching. The 

micmmechanical structures developed with this technology are made of either silicon 

crystal or deposited or grown layers on the top of the substrate to fabncate 

micromechanical devices. Based on this point, the micromachining technique for CMOS 

devices is a form of buk rnicromachiniag. The techniques for the crystai silicon etching 

fall into two broad categories: isotmpic etching and anisotropic etching. 



3.1.1 Süicon anisotropic etchhg 

Silicon wafers are slices that have been cut From a large ingot of siiicon that was 

grown fiom a single seed crystal. The silicon atoms are d l  ananged in a crystailine 

structure, so the wafer is monocrystalline silicon. When purchasing silicon wafers it is 

possible to specif'y the surface orientation to be parallel to a particular crystal plane. The 

siïicon wafers used in standard CMOS process an c100ronented wafers. Anisotropic 

wet etching is a process of preferential directional etching of matenal using liquid 

etchants. As a consequence of anisotropy. it is possible to develop unique structures not 

otherwise feasible. For example. consider a clûû>oriented silicon wafer with an etched 

rectangular hole in a layer of silicon dioxide that covers the surface. When exposed to an 

anisotropic etchant this will create a ûuncated pyramidal shaped pit as shown in Fig 3.1. 

The pit is bounded by c l  1 l> crystallographic planes that exhibit a very low etch rate. 

The ci 1 1> planes have an inclination of 54.7'. Numerous anisotropic etchants are used 

for silicon, such as EDP (ethylene diamine pyrocatechol), KOH (potassium hydroxide) 

and TMAH (tetramethyl ammonium hydroxide). 

EDP has k e n  a widely used silicon anisotropic etchant for a number of years, 

although its popularity has k e n  declining recently due to its high level of toxicity. The 

EDP etch is usually perfonned at around 1 10- 120 OC, with an etch rate of about 1.3 

@min in the silicon < l m  direction. EDP does not attack gold, chromium, silver or 

tantalum and the etch rate of silicon dioxide and silicon nitride is very low compared to 

silicon. The main advantage of EDP is its high etch selectivity between Si02 and silicon, 

and the smoothness of the etched surface. The selectivity can be as high as 5000: 1 which 

rnakes Si& an ideal etch mask. The drawbacks are its toxicity and relatively low 



stability. The ethylenediamine in EDP reportedly causes allergic respiratory sensitization, 

and pyrocathecbol is described as a toxic corrosive. The matenai is also optically 

opaque, making it diRcult to determinhg the end point of etching. It ages quickly; if the 

etchant reacts with oxygen, the liquid tums to a red-brown color. It needs to be replaced 

after just a few etches to maintain a good etch quality. 1t is easy to precipitate when 

cooled down or even during etching. AU of these make the EDP etching process hard to 

handle. 

Plan view 
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Figure 3.1 Silicon anisotropic etching 

The KOH water system is simple and easy to use, and yields an etch rate of 1.0- 

1.2 rim/min at 80 O C  with 37 wt.% concentration for the ( 100) plane of Si. The etch rate 

displays only a slight depcndence of the KOH concentration in the range of 10-40 W.%. 

At higher concentrations (above 35 wt. %) the KOH etch exhibits better etch uniformity 

and surface smwthness which c m  be critical for certain applications. The main 



drawback with the KOH water etch system is its poor etch selectivity between Si and 

Sioz, as it etches Si@ too fast. At 80 O C .  KOH of 40 wt. % has an etch rate of as high as 

35 h m i n  for thermally grown SiO2. Instead Sif14 is used as an alternative etch mask 

matenal which has virtuaUy zero etch rate in KOH and can be grown by PECVD and 

LPCVD systems. Black wax like Apeizon wax can also be used as a mask layer for a 

KOH etchant. A KOHetched Si (100) surface often has higher a degree of roughness 

compared with EDP, possibly due to the presence of the large amount of H2 bubbles 

during the etch. Vigorous agitation of the etchant and addition of certain additives such 

as surfactant are effective in removing the H2 bubbles absorbed on the Si surface, and 

significantIy improve the etch surface smoothness. KOH is also incompatible with the IC 

fabrication process because of its metal ion K+ contamination. 

TMAH is a relatively new anisotropic Si etchant that has been used mon and 

more by various MEMS groups. It is non-toxic, simple to use, and exhibits an excellent 

etch selectivity to silicon dioxide and süicon nitride. If properly prepared, it can be 

selective to duminum. More importantly, TMAH is also IC compatible as it is free of 

alkaline metds. which is critical to fabrication of on-board electronic circuitry for 

various rnicromachined sensors. The main disadvantage of TMAH is its slower etch rate 

for (100) Si, and lower etch selectivity between ( 1 0 )  and (1 1 1) silicon surfaces. At a 

solution temperature of 90 OC and 22 wt% TMAH, a maximum (100) silicon etch rate of 

1 .O p h i n  is observed, 1.4 @min for (1 10) planes. This is slower than those observed 

for KOH, and its anisotropicaletching ratio between the (100) plane and the (1 1 1) plane 

is between 12.5 and 50. Lower concentrations give a higher etch rate. Unfortunately, the 

etched surfice becornes extremely rough and many hillocks are formed When the 



concentration is above 20 wt. 96, the etched surfaces become quite smooth. The decrease 

in the etching rate due to the increase in concentration cm be counterbalanced by an 

increase in temperature. The etch rates of TMAH are comparable to those of KOH. For 

example, at 95 OC and 20 wt. % TMAH, the Si (100) etch rate is around 64 cim/hr. 

TMAH solutions do not decompose at temperatures below 130 OC, they an non-toxic 

and can be handled easily. Tabata [20] also studied the etching characteristics of pH- 

controlled TMAH. To obtain a low aluminum etch rate of 0.01 @min, pH values below 

12 for 22 wt.% TMAHW were cequired. At those pH values the Si (100) etching rate is 

0.7 @min. 

3.1.2 Siiicon isotropic etching 

With an isotropic etching process, the etch rate is identical in every direction and 

does not depend on the crystal plane orientation of a silicon wafer. As a result of such an 

etch characteristic, the etched feature size will grow with the etch depth (Figure.3.2). The 

final etched feature width is detemiined by etching rate of mask material, ability of 

etchant replenishment with the presence of the etch mask overhang, agitation style and 

temperature. HNA and XeF2 are two silicon isotropic etchants. 

For isotropic etching of silicon, the most cornmonly used etchant is HNA. which 

is a mixture of nitric acid (HN4) and hydrofluoric acid (HF). Water can be used as a 

diluent, but acetic acid (CH3COOH) is preferred because it prevents the dissociation of 

the nitnc acid better and so preserves the oxidizing power of HN03. There are several 

problems associated with HNA isotropic etching of Si. Fit, it is diffcuIt to mask with 

high precision nsing a desirable and simple mask such as SiO2 Chromium and gold have 



to be used as  an etch mask for deep etches. Second, the etch rate is very sensitive to 

agitation and temperature. This makes it difficult to control lateral as well as vertical 

geometries. In order to obtain a smoother etched surface, the HNA etchant should have 

low HF and high H N a  concentration. An eich rate of a few microns per minute at room 

temperature is usually convenient for process control and efficiency. For example, an 

HNA (HF:.HNOp:CH3COOH) system with a volume mixing ratio of 8:74: 16 yields a 

silicon etch rate of 5 @min with a smooth surface. Such an etch system is ideally suited 

for relatively simple structures. 
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Figure 3.2 Silicon isotropic etching 

A new silicon isotropic etchant, xenon difluoride (XeF*), has corne into use very 

recently [109,110,115]. It is a white solid at room temperature and pr&ure. At room 

temperature, XeF2 has a sublimation pressure of about 4 Torr. Xenon difluoride vapor is 

an isotropic süicon etchant with extremely high selectivity to many materials commoniy 



used in microelectromechanical systerns, including photoresists, aluminum, süicon 

dioxide and silicon nitride, making it easy to integmte with other processes, such as 

CMOS. Being a vapor phase etchant, XeF2 avoids many of the problems associated with 

wet processes such as stiction. This etchant has been used as a post-CMOS etchant in 

place of EDP or TMAH. The gas will fonn HF in the presence of water vapor, which is a 

safety hazard, as well as being Si02 etchant. The etch rate, profile and roughness are 

stroongly related to the sizes of etching windows, etch pressure and duration. 

3.13. Silicon combinational etching 

Most often, standard IC process steps are cornbined with special micromachining 

steps, for example, anisotropic or isotropic silicon etching, which are compatible with 

the standard industrial CMOS processes. 

In the past several years, Our laboratory has used EDP, TMAH and XeF2 to 

release mechanical structures on CMOS chips isotropically or anisotropically. We found 

that each etchant has specific drawbacks for certain device designs. For exampie, the 

anisotropic etchant TMAH does not have very good selectivity for etching CMOS chips; 

it attacks silicon dioxide and aluminum. Thereforr, a long etching time often causes 

failed devices with broken Si02 structures and etched aluminum pads. 

For the isotropic etchant XeF2, we found undercuning is a big issue. Large mask 

overhang caused by undercutting severely changes the mechanical properties of the 

MEMS device. This is especiaily true for some bigger devices which need a longer 

etching tirne. 



In this chapter, we propose a new pst-processing technique which combines 

anisotropic and isotropic etching. In reference [26], Tea et al. proposed a similar 

method, but they used a different process procedure to release a stationary device. From 

the discussion in the previous section, we know that an anisotropic etchant like TMAH 

has very good geometry control, but is poor in etching selectivity; an isotropic etchant 

like XeF2 has excellent etching selectivity, but is lacking in geometry control. B y using 

combinational etching, each etchant is used to compensate the drawbacks of the other. 

This combinational etching technique is illustrated in Figure 3.3. The resulting device 

has much smaller undercut compared with XeF2 etching only. First, an anisotropic etch 

forms pits with well-controlled boundaries with a certain etch depth. Then, an isotropic 

etching undercuts the etching masks to release ail the structure in a shorter time. In this 

way, the total etching time is significantly reduced, especially for larger microstructures. 

With this combinational etching process, the Iayout design for CMOS MEMS device is 

becoming more flexible because the releasing etching is short and isotropic. 

The etchants chosen for the cantilever device are TMAH and XeF?. We picked 

TMAH out of the many strong bases because it is less toxic than the other ones, and once 

it is doped with silicon, it does not attack aiuminum. In the next section appreciably, we 

will discuss how to modiQ the TMAH solution to reduce its aluminum etch rate. 
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Figure 3.3 Combination of anisotropic etch and isotropie etch 

3.2 TMAH Anisotropic Etching 

3.2.1 Etchhg methocl 

TMAH is a strong base, originally one of the photoresist developea in the 

semiconductor industry. TMAH can be purchased as a ready-to-use solution. Usually 25 

WL 46 solution is used for silicon etching. Its etch rates of the (100) silicon crystal plane, 

dicon dioxide and silicon nitride decrease with increasing concentration. One 



significant problem with the TMAH is that aiuminum pads are etched by TMAH 

making electrical connection impossible. Figure 3.4 shows the damaged bonding pad 

after being etched in 5 wt. % and 25 wt. % TMAH at 85 O C  for 60 minutes. There is no 

alurninum left on the bonding pads, which makes the wiring bonding impossible. 

(c) Bonding pad after (d) Bonding pad after 
25% wt. 4b TMAH etching 5% wt. % TMAH etching 

Figure 3.4. Etch results of bonding pad after king etched in 5 wt.46 and 25 wt. 4b 
TMAH at 85 O C  for 60 minutes 

Recently, studies of the etching properties of TMAH [19.20,22.23,26,48,68,118], 

reported that the exposed aluminum pad can be protected from etching in TMAH by 

doping the solution with appropnate amounts of silicon in solutions with moderate pH. 

The dissolved silicon passivates aluminum bonding pads by fonning a relatively 

insoluble Iayer of silicates. At the same time, the added silicon or other materials Iike 

(NE&Cû3 and m ) H P Q  lowers the pH value for the solution. The etching rates of Si 

and aluminum and the etched surface mughwss are found to be related to the pH value. 

From our experiments, Ive found the pH value of duminum passivation is 12.5 to 13 for 



our CMOS cantiiever etching. In reference [20], pH values below 12 for 22 wt. % 

TMAH and 1 1.5 for 10 wt. % TMAH wen suggested for aluminum passivation. 

A variety of materials can be used to dope the TMAH solution. Cmshed silicon 

wafer is one silicon doping source. Cmshed silicon wafers are pure, but cornplete 

dissolution of 60 gram silicon in 2 liters of 25 W.% TMAH c m  take up to 2.5 days 

because of the large size of silicon and low etching rate. In our etching tests, we chose 5 

W.% TMAH as etchant to reduce this long doping time. Powdered silicon with much 

smaller particle size dissolves more rapidly than crushed silicon wafers. if the powdered 

silicon is dissolved at a higher temperature, (80 OC-95 OC), corresponding to a higher 

etch rate, the large arnount of Hz bubbling due to the etching reaction can cause the 

solution to foam over. Thus doping with powdered silicon can only be carried out at a 

lower temperature (45 OC). We found that the solution doped with powdered silicon is 

opaque and full of small particles. It did not display the expected etching properties, 

namely passivating the aluminum pads. This unwanted result may be caused by the 

purity of Our powdered siticon. 

Since dissolved silicon reacts to form silicic acid and various silicates in solution, 

some [118,26] have tried adding silicic acid directly to TMAH to provide the aluminum 

passivation. The passivation of 5 wt. % TMAK requind 40 g/L of silicic acid. The 

silicon etch rate at 85 O C  drops from about 1 @min for undoped 5 wt% TMAH to 

under O. 1 @min with the required amount of silicic acid. 

However, then is a roughness problem with the lower concentration TMAH 

solutions. HiUocks are usually reported as being pyramidal or near-pyramidal 

protrusions fiom the ( 100) surfaces, bounded by convex edges, and ( 1 1 1 } or near- 



( 11 1) planes [22]. Figure 3.5 shows the etched (100) Surface after 20 minutes of etching 

in silicic-acid-doped 5 wt.46 TMAH at 80 O C .  Our test nsults showed that the etch rate 

of the (100) plane is virtually zero once the (LOO) etched surface was covered with these 

hilloc ks [701. 

Figure 3.5 Etched (100) surface after 20 minutes of etching in 5 wt.% TMAH with 44 
g/L silicic acid doping at 80 OC 

The cause of the hillocks is believed to be a result of the surface attachment of 

hydrogen bubbles produced during the dissolution naction (see Figure 3.6) and 

deposition of insoluble matenal [22]. Campbell's [70] work show that when the H2 was 

reduced or eliminated by etching in the presence of oxygen at high pressure, smooth and 

pyramid-free surfaces were produced. It was proposed that the increase in the quality of 

the surface finish was a consequence of direct reaction of oxygen with the hydrogen 

produced. 

Therefore, oxidizers can be added to 5 WL% TMAH to eliminate hillocks. When 

a suitable amount of oxidizer is added to the TMAH solution, the hillocks are aimost 



eiiminated and the etch rate of the (100) plane is increased depending on the oxidizer 

added. Basically, any chemical that oxidizes silicon more strongly than water, does not 

produce gaseous reaction by-products or insoluble compounds, or excessively lowers the 

pH of the solution, would function as a usefid additive. 

H2 bubbl 
Shielded surface 

I Silicon 

Hz bubb 

r - - - - -  - - - - -  VI!!!!! 
Figure 3.6 Schematic diagram to show the initiation of hillock formation 

We chose penulfate (potassium penulfate) as the oxidizer for the etch of 

CMOS cantilever devices. Potassium persulfate is one of the strongest known oxidizers 

and has a white crystalline form with 99.99% purity (Aldrich Chernical). &&O8 

effectively eliminates hydrogen gas evolution in TMAH since only aqueous products are 

formed in the oxidation and dissolution reactions. When 3 g/L potassium persulfate was 

added to 5 wt.9 TMAH with 44 g/L silicic acid doping, the etch rate of (100) at 80 O C  is 

about 0.9 phin. There was no visible gas formation on the exposed silicon, and the 

etched (100) surface is fairly smooth (see Figure 3.7). 



Figure 3.7 Etched (100) surface a€ter 20 minutes etching at 80 OC in 5 wt.% TMAH with 
44 gR. silicic acid and 3 g L  potassium persulfate added 

The silicic-acid-doped 5 wt.% TMAH with addition of potassium persulfate 

passivated the aluminum. We conducted bonding and epoxy tests for the evaluation of 

the aiuminum protection in this modified TMAH solution. The bonding test consists of a 

wire bond to check how easily the pad can be bonded. For the epoxy test, we etched a 

panially epoxycovered bond pad for 15 minutes, and then inspect the surface difference 

between the covered and uncovered area If the epoxy is very thin, the surface of the 

bonding pad cm be clearly seen through the epoxy layer under a microscope. We used 

Lepage epoxy for our test. Figure 3.8 shows the surface of the bonding pad before the 

etch. Figure 3.9 shows the protection of the bonding pad by the epoxy. 



Figure 3.8 The surface of the bonding pad before the etch 

Figure 3.9 The protection of the bonding pad by Lepage epoxy 

Figure 3.10 shows the surface of the bonding pad after 15 min of etching at 80 O C  

in 5 wt% TMAH without silicic acid and K2S208. We can see that the unprotected area 

was attacked by the TMAH. The top aluminum layer was removed by TMAH in the 



unprotected area, which makes wire bonding -cuit there. Figure 3.1 1 shows the 

surface of the bonding pad after 15 min etching at 80 O C  in 5 wt.% TMAH with 44 g/L 

silicic acid and 3 g/L KZS2O8. There is not any difference in the appearance of the 

unprotected and protected areas of the bonding pad. The wire bonding is also as easy on 

the uncovered area of the pad as the covered area 

Figure 3.10 The surface of bonding pad after 15 min etching at 80 O C  in 5 W.% TMAH 
without silicic acid and oxidizer K2S208 added 

For the combinational etching, TMAH anisotropic etching only takes 3&50 

minutes to release the four supporting arms of our cantilever device. But longer etching 

times may be needed for some devices or several etching runs. In that case, we have to 

consider depletion effects. From the above discussion, when the TMAH was 

significantiy doped with silicic acid, it etches sîlicon slowly. The pH value is around 

12.5. In fact, the soIution is in some kind of balanced state, a "window" state. After 50 



minutes, due to depletion of the T M .  and oxidizer fiom the solution, the solution 

begins to exhibit a lower (100) etch rate with rough etched surfaces and bubble 

formation. 

Figure 3.1 1 The surface of bonding pad after 15 min etching at 80 OC in 5 wt.46 TMAH 
with 4 4 g L  silicic acid and 3gL Kfi208 added 



Figure 3.12 The cantilever device after 40 min etching at 80 OC in 5 W.% TMAH with 
44 g/L silicic acid and 3 g/L K2S2O8 added 

To maintain the (100) etch rate and smooth etched surface, 5 mlR. 25 W.% 

TMAH and 3 g/L potassium persulfate should be add into the solution every 30 minutes 

to compensate for the depletion. 



Figure 3.12 shows the cantilever device after 40 min etching at 80 OC in 5 wt.46 

TMAH solution with 44 gR. silicic acid and 3gL K2S2O8. The etching results proved 

that our modifed 5 wt. % TMAH is an aluminum-passivated anisotropic solution with 

smooth etched (100) surfaces. 

Figure 3.13 The setup for 5 wt.% TMAH etch 

36.2 Etching procedure 

The TMAH etching was conducted in the setup showed in Figure 3.13. The 

cooling water prevents the evaporation of water fiom the T'MM causing a concentration 

change. During etching, a magnetic bar has to be used to stir the solution to help etching 

uniformity. It was found that vigorous stirring is very important for obtaining a smooth 



etched surface in 5 wt.% TMAH. To avoid trapping Hz bubbles in the etched pits, the 

etched surface should face upwards. Before loading into the TMAH solution, the chip 

has to be ultrasonically cleaned in acetone for 15 minutes. M e r  nnsed in DI water, the 

die was put into 20: 1 BOE for 5 tolO seconds to remove native oxide. After another 

rinse in DI (de-ionized) water, the chip is ready for the TMAH etch. 

It is relatively easy and inexpensive to set up a XeF2 etch system. The XeF2 

isotropie etch is a dry etching process that operates at room tempenture, and makes it an 

ideal etchant for releasing extremely cornpliant structures. XeFz is a white crystalline 

solid with a vapor pressure of about 600 Pa (4.5 Torr) at room temperature. It is fully 

compatible with materials used in a commercial CMOS processes, namely, no noticeable 

attack of silicon dioxide, silicon nitride, and aluminum. The reaction equation for XeF2 

and silicon is given by 

The reaction is exothermic and does not nquire heat or a catalyst to activate. The main 

product, SiF4, is volatile at room temperature. Other byproducts of the reaction are small 

amounts of SE, S e  Si& and Si2F6. 

The XeF2 etching system used in our laboratory is outlined in Figure 3.14. The 

XeF? chamber contains the XeFz crystals. The expansion chamber has a volume of 200 

mL. The XeF2 vapor is expanded into this chamber for a fixed pressure. The etching 

chamber is where the CMOS MEMS device is place for etching. It has a volume of 400 



mL. A mercury pressure gauge is used to monitor the pressure in the etching chamber 

and expansion chamber. The pump is a standard mechanical pump. 

A XeF2 etch is perfomed by a pulse method. Fiat, the expansion chamber is 

filled from the sublimating crystals in the XeF2 chamber until a target pressure of 3 Torr 

is reached, while the etch chamber is pumped down. This may take up to 60 seconds. 

Figure 3.14 Schematic drawing of XeF2 etching systern 

Once the target pressure is reached, the expansion chamber is isolated from the XeFz 

chamber, the etch chamber is isolated fiom the pump, and the valve between the 

expansion and etch chambers is opened The pressures (typical target pressure in the 

etching chamber is 1 Torr) equiù'brate in less than a couple of seconds and a waiting 



tirne of about 20 seconds occm before the etch starts. Silicon does not start etching 

instantaneously upon exposure to XeFz because it first requires the formation of a few 

fluorosilyl layes. The actual etch rate of silicon varies depending on the amount of 

exposed silicon and other parameters such as temperature and pressure. The etch rate is 

not a linear function of time. In general, silicon etching rates are much higher in the 

initial 20 seconds and drop off dramatically after 5 minutes. Thus, the etching duration 

normally takes about 20-60 seconds. For the cantüever device, the etch rate is about 1 

@min, for an etching duration of 60 seconds. 

After every fourth pulse, both the etch and expansion charnbea are then 

backfilled with nitrogen gas and byproducts (the dominant volatile byproduct is Si&) are 

pumped from the etching chamber before the next cycle begins. 

The system is equipped with an optical microscope, which provides visual 

monitoring of the etching process through an optical window on the top of the etching 

charnber. With the help of this microscope, the etching termination time can be 

determined. Since XeF2 reacts with moisture to form highly corrosive hydrofluonc acid, 

the entire system is located in a fume hood for safety misons. 

XeFz is extremely selective to silicon and, thus, is an ideal CMOS pst- 

processing etchant. Therefore, etching with XeFt is applicable to packaged as well as 

unpackaged chips. For unpackaged chips, photoresist can be used to protect the backside 

and peripheries of the chip because XeFt will etch any exposed silicon, resulting in 

significant thinning of the chip. We etched the packaged cantilever device in this study. 

We fmt wire bonded the chip in the 40 pin DIP package, then protected the 

bonding wires, bonding pads and sides of the chip by using Norland UV opticai glue 



(Figure 3.15). Norland glue was chosen for its good wetting ability and rapid cunng 

under strong W Iight. A syringe with a needle of 250 pm ID was used to dispense the 

glue. Excellent filling in the package occurs because of the wetting ability of the glue. 

Fast cunng under UV guarantees that the glue covers the chip bonding pads and also 

leaves the opening for XeF2 etching. 

Bonding w p  CP~P N o r - d  W glue 

Figure 3.1 5 Packaged cantilever device for XeF2 etc hing 

To assure etching of the desired areas, a 10 sec etch in 20: 1 BOE was camied out 

to remove the thin layer of native oxide. Also, since moisture reacts with XeF2 to form 

hydroBuoric acid which attacks SiO2, the chips are baked at 80 O C  prior to etching. 

The etch rate of silicon is more linear [65] at pressures over the range 0.5 Torr - 

10 Torr [109,110]. The higher pressures correspond to a higher etch rate with a rougher 

etched surface and non-uniform undemtting around the etching window. In order to 

have dimensional control with high precision, a lower pressure and shorter pulse 

duration shodd be used Figure 3.16 shows the released cantilever device, and Figure 



3.17 shows the smwth etched surface. For Figure 3.17, the microscope is focused on 

the bottom of the etched pit. 

Figure 3.16 Released cantilever device by XeFz etching 

Figure 3.17 The smooth etched surface 



After releasing in XeF2, the devices are cut by a leaser cutting system. By cutting 

the connection bars at different positions, each cantilever device will have a different 

length and mas,  and therefore, a different resonant Frequency. Figure 3.18 shows one 

example of laser cutting. In the picture, we can see light shining on the bars, due to light 

reflection by using the dark field illumination mode of the microscope. This is an 

indication of upward bending caused by residual/intemal stress in the structure. 

Figure 3.18 Connection bars cut by laser beam to separate two cantilevea. The 
cut was near the tip of the bottom cantilever 



DEVICE CHARACTERIZATION 

The actuation of the cantilever device is the result of the Lorentz force produced 

by the interaction of a time-varying current with a magnetic field. The experimental 

layout for the investigation of the dynamic behavior of a cantilever device is shown in 

Figure 4.1. 

A chip containing the cantilever device was packaged on the 40 pin dual inline 

package (DI.) which was placed into a zero insertion force (ZIF) socket. A horseshoe 

magnet was placed on the top of the chip (Figure 4.1 (a)). The magnet was onented so 

that the Lorentz forces on the cantilever amis and tip bar were maximum. Two 

honeshoe magnets were used, with magnetic fields of 750 G and 1500 G respectively, as 

measured with a mode1 5 1 1 Gaussmeter (LDJ Electronics hc.). A computer-controlled 

data acquisition system was used to measure the piezoresistor signal [74]. The waveform 

generator and digital multimeter were controlled ihmugh the computer via the 

computer's communication ports. Twelve samples at each frequency were averaged to 

improve the signal quality and reduce noise effects. 

The signai conditioning circuit used to measure the piezoresistor nsponse is 

shown in Figure 4.2. A constant DC current of 1 mA was provided by a Wilson current 

minor, the constant DC current flowing through the piezoresistor is independent of the 

piezoresistive Ioad. The resistmce of the piezoresistor in the canti1ever a m  is 

approximately 9.4 kR. 



(b) 

Figure 4.1 Experimental setup 



Acnration Circuit 

Current 
mirror 

Figure 4.2 Signal conditioning circuit 

4.2 Cantilever in Air 

Using the experimental set-up described above, experimental results were 

obtained for a senes of cantilevers with different Iengths of remaining bar segments or 

stubs. Figure 4.3 shows the response of the cantilever with almost 200 Pm long stubs 

(see Figure 3.18). while Figure 4.4 shows the nsponse of the cantilever with almost O 

pm long stubs (see Figure 3.18). As we can see from Figure 4.3 and Figure 4.4, the 

longer the shibs, the lower the first resonant frequency. This is true according to 

equation (2.10) because longer stubs increases the m a s  m, and the Iarger the mass, the 

lower the resonant frequency. 



CautiIevcr #1 in air 
Actuation cumnt: 26 mApp 
B= 750 Gauss 

Figure 4.3 Frequency response of cantilever device with 
200-p-long stubs 

_ Cantiievcr #S in air 
Acniation ntrrcnt: 9 mApp 

- B=7SO Gauss 

Figure 4.4 Frequency response of cantilever device with no stubs 



Figure 4.5 Frequency responses of cantilever devices with different lengths of stubs 



Figure 4.5 shows the frequency responses of cantilever devices with different 

lengths of stubs. According to Equations (2.10) and (2.1 l), the larger the mass, the larger 

the response magnitude and the lower the resonant fnquency. It is evident that the fiat 

resonant frequency of the cantilever device can be modulated by cutting the connection 

bar at different locations. From our experimentai result, the first resonant frequency of 

the cantilever device c m  be easily modulated between 9.2 kHz to 14.5 kHz by simple 

laser cutting. 

In other words, the relation between mass and resonant frequency shift can be 

applied for some practicai applications. For example, the cantilever device can be used 

as a masshumidity detector by sensing its resonant frequency shift [4,10,67,94,12 11. 

The relationship between response and magnetic field was also carried out using 

the set-up indicated in Figure 4.6. The cantilever device was placed a distance d from the 

permanent magnet. The magnetic field at the position of cantilever device was carefully 

measured using a gauss meter. The response of the cantilever at the 60 mm position is 

shown in Figure 4.7. Figure 4.8 shows the relationship between response and distance. 

As well, the relationship between magnetic field and response was obtained and shown 

in Figure 49. 

It can be seen from (2.4) that larger response relates to larger actuation force. The 

magnetic field is an important part of the actuation source. Within the range we tested, 

the response is proportional to the magnetic field, as a near linear relationship was 

observed, as shown in Figure 4.9. The mismatch between the linear relationship and 

expesimented data is believed to be due to the inaccurate measurement of the magnetic 



field. This linear relationship implies that the cantilever device rnight be used as 

magnetic field sensor by monitoring its response at constant current input. 

Distance d between device and rnagnet 

Horseshoe magnet 
1500 Gauss 

Figure 4.6 Measumment set-up for the relationship between response and magnetic field 

Figure 4.7 The fkquency respoose of cantiiever at a distance of 60 mm 
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Figure 4.8 The relationship between response and distance 
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Figure 4 9  The relationship between magnetic field and response 



4 3  Cantilever in Vacuum 

The dynamic behavior of the cantilever device was characterized in vacuum. The 

vacuum system consisted of a bel1 jar and a mechanical pump. Pressures between 20 

Ton and atmospheric pressure were obtained with this system. The cantilever device and 

magnet were placed inside the bel1 jar. An illustration of this set-up is shown in Figure 

4.10. 

Figure 4.10 Bell jar experimental set-up 

Using the expriment setup desdbed, experimental results were obtained as 

pressures were varied from 18 Torr to atmospheric pressure with constant actuation 

realized by using same magnet and same amount of actuation current. Figure 4.1 1 shows 

the cesponse of the cantilever device at pressares of 100 Torr and 300 Torr. As shown in 

the figure, the response, frequency shift and quaüty factor depended on the pressure. The 
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Figure 4.1 1 Frequency response of one cantilever device at pressures of 1 0  Torr and 
300 Torr at constant actuation 

Cantilevct #8 in vacuum 
Actuation cumnt: 1 mApp 
B=750 Gauss 

Figure 4.12 The response versus pressure for catilever device at constant actuation 



srnail peaks of about 0.4 mV on the either side of piezoresistive response peak presented 

in Figure 4.1 1 and next figures of this chapter are caused by the measurernent scale 

change of the digital multimeter. 

Under diffennt pressures, the cantilever device experiences different damping, 

with higher pressure producing higher damping. According to (2.4), (2.10) and Figure 

2.3, the larger damping results in smaller response, quality factor and resonant 

frequency. A plot of response venus pressure for the cantilever device is show in 

Figure 4.12. Figure 4.13 shows the fint resonant frequency versus pressure for the 

cantilever device at constant actuation. As shown in Figure 4.13, the relationship 

between the resonant frequency and pressure is close to linear fiom 20 Torr to 500 Torr. 

In this pressure range, the best fit equation shown in Figure 4.12 is linear. 

The quality factor Q is an important characterization parameter for damped 

vibration. It is defined as: 

Where f, is the resonant frequency, and Af is the width of the half power point, that is, 

the width of the response peak where the square of the amplitude has half its maximum 

value. As damping increases due to inmased ambient pressure, the quality factor 

decreases with increasing pressure. Figure 4.14 shows the quality factor venus pressure 

for the cantilever device at constant actuation. 
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Figure 4.13 The fint resonant fnquency versus pressure for cantilever device at constant 
actuation 
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Figure 4.14 The qudity factor venus pressure for cantilever device at constant actuation 
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4.4 Fine Tuning of the Resonant Frequency 

We discussed coarse tuning of the resonant frequency by changing the laser 

cuning location. In this section, we discuss how to realize fine tuning of the resonant 

frequency. Mer  releasing the cantilever device by post processing and laser cutting, a 

s m d  amount of upward bending occurnd on the supporthg arms. The upward 

deflection on the tip bar was measured with the optical measurement system. This 

permanent bending is caused by residual stress. which will be discussed in Chapter 5. 

It is the residual stress that stiffens the cantilever structure. Such stiffness will 

cause a resonant frequency increase. On the other hand, softening the structure tends to 

cause a resonant frequency decrease. Thus, if we can inclease or decrease the residual 

stress, the manipulation of the resonant frequency can be achieved. 

Table 4.1 Measurement results of DC current on the resonant frequency at a pressure of 
18 Torr 

1 Frequency 1 1 

Since the cantilever device has two metal loops. one of them cm be used for 

actuation by AC current, the other one c m  be used to input DC current. In the magnetic 

field, the DC current will interact with magnetic field and produce either an upward or 

downward force depending on its polarity. Comspondingly, the DC current either 

increases or decreases the residual stress. Therefore, the resonant Frequency c m  be 



varied about its original frequency, which is determined by the structure and residud 

stress. Table 4.1 and Figure 5.10 show some test results. Different loadings nonlinearly 

change the residual stress in the cantilever device, and the nsidual stnss in tum changes 

the effect stifiess of the device. The resultant small frequency change is therefore 

neither symmetricai nor linear. It cm be seen fiom the table that the DC effect on the 

resonant frequency not only depends on the DC current magnitude but also the current 

direction. 

4.5 Band Pass Filter 

As we discussed in the previous sections. the resonant frequency cm be coarsely 

and finely tuned. If we consider the cantilever device as a filter, the input signal is the 

signal flowing through the metal lwp as an actuation current, and the output signai is the 

response signal picked up by the piezoresistor. For a specific cantilever device with a 

certain resonant frequency, the input signal cm be picked up by the piezoresistor and 

"pass through" the cantilever only when the input signal causes the cantilever to vibrate 

at or near resonance. On the other hand, if the input signal does not cause the cantilever 

to vibrate, then the signal is blocked by the cantilever. In general, a single cantilever 

only passes the input signal whose frequency is near the cantilever's resonant frequency. 

As a filter, a singie cantilever device has a narrow bandwidth. 

If we connect two suitably tuned cantileven in series, they will have wider 

bandwidth. An illustration of this idea is show in Figure 4.15. It is clear that both 

cantilevers must have close resonant Frequencies for the purpose of signai superposition. 

Figure 4.16 and Figure 4.17 show the responses of cantilevers #11 and #14, 



respectively. Both were actuated by 2 mA cumnt in a 750 gauss magnetic field. Figure 

4.18 shows the response of the cantileven connected in series under the same cumnt 

and magnetic field. 

Figure 4.15 An illustration of realization of band pass filter 

Figure 4.16 The response of the cantilever #11 under 2 mA current actuation 



C;uitilcvcr #14 in air 

Figure 4.17 The response of the cantilever #14 under 2 mA current actuation 

F p  4.18 The Rsponse of cantilevers #1 1 and #14 in series connection under 
2 mA current actuation 



4.6 Cantilever in Liquids 

When a fluid is subjected to extemal forces, it resists Bow due to intemal 

friction. Viscosity is a mesure of this intemal fiction. Kinematic viscosity is a measure 

of the resistive flow of a fluid under the influence of gravity. When two nui& of equal 

volume are placed in identical capillary viscometers and ailowed to flow by gravity, a 

viscous fluid takes longer than a less viscous fluid to flow through the capillary. If one 

fluid takes 2ûû seconds to complete its flow and another fluid takes 400 seconds, the 

second fluid is twice as viscous as the first on a kinematic viscosity scale. Absolute 

viscosity, sometimes called dynamic or simple viscosity, is the product of kinematic 

viscosity and fluid density. The SI unit of kinematic viscosity is mm%. Absolute 

viscosity is expressed in units of centipoise (cP). The SI unit of absolute viscosity is the 

rnilliPsca1-second (rnPa-s), where 1 cP = 1 mPa-S. 

There are a variety of techniques to measure liquid viscosity. Capillary 

viscorneten and rotary viscometers are comrnonly used instruments. In this section, we 

discuss the possibility of using a cantilever structure to measure the liquid viscosity. 

Two kinds of liquids were used in this snidy. One is deionized (DI) water, the 

other is isopropyl alcohol (PA). They were loaded onto the chip using a syringe with a 

250-micron ID needle. During the test. the cantilever device was totally submerged in 

the liquid. Al1 the electrical connections were sealed with dielectric materials and W 

epoxy glue to prevent any electrical interference. 

As we expected, the iiquids produce heavy damping. This can be seen in Figure 

4.19 and Figure 4.20. Cantilever #1 was actuated by 75 rnA, AC cumnt in the 750 

gauss magnetic field. The resonant frequency dropped from 9.25 kHz in vacuum to 4.44 



kHz in DI water and 3.74 kHz in P A .  The response magnitudes were small even though 

the actuation current was much larger compared to that in air and vacuum. The quality 

factors were 2.0 in the DI water and 1.1 in P A  as estimated from the data curves. 

Table 4.2 shows the summary of the results. According to the CRC handbook, 

the absolute viscosity of water at 30 OC is 0.7975 cP, while the P A  has a viscosity of 

1.77 cP at the same temperature. From the rneasurement results, it is evident that the 

more viscous P A  produces more damping on the cantilever device than the less viscous 

DI water. The resonant fnquency decreases with increasing liquid viscosity. By 

monitoring the resonant frequency shift, we cm measure the liquid viscosity. Calibration 

will be required, and temperature effects must also be considered. 

Figure 4.19 The response of cantilever #1 in DI water 
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Figure 4.20 The response of cantilever #1 in P A  

Table 4.2 Measurement results of cantilever in liquids 

IPA 

1.139 8 1 5 ' ~  
DI: water 1 1.002 @ 20O~ 4440 

0.797 8 3 0 ' ~  

* Viscosiry &ta come fiom CRC Handbook of Chernktry and P hysics 

Because of its smdl size and small amount of liquid sample needed, a MEMS 

cantilever viscorneter could be very usefùl in some areas. One practicai application is 



real-tune monitoring of blood viscosity. The cantilever device can be placed inside the 

patient's blood vein for the real time viscosity rneasurement instead of drawing the blood 

out of the body. It is very important to monitor the blood viscosity for some patients who 

suffer fiom diabetes. For these patients, when their blood sugar becomes hi&, their 

blood will thicken and produce higher viscosity. The viscosity can be related to the 

blood sugar level. 

Another application for the cantilever viscometer is in combinational matenals 

science [119]. in this field, people use combinational techniques which create vast 

numbers of compounds by reacting a set of components in al1 possible combinations at 

once. It also referred to as "combinatorial chernistry." The underlying principles of the 

combinatorial approach are to synthesize microscale quantities of a compound, and then 

to test thousands of these compounds quickly and reliably. Combinatorid technologies 

accelerate the speed of research, maxirnize the oppominity for breakthroughs of 

discovering new materials. The cantilever viscometer is a perfect candidate to measure 

the viscosity in this field because it only needs microscale quantities of a synthesized 

compound. 

4.7 Hysteresis 

An hysteresis phenornenon was observed in oui measurements. Hysteresis is a 

non-linear effect, and occurs when there is a large deflection of the cantilever. The large 

deflections happen at lower pressure with constant actuation or with larger actuation at 

constant pressure. One obvious manifestation of hysteresis is the response curve losing 

its symmetry (Figure 421). The frwluency at which the response peak occun is 



dependent on the whether the actuating signal is increasing or decreasing in frequency. 

Figure 4.22 shows the response of cantilever #5 in the air with 36 mApp of actuation 

cunent. The frequency was swept from 13 kHz to 15 kHz and then backs dom to 13 

kHz. Figure 4.23 shows the same device in air at 300 Torr with a smaller actuation 

current. Hysteresis results in the response where the curve is dependent on the direction 

of frequency sweeping. 

Larger deflection changes the stifhess of the structure; therefore the resonant 

kquency is changed. The response curve of the cantilever bends to the nght (Figures 

4.21,4.22 and 4.23). According to Duffing's equation for non-linear spnng vibration, 

the cantilever device demonstrates the hard spring effect [85,86,107], while Brown 1741 

observed a soft spring effect with a CIC structure. 

To most sensors and actuators, many usehil applications are often in their linear 

domain. For our cantilever devices, non-linear hysteresis can be eliminated by avoiding 

large responsddeflection. That is, small achation should be applied. 

Figure 4.21 Response of cantilever #5 in air with 22 mA of actuation current 
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Figure 4.22 Response of cantilever #5 in air with 36 mA of actuation current 

CantiIm #5 in vacuum 
Acniotion cumnt: 6 mApp 
Ek750 Gauss 
Rrssuris300 Torr 

Figure 4.23 Response of cantilever #5 in 300 Torr vacuum with 6 mA of actuation 
current 



DEVICE MODELING 

5.1 Cantilever Deflection Caused by Thermal Stress 

Thermal effects produce important contributions to film residual stress 

[Il ,  14,15,16,17]. Films prepared at elevated temperatures and then cooled to room 

temperature will be thermally stressed, as will films that are themally cycled or cooled 

from ambient or cryogenic temperatures. The mode1 of temperature-dependent bending 

for cantilever devices described in this section is based on references [ 1 1,15,17]. Devon 

described a model for prwlicting the static behavior of a piezoelectric cantilever actuator 

with an arbitrary configuration of elastic and piezoelectric layers [15]. Lakdawala and 

Fedder extended Timoshenko's treatment of thermal bimorphs [14] and set up the model 

for temperature-dependent curl of CMOS micromachined beams. They did not consider 

biaxial modulii in their paper. We consider biaxial modulii in the next discussion. 

The basic geometry of an n-Iayer cantilever is shown in Figure 5.1. The residual 

stress effects in each layer are represented by a reference temperaturr at which the 

cantilever is completely flat. Each layer, j , has a thickness ti , width ri, coefficient of 

themial expansion a,, Young's modulus E, and Poisson ratio y, . The out-of-plane 

bending due to residual stress gradients in the cantilever produces a tip deflection, 6 . 

The material properties for each layer are assumed to be uniform throughout the layer 

and independent of temperature. 

With the above assumptions, a model describing the deflection €rom thermal 

residual stress can be obtained based on the basic priaciples of the mechanical static 

equilibnum and strain compatibility between successive layers in the cantilever. At any 



cross section of the n-layer cantilever shom in Rgure 5.1, axial forces must sum to zero 

at equilibrium since there is no extemal force acting on the cantilever. The total moment 

within the beam is caiculated using point A (see Figure 5.1) as reference point. 

Figure 5.1 A CMOS cantilever beam 

and 



where F denotes the force column vector and H is the moment arm vector. The 

1 
cumature - is approxirnately equal for each layer in the structure since it is assumed 

r 

that the cantilever thickness is much less than the overall radius of curvature, r . Thus: 

where 

1, is the moment of inertia of each layer having width w, . 

E; is the biaxial modulus, as this is a case of plane stress. 

Therefore, equation (5.2) becomes 

n 

where, X = H' ~r = E;I ,  represents the total flexural rigidity of the cantilever. 
j=l 

The total strain at the surface of each layer is given by superposition of the saain 

due to the axial force, thermal expansion and bending. The axial saain in the bottom half 

of the j -th layer is equal to that of the top half of the adjacent ( j  + 1) -th layer. If T is 

the temperature, the stmin in the bottom half of the upper layer is 



The strain in the top haif of the lower layer is, 

where T, denotes the reference temperature at which the cantilever has zero deflection. 

Combining equations (5.6) and (5.7) results in the strain compatibility equation 

between successive layen in the cantilever. 

where j = 1,2..n - 1 

Combining the equation (5.1) and (5.8), the matrix form can be wntten as: 

where, 

M =  

and 

%y combiaiag (5.5) and (5.9), the reference temperature is caldated as 



For smdl deflection, the radius of the curvature 

where L is the length of the cantilever. 

The tip deflection of the cantilever is, 

The stress vector in each layer is, 

For the simple structure like a cantilever bearn (Figure 5.1), the reference 

temperature in each layer can be cdcuIated if the materiai properties of each layer and 

initial tip deflection are available. On the other hand, tip deflection and layer stress can 

be predicted at a certain temperature if we know the reference temperature and matenal 

properties. Furthemore, residual-stress-dependent bending in an arbitrary device can be 

predicted with the help of finite element analysis (FEA) based on the reference 

temperature and material propenies. 

In reference [I  11, a parameter extraction method based on measurement of tip 

deflection with temperature is proposed to extract reference temperature and material 

properties. Simple beam test structures composed of al1 metal-dielecûic combinations 

possible in the Hewlea Packard 3-metal 0.5 pm n-weIE CMOS process were 



experimentally characterized. The thermal coefficient of expansion VCE) for each layer 

was extracted using the rate of change of tip deflection with temperature. 

We submitted a simple cantilever beam design with 9 possible combinations of 

metal 1. metai2, passivation and polyl (see Table 5.1). The cantilever is 50 microns 

wide and 250 microns long. To date, the chips have not been fabricated and retumed for 

testing. As a part of future work, a senes of experiments including the temperature test 

will be conducted to extract the reference temperature and material properties. 

Table 5.1 Cantilever combinations for parameter extraction 

(pm) 
Nitride 0.5 4 4 4 4 

Oxide 1 .O 4 4 4 .( 4 



5.2 Finite Element Mode1 for Cantilever Device 

When the cantilever was released by p s t  processing, the cantilever tip had 

upward bending. The 37 pn ofdef'iection on the cantilever tip was measured optically. 

The optical measurement system had an accuracy of +1- 0.5 pim. The first resonant 

frequency of the cantilever without any connection bar was measured as 13995 Hz as 

described in Chapter 4. 

At this point, we haven't received our chip frorn CMC to extract cantilever 

material properties. Fominately, with the help of references [ 121 and [ 1041, we had 

rough range of rnaterial properties for metal, polysilicon and dielectric materials. 

However, the specific material properties and nference temperature for our cantilever 

were not available, so fine parameter tuning had to be performed with the help of an 

ANSYS analysis. 

By doing the static thermal stress analysis and modal analysis with ANSYS, we 

obtained estimates for material properties and reference temperature for the cantilever. It 

was a procedure of optirniration in ANSYS. The design parameters were the matenal 

properties and reference temperatun. Fit, we selected a set of material properties and 

nference temperature based on the references [12] and [104], then we calculated the tip 

deflection and resonant frequency at room temperature with ANSYS. If both calculated 

defi ection and resonant fquency were very close to their measured counterparts, within 

3 percent, the calculation was stopped and the rnaterial properties and reference 

temperature used in the ANSYS andysis wouid be accepted as the best fit. Othenvise, 

we kept modifying these parameters and performing the ANSYS calculation again. The 



reference temperature of 460 K and material properties were obtained after 17 ANSYS 

nins. The analysis results are shown in Table 5.2. 

Table 5.2 (a) Cantilever tip bending and fiat resonant frequency 

Deflection Resonant frequency 
(Po (W 

Measurement 37.0 13995 

ANSYS 37.58 13990 

Table 5.2 (b) Material properties of the cantilever device 

Oxide 05 (OP) 46 (50) O. 17 (0.17) 0.4 (0.35) 2200 (2200) 

Metaîl 0.8 (0.8*) 60 (60) 0.33 (0.33) 33 (26) 2700 (2700) 

Oxide 0.8 (OP) 46 (50) 0.17 (0.17) 0.4 (0.35) 2200 (2200) 

Metal2 0.8 (0.8*) 60 (60) 0.33 (0.33) 33 (26) 2700 (2700) 

Orride 0.8 (0.8*) 46 (50) 0.17 (0.17) 0.4 (0.35) 2200 (2200) 

Poly2 0.3 (03*) 150 (161) 0.23 (0.23) 2.4 (2.4) 2320 (2320) 

Fieid oxide t .O ( 1 .O*) 46 (60) 0.17 (0.17) 0.4 (0.35) 2200 (2200) 

Note: 
The data in the brackets ore initial values of the material propetties in ANSYS 
calcularion The data with mark * are provided by the Mitel. The remaining initial 
data are bused on rejèreeces /12, ZiM] 

In the ANSYS calculation, the finite element SKELL 99 was used. SHELL99 

may be w d  for layered applications of a structural shell model. It usudy has a smaller 

element fomulation the. SHELL99 ailows up to 250 Iayers. The element has six 



degrees of fkedorn at each node: translations in the nodal x, y, and z directions and 

rotations about the nodal x, y, and z-axes. SHELL 99 is very effective for surface 

micrornachined layered devices because it can significantly reduce the number of 

elements, and thenfore Save precious computer resources such as memory size and CPU 

time. The ANSYS finite element model is show in Figure 5.2. It has 150 SHELL 99 

elements and 553 nodes. 

l~wm Cintre drrrtriod.lCar c.acil.vu t r h . 1 1  99) 

Figure 5.2 ANSYS finite element model for cantilever 

Ftgure 5.3 shows the static analysis of the cantilever at room temperature. The 

results show the bending of the cantilever because of residual stress. Figure 5.4 shows 

the modal analysis of the cantilever at room temperature. The above two analyses 

considered the thermal residual stress. That is, the reference temperature of 460 K was 

used for the model. If the thermal midual stcess was neglected, the modal anaiysis 

d t s  are shown in Figure 5.5. Comparing results in Figure 5.4 and 5.5, we can see 



there is aimost 1 kHz difierence for the fmt resonant fiequency. The summary of 

ANSYS simulation is in Table 5.3. 

Unit: micron 

Figure 5.3 ANSYS analysis of the cantilever at room temperature due to residual stress 



5.4 (a) The first mode of the cantilever with thermal residual stress 

5.4 (b) The second mode of the cantilever with themal residual stress 

Figure 5.4 ANSYS modal analysis of cantilever at room temperature (considering 
thermal residual stresses) 



5.5 (a) The first mode of the cantilever without thermal residual stress 

Second mode of the contilcva w h t  thmnd m~duai streucj 
W6736 Hz 

5.5 (b) The second mode of the cantikver without thermal residual stress 

Figure 5.5 ANSYS modal analysis of cantilever at room temperature (without thermal 
residual stresses) 



We observed the movement of the cantilever in its second resonant frequency 

(see Figure 5.4(b)). However, the deflection was so weak that we could not 

quantitatively record it with Our data acquisition system. 

Table 5.3 Summary of ANSYS simulations 

Tip 
deflec tion Fit resonant Second resonant 

frequency (Hz) frequency (Bz) 
(rim) 

With 
thermal 
stress 37.58 13995 50486 

Without 
thermal O 1 294 1 46736 
stress 

5.3 The Effect of Geometry on Bending 

Since we obtained the material properties and reference temperature from the 

previous section by means of best fit, geometry effects on the residual deflection could 

be snidied. This modeling would show how the device geometry affected the 

bendingldeflection after the device was released. From our measurement results, the 

device bending was in the tens of microns range. This is a typical case of large deflection 

for a CMOS cantilever. If a structure experiences large deformations, its changing 

geomeeic configuration can cause the structure to respond nonlinearly. An example 

would be the fishing rod. Georneaic non-linearîty is characterized by "large" 

displacements andfor rotations. The out-of-plane stiffness of a structure can be 



signincantly affected by the state of in-plane stress in bat structure. This coupling 

between in-plane stress and transverse stiffness, known as stress stiffening, is most 

pronounced in thin, highly stressed structures. such as cables or membranes. A 

dnunhead, which gains lateral stifhess as it is tightened, would be a cornmon example 

of a stress-stiffened structure. 

In ANSYS, the analysis residud cantilever deflection caused by residual stress is 

a non-linear thermal stress anaiysis. The load is the temperature difference. At room 

temperature, the load on the cantilever was 460 K. We issued the large deflection option 

to activate nonlinear effects for our cantilever analysis. 

ANSYS employs the "Newton-Raphson" method to solve nonlinear problems. In 

this approach, the load is subdivided into a senes of load increments. The load 

increments can be applied over several load steps. 

Before each solution, the Newton-Raphson method evaluates the out-of-balance 

load vector, which is the difference between the restonng forces (the loads 

conesponding to the element stresses) and the applied loads. The program then performs 

a linear solution, using the out-of-balance loads, and checks for convergence. If 

convergence criteria are not satisfied, the out-of-balance load vector is re-evaluated, the 

stiffness matrix is updated, and a new solution is obtained. This iterative procedure 

continues until the problem converges. The program will continue to do equilibrium 

iterations until the convergence criteria are satisfted or until the maximum number of 

equilibriurn equations is ceached. 

Our convergence critena use L2-nom of force (and moment) tolerance of O.%, 

a setting that is appropriate for most cases [124]. An L2-nom check on displacement 



with tolerance of 5 % is aiso used in addition to the force nom check. The check that the 

displacements are loosely set serves as a double-check on convergence [124]. In order to 

improve the convergence performance of our analysis, techniques such as tracking 

convergence graphically, automatic time stepping and line searching were used [124]. 

The analysis results of geometry effects are shown in Figure 2-7. Three different 

devices were studied. Each one had a different structure. They consisted of the same 

materiai layers as our cantilever. It is show that the different configurations could 

produce different residual bending, and the cantilever with 45 degree supporting arms 

had the srnailest tip deflection. 

So far, we realized that the residual stress could severely change the cantilever 

dynamic and static behavior, suc h as resonant frequency and residual bending. Residual 

stress effects are common to most surface micromaching devices. Most often, it is very 

critical to predict these residual stress effects during device design. If we consider the 

thermal stress is the major part in residual stress, one feasible way to estimate the 

residual stress effect was discussed in this and the prewious sections. The strategy is to 

use a device with simple geometry to extract materiai properties and a finite element 

method to predict the residuai stress effect for a device of arbitrary geometry. 

5.4 The Effect of Mass on the Resonant Frequency 

In order to simulate the possibility of using a cantilever device as a 

mass/humidity sensor, ANSYS andysis of rnass effects on the resonant Frequency was 

conducted The mass was modeled by the element MASS 2 1. MASS 21 is a point 

element having up to six degrees of freedom: translations m the nodal x, y, and z 



dinctions and rotations about the nodal x, y. and z-axes. A different mass and rotational 

inertia may be assigned to each coordinate direction. The different mass on the 

cantilever mode1 was realized by changing the real constant of MASS 21. The MASS 2 1 

was placed on the nodes E and F of the cantilever tip to simulate the effect of the 

connection bars (see Figure 5.2). 

Because of the large residual deflection, a prestressed modal analysis following a 

large-deflection, static, nonlinear and thermal stress analysis was performed in order to 

caiculate the frequencies and mode shapes of a defonned cantilever device. The 

caiculation results are shown in Figure 5.6 and Table 5.4. A mass of 2 ng could cause a 

25 Hz frequency shift. In leference [74], the ratio of resonant frequency shift to change 

in distributed mass is 2 1.3 Wng for a single CIC (cantilever-incantilever) and 8.55 

Hzhg for a double CIC. 

Figure 5.6 ANSYS d t s  of mass effects on resonant frequency 



Table 5.4 ANSYS m l t s  of mass effects on resonant frequency 

5.5 ANSYS Simulation of Band Pass Fiter 

The band pass filter consisted of two cantilever devices. Their resonant 

frequencies could be changed by adding element MASS 2 1 on their tips. Figure 5.7 

shows the finite element model for the band pass filter. 

Figure 5.7 Finite element model for the band pass filter 

Harmonic response analysis was conducted to model the behavior of the filter. 

Harmonic response analysis is a technique used to determine the steady-state response of 



a linear structure to loads that Vary siausoidally (harmonically) with time. The idea is to 

calculate the stnicture's response at several fnquencies and obtain a graph of some 

response quantity (usually displacements) versus frequency. This anaiysis technique 

calculates only the steady state, forced vibrations of a structure. The transient vibrations, 

which occur at the beginning of the excitation, are not accounted for in a harmonic 

response analysis. 

Three harmonic response analysis methods are available: full, reduced, and mode 

superposition. The reduced method enables you to condense the problem size by using 

master degrees of hedom @OF) and reduced matrices 11241. After the displacements at 

the master DOF have k e n  caiculated, the solution can be expanded to the original full 

DOF set. It is faster and less expensive compared to the full rnethod when you are using 

the frontal solver [124]. And more important, the prestressing (residuai stresses) effects 

can be included. 

Figure 5.8 and Figure 5.9 show the analysis results. Figure 5.8 is the amplitude 

response of the node on the cantilever tip. Figure 5.9 is the phase response of the sarne 

node on the cantilever tip. Table 5.5 shows the simulation results of band pass filter. 

Table 5.5 The simulation results of band pass filter 

Cantilever #11 Cantilever #14 

Measured Resonant 13190 
Frequencey (Hz) 

A N ~ S  Resonant 13200 13420 
Frequency (Hz) 



Figure 5.8 The amplitude response of the filter 

Figure 5.9 The phase response of the filter 



5.6 ANSYS Simulation of DC Current Tuning of Resonant Frequency 

A DC current produces a force on the cantilever because of its interaction with 

the magnetic field. Changing the current direction changes the force direction. in Our 

specific ANSYS model, the force created by the DC cumnt is in the z direction. Its 

magnitude depends on the DC cumnt and magnetic field. 

Restressed modal analysis of a large deflection was carried out to simulate the 

DC current effects on the resonant frequency. Before doing the modal anûlysis, a non- 

linear static analysis of residuai thermal stress and the DC force was conducted. In order 

to improve the convergence performance of our analysis, techniques such as tracking the 

convergence graphically, automatic time stepping and line search were used, as before. 

Figure 5.10 shows the analysis results. The simulation condition is identical with 

the expenments description in Table 4.1 of Chapter 4. When the DC current is equal to 

zero, the cantilever bends upwards because of the initiai residual (thermal) stress. This 

bending inmises the stiff'ness of the cantilever. Therefore, the first and second resonant 

hquencies are increased (see Table 5.3). 

In general, DC current tuning of the resonant frequency is due to the initial 

residual stress and different forces resulted from the different DC currents. In our 

ANSYS simulation, DC current tuning of the resonant frequency is a typical prestressed 

non-linear problem [124]. 

L i e  the measurernent data, the calculated data was non-linear. The resonant 

hquency is not proportional to the DC c m n t  And also from the simulated and 

measured results, it is shown that the resonant frequency of the cantilever is easier to be 

shifting higher than lower for the same amount of DC current. 



The difference between them is probably due to the enors in the best-fitted 

material properties in Table 5.2 (b) for the ANSYS calculation. 

Figure 5.10 ANSYS simulation results of DC cumn t tuning of the resonant 
frequency in air at 18 Torr 



5.7 ANSYS Simulation of Cantilever in Water 

The mixing of two or more liquid chemicals in the micro-channels is important 

for some applications [L 16,1171. For thin microchannels of 100 pm width or less, the 

Liquids in the microchanael transport under laminar flow. This implies that mixing of 

two fluids is only possible by diffusion. Researchers in the biochip field have tried 

different methods to achieve good mixing. Most of the mixer designs are not efficient. 

Figure 5.1 1 shows one mixer design from the Stanford University [117]. The liquids 

h m  inlets 1 and 2 have to travel a long distance before king properly mixed. 

Figure 5.1 1 Multi-lever laminating mixer 

When we characterized the cantilever device in liquids, we found the cantilever 

had a strong direct stirringlmixing efFect of the liquid. It could be a very efficient 

micromixer. In our test, we found the cantilever could signifcantiy reduce the dye 



mixing time in the DI water. However, we lacked sufficient facility to characterize it and 

to obtain quantitative experiment data. 

By means of an ANSYS simulation, we can undentand the interaction of the 

cantilever and liquids. The way the cantilever moves in the water cannoi be simply 

explained by damping. In addition to damping there is an "added mass" effect, because 

the moving cantilever carries fluid dong with it as it moves, effectively increasing the 

system mas .  The result is a lower natural frequency [24]. 

Acoustics is the study of the generation, propagation, absorption, and reflection of 

sound pressure waves in a fluid medium. We used the acoustics analysis in ANSYS to 

simuiate the cantilever behavior in water. 

An acoustic analysis, available in ANSYS, usually involves modeling the fluid 

medium and the surrounding structure. Typical quantities of interest are the pressure 

distribution in the fluid at different frequencies, pressure gradient, particle velocity, the 

sound pressure level, as well as scattering, diffraction, transmission, radiation, 

attenuation, and dispersion of acoustic waves. A coupled acoustic analysis takes the 

fluid-structure interaction into account. The ANSYS program assumes that the fluid is 

compressible, but allows only relatively small pressure changes with respect to the mean 

pressure. Also, the fluid is assumed to be non-flowing and inviscid (that is, viscosity 

causes no dissipative effects). Uniform mean density and mean pressure are assumed, 

with the pressure solution king the deviation h m  the mean pressure, not the absolute 

pressure. Al1 of these assumptions, especially the invisicid assumption, will create some 

analysis errors. Considering element compatibïlity between structure element and Iiquid 

element, the element SOLID45 was used for modeling the cantilever (Figure 5.12). 



Figure 5.1 2 ANSY S finite element model for cantilever 

SOLID45 is used for the three-dimensional modeling of solid structures. The element is 

defined by eight nodes having three degrees of freedom at each node, namely, translation 

in the nodal x, y, and z directions. The element has plasticity, creep, swelling, stress 

stiffening, large deflection, and large svain capabilities. 

FL,UID30 is used for modeling the fluid medium and the interface in fluici/stnicnrre 

interaction problems. The element can be used with other 3-D structural elements to 

perform unsymmetric or damped modal, full harmonic response and full transient 

method analyses. The element interacting with the structure is interface element 

FLUID30, otherwise it is non-interface FLUID30. KEYOPT(2) is used to specîQ the 

absence or presence of a structure at the interface for FLUID3O. The whole model for 

acoustics analysis is shown in Figure S. 13. The cantilever in this model cannot be seen 

because the cantilever elements are surrounded the water elements. There are 3297 

elernents and 5 1500 nodes in this model. 



Figure 5.13 ANSYS mode1 for acoustics analysis of cantilever in water 

Modal analyses were conducted for the cantilever in vacuum and in water. The 

results are shown in Figure 5.14 and Table 5.6. The difference of the measured and 

ANSYS calculated resonant frequency in water and vacuum is mainly caused by the 

assumption of invisicid for ANSYS acoustics analysis. 

In order to easily display the ANSYS results for acoustics analysis, we chose part 

of the acoustic analysis mode1 (see Figure 5.15). The water elements in the figure have a 

thickness of 76 p. That is, the distance between node A and node B is 76 pm. After 

harmonic response analysis, the z direction displacement of node B on the cantilever tip 

is shown in Figure 3.16, and average pressure at node A in water is show in Figure 

5-17. 

The sharpness of the displacement and pressure curves around 5100 Hz is due to the 

large frequency step of 50 Hz used in ANSYS simulation. 



(a) The fmt mode of the cantilever in vacuum 

(b) The first mode of the cantilever in water 

Figure 5-14 Modal analyses for cantilever in vacuum and in water 



Table 5.6 Calculated and measured first resonant kquency for the cantilever in vacuum 
and in water 

First resonant frequency Fit  resonmt frequency 
(Hz) (Hz) 

In Vacuum In DI water 
Measuremen t 9250 4440 

ANSYS 9235 5169 

Part of modtl for acoustics analysis 

Figure 5.15 Part of acoustics analysis mode1 



Figure 5.16 Displacement of node B of the cantilever tip in water 

Average pr#surc of watcr nadc A 

Figure 5.17 Average pressure at node A in water, 76 pm h m  the cantilever tip 



At a frequency of 5 150 Hz, close to the first resonant frequency of cantilevers 

detemllned by ANSYS, the average pressure distribution in the water is shown in Figure 

5.18. 

Figure 5.18 Average pressure distribution in water 

Unit: mls 

Figure 5-19 Velocity distrr'bution of water particIes at a frequency of 5 150 Hz 

108 



The velocity and displacement distributions of water particles are show in 

figure 5.19 and 5.20 respectively. In the location of 76 pm away fiom the cantilever tip, 

the average pressure is about 84 Pa, and the velocity of water particles is about 1497 

ws* 

The ANSYS results show that the cantilever device has a strong mixing effect on 

water. It force water particles moving in the high speed. Its srnall size, strong and direct 

interaction with the liquid makes it an efficient micromixer in the micro-fluidics system. 

Figure 5.20 Displacement distribution of water particles 
at a frequency of 5 150 Hz 



C&APTER 6 

CONCLUSIONS AND FUTURE WORK 

A simple CMOS resonant cantilever is designed and fabricated. Design principles 

and considerations about cantilever arms, releasing the structure, piezoresistoa, bonding 

pads and etch opening are given. The resultant piezoresistor has very large response 

amplitude. 

Combinational silicon etching, which combines the advantages of TMAH 

anisotropic etching and XeF? isotropic etching and significantly reduces the 

underetching, is proposed and developed. The silicon-doped TMAH anisotropic etching 

produces excellent resul ts. 

Dynamic properties of resonant cantileven in air, vacuum and liquids are 

investigated. The changes in the first resonant frequency and response amplitude with 

pressure, mass, magnetic field, and different viscous liquids are successfully 

characterized Possible applications such as liquid viscosity detection, band pas  filten, 

and biochip mixers are demonstrated. 

The effects of temperature-dependent residual stress on the device dynamic and 

static performances are studied. Nonlinear ANSYS simulation results have good 

agreement with the experimentai data. The interaction between water and the cantilever 

structure is also simulated. 

There are a nurnber of things that should be done for future work. 

1) Material properties extraction for solving residual bending caused by residual 

stress. Although we obtained good ANSYS simulation resuits by using 



optunization procedures based on the material data from references [12,104], 

more specific and accurate material properties of the Mitel 1.5 p n  process is 

still needed for detailed research. As mentioned in Chapter 5, a large number of 

thenal tests should be done to extract material properties such as reference 

temperatures and thermal expansion coefficients. 

2) Further study of cantilever operation in liquids, which includes more liquid 

samples test and viscosity calibration. We only studied two liquids at room 

temperature and found that the resonant frequency of the cantilever decreases 

with increasing liquid viscosity in this thesis. In order to use a microcantilever as 

a viscorneter, more liquid samples with different viscosities have to be studied at 

different temperatures to fully undentand the relationship between resonant 

frequency shift and liquid viscosity. Also an easy and diable calibration 

technique has to be investigated and developed. 

3) Further study of bandpass filten, which includes the design and fabrication of 

higher frequency filter ancilor bandpass füter arrays. In this thesis, we only 

connected two microcantilevers in series to expand the bandwidth. As part of 

future work, an array of microcantilevers whose resonant frequencies cover a 

certain range shall be studied to achieve even wider bandwidth. Furthemore, 

special design considerations have to be taken to move the Mcrocantilevea into 

higher kquency domains (GHz) where MEMS bandpass filters (switches) have 

important applications in modem telecommunications [ 1231. 

4) On-chip signal conditioning circuit The on-chip signal conditioning circuit 

would consist of a cumnt &or using the Mitel 1.5 pn process. Other circuits 



include an oscülator to produce the actuating current of 5-100 mA, anaiog-to 

digital converter for measunng the piezoresistor voltage and resonant frequency 

detector. 

5) On-package actuating magnetic field. The magnetic field of the cantilever is 

provided by an extemal magnet, which is bulky compared to the cantilever. 

Further development of the device should include the development of the 

magnetic field generator such as electroplating a metal loop or polymer magnet 

IW* 
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Appendix A 

The Preparation of the TMAH Etch Bath 

1. Add 1 6 0  mL deionized water with 400 mL of 25 W.% TMAH to make 2 

Liters of 5 wt.% TMAH solution. 

2. Add 88 grams of silicic acid into the solution. 

3. Pour the mixture into the beaker with a condenser (Figure 3.13), and heat to 

8 0 ' ~  under high stimng. 

4. Keep the mixture at 8 0 ' ~  for 3-4 houn, and measure the pH value of the 

solution. If the pH value is larger than 13, add 1 gram of silicic acid until the pH value is 

Iess than 13. 

5. Tum the heater off. b a v e  the stirrer on. Keep the solution in the beaker 

ovemight ( 1 2-24 hours). 

6. Heat the solution to 80'~. Tum on the stiner. Add 6 gram of potassium 

persulfate into the solution. Make sure the mixture is clear. 

7. Load the chip and etch it for 35 minutes, remove the chip and rinse it in DI 

water. 

8. Inspect the chip. Nonnally 35 minutes is enough for cantilever arm dease. If 

longer etching is needed, add 10 ml 25% TMAH and 3 grarns potassium penulfate. 

9. Repeat step 8 until cornpiete etching is done. 



Appendix B 
Input File for Canalever ANSYS Simulation 

This is the input file for ANSYS simulation of DC current tuning of  resonant 

frequency. The finite element mode1 for the cantilever including element type, material 

properties and boundary conditions has been built. Other analyses cm be realized by 

changing the analysis type and adding certain loading conditions. 

RITLE, THE EFFECTS OF DC 
CURRENT ON THE CANTTLEVER'S 
NATUWL FREQUENCY 
/Pm 

!define elements and material properties 
ET, 1 ,SHELL99 
R* 1 
RMODIF, 1,1,8,0,0,0,0, 
RMODIF, 1,13,1,0,1,2,0,0.3, 
RMODIF,1,19,1,0,0.8,3,0,0.8, 
RMODIF,1,25,1,0,0.8,3,0,0.8, 
RMODF, 1,3 1,1,0,0.5,4,0,0.5, 
UIMP, 1 J5X, , ,0.460e8, 
üiMP,l,DENS, , ,0.22e-11, 
W, I &PX, , ,0.4e-6, 
w* wuxx , *0.17, 
UIMP,2,EX, , ,1.5e+8, 
W,2,DENS,  , ,0.232e- 1 1,  
UIMP,2,ALPX, , ,2.k-6, 
w , 2 m ,  , m 3 ,  
UIMP,3W, , ,0.6e8, 
UIMP,3+DENST , ,0.27e-11, 
UIMP>,ALPX, , ,0.33e-4, 
w * 3 m ,  * 90.33, 
UIMP,4,EX, , ,O. 13e9, !O. Me9 
üIMP,4+DENS,, ,03187e-11, 
m94 ,ALPx,  , ,0366e-5, 
W A N J X Y ,  ,0939 

!Define meshing condition 
Tnw, 
MAT, 1, 
REAL, 1, 
ESYS,O, 



!Define boundary conditions 
FLST,2,14,1 ,ORDE,7 
FITrn,2,1 
FTEM,2,48 
-2*88 
FITEM,2,-92 
FTEM,2,235 
FTïEM,2,275 
FITEM,2,-280 
/Go 
D251X* , O * ? ?  u* , * ,  , 
FLNISH 

!Apply reference temperature (nonlinear) 
ISOLU 
m E 0  
NLGEOM, 1 
NROPT,AUTO, , 
LUMPM,O 
EQSLV,SPAR, ,O, 
PREC,O 
PntCHECIÇl 
PSTRES,ON 
TOFFST*O, 
FLST,î, 150,2,0RDE,2 
-*2*1 
m,2,-150 
BFEPS 1 X,TEMP, 1 ,-460, , , 
TIME 1 



AUTOTS ,- I 
DELTIM,O.l, , , 1  
KBC,O 
TSRE&ERASE 
TIME 1 
AUTOTS, 1 
NSUBST, lO,2O,S, 1 
KBC,O 
TSRES,ERASE 
LNSRCH, 1 
SOLW 
finish 

!Apply DC current force (nonlinear) 
ISOLU 
ANTYPE,O 
NLGEOM, 1 
NROFT,AUTO, ,oET 
LUMPM,O 
EQSLV,SPAR, ,O, 
PREC-O 
PNCHECK, 1 
PSTRES,ON 
TOFFST,O, 
FLST,2,2,5,ORDE,2 
FITEM,2,1 
l3=M,2*3 
/GO 
SFA,PS lx, 1 ,.PRES,-û.O I ! ~ P P ~ Y  
pressure on the supporting anns 

FLST,2,1 ,S,OR.DE, 1 
m 2 * 2  
/Go 
SFA,PS IX, 1 ,.PRES,-O. 14 
pressure on tip 
TIME* 1 
AUTOTS, 1 
DELTIM,O. 1, , ,1 
mc,o 
TSRES,EBASE 
-1 
AUTOTS, 1 
NSUBST* 10,20$, 1 
KBC,O 
TSRESJZRASE 
LNSRCH,l 
solve 
finish 

ISOLU 
ANTYPE,MODAL 
UPCOORD, 1 .O,ON 
PSTRES,ON 
MODOPT,SUBSP,3 
MXPAND3 
PSOLVE,TRIANG 
PSOLVE,E3GFULL 
FINISH 
ISOLU 
EXPASS,ON 
PSOLVE,EIGEXP 
r n S H  




