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This paper investigates a resonant microaccelerometer using a laterally driven 

micromechanical resonator, whose resonant frequency is changed by the acceleration

induced axial force. In the theoretical study, design equations for the resonant 
microaccelerometer have been developed, including analytic formulae for the resonant 
frequency, sensitivity, nonlinearity and maximum stress in the mechanical structures. On 

this basis, the sizes of the accelerometer are designed for a sensitivity of 10-3 g/Hz over the 

bandwidth of 100 Hz, while satisfying the maximum nonlinearity of 5%, the minimum 

shock endurance of 100 g, the detection range of 5 g and the size constraints placed by the 

microfabrication process. A set of resonant accelerometers has been fabricated by the 

integrated application of bulk-micromachining and surface-micromachining techniques. 

In the experimental study, we have performed a static test of the cantilever beam resonant 

accelerometer. The frequency shift of 860 Hz has been measured for the provided proof
mass deflection of 4.3 ± 0.5 µm, thereby obtaining the detection sensitivity of 0.92 ± 0.11 

x 10-3 g/Hz. From the uncertainty analysis based on the theoretical equations as well as the 

experimental data, we found that the major uncertainty in the frequency shift output comes 

from the uncertainties involved in the micromachining error, Young's modulus uncertainty 

and proof-mass deflection uncertainty. 

1. Introduction

Micromechanical resonant accelerometers measure an acceleration by detecting the 

change in frequency due to an acceleration-induced axial force in the resonant beam. 
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Compared with conventional accelerometers such as piezoresistiveOl, capacitive<2l and 
piezoelectric<3l accelerometers, the resonant accelerometer requires built-in resonant 
micro<fctuators as well as sophisticated detection circuitry. The resonant accelerometer, 
howeyer, is more suitable for high-precision measurement applications, because of its 
high-sensitivity digital-nature output that eliminates noise problems such as the intensity 
fluctua,tions associated with analog signals. 

Research on micromachined resonant accelerometers has been carried out since a bulk
micromachined resonant accelerometer was fabricated by Satchell and Greenwood. <4J 
Table ,i compares the previous works and present work on resonant accelerometers. The 
bulk-rriicrojnachined accelerometer,<4l whose sensitivity was 0.143 Hz/g, was based on the 
electrothermal excitation and piezoresistive detection of a resonant beam motion. A 
resonant-bridge two-axis microaccelerometer,<5) based on electrostatic excitation in the 
direction normal to a substrate and capacitive detection methods, has achieved a sensitivity 
of 160 Hz/g. Another type of resonant rnicrobeam accelerometer,<6l based on electrostatic 
excitation in the direction normal to a substrate and piezoresistive detection methods, was 
fabricated by bulk-rnicromachining and surface-micromachining. Symmetric proof-mass 
and flexure arrangement was used to minimize cross-axis sensitivity. Hashimoto et al. <7l 
also proposed a bulk-micromachined resonant accelerometer based on the electrostatic 
excitation f!nd capacitive detection methods, showing an acceleration sensitivity of 1.5 
kHz/g: Roessig et a[.<8l and Tabata et a[.<9J proposed the IC integrated resonant accelerom
eters whose sensitivities are 45 Hz/g and 37 Hz/g, respectively. 

In the present resonant accelerometer, we use laterally driven interdigitated comb 
structures<\0l as the excitation and detection structures, demonstrating their potential for 
Simple Structure, linear force, lOW damping(! I) and high design flexibility of the resonator. 

Table 1 
Comparison of previous and present works on resonant accelerometers. 

Case Actuation method Detection method Sensitivity Fabrication process 
( direction) ·--. / -, 

Satchell and Greenwood <4) Electrothermal Piezoresistive 0.143 Hz/g Bulk 
(normal*) 

Chang et al. <5J Electrostatic Capacitive 160 Hz/g Surface 
(normal) 

Burns et at.<6l Electrostatic Piezoresisti ve 743 Hz/g Bulk and Surface 
(normal) 

Hashimoto et al. <7l Electrostatic Capacitive 1500 Hz/g Bulk 
(normal) 

T.A. Roessig et al. <8) Electrostatic Capacitive 45 Hz/g Surface 
(lateral**) 

0. Tabata eta/.<9) Electrostatic Capacitive 37 Hz/g SOI process 
(lateral) 

Present work Electrostatic Capacitive 1100 Hz/g Bulk and Surface 
(lateral) 

*normal: micromechanical resonator that is oscillated in the direction normal to a substrate.
**lateral: micromechanical resonator that is oscillated in the direction lateral to a substrate.



Sensors and Materials, Vol. 14, No. 2 (2002) 93 

Another advantage of the comb structure is its simple fabrication process, where resonant 
beams and detection and excitation electrodes are defined by a single mask. Compared to 
those in the previous works,(4,

7
l where the excitation direction is parallel to the acceleration 

input direction, the present accelerometer uses the excitation normal to the acceleration 
input axis, thereby minimizing the coupling effects between the resonant excitation and the 
proof-mass deflection. 

In this paper, we present the design, fabrication, and static test of the resonant 
accelerometer. We also analyze the uncertainty in the acceleration sensitivity caused by 
the micromachining, Young's modulus and dimension errors. 

2. Theory and Analysis

Figure 1 shows the overall structure of the resonant accelerometer, which consists of a
proof-mass, a pair of cantilever spring beams, a microresonator, and a set of electrodes on 
a base plate. The proof-mass is suspended by a pair of cantilever spring beams and the 
microresonator (Fig. 2) , composed of a pair of fixed-fixed resonant beams and a perforated 
resonant mass, is attached to the proof-mass. A pair of electrostatic comb structures is 
designed between the resonant mass and the spring beams, for exciting the resonant beams 
as well as for detecting their motion as modulated by acceleration input. 

The working principle of the resonant accelerometer (Fig. 2) is explained as follows. 
When an external acceleration is applied in the z-direction, the spring beams act as a 
mechanical suspension to support the accelerated proof-mass motion in the z-direction 
(Fig. 3), which, in turn, develops an axial force in the resonant beam excited in the y
direction, thus causing a shift in the resonant frequency. 

The natural frequency of the accelerometer,f
0, composed of the proof-mass and the 

spring beams, is obtained as follows. 

1 
fo = -2n 

resonant mass 

electrode C -. 

Ept
3 

/ 

I /1 resonant beam- base plate 1 V70/////////// ////////7.;, ///////fl 

Fig. 1. Cantilever-beam type resonant microaccelerometer. 
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Fig. 2. Cantilever-beam type resonant rnicroaccelerometer: A, B and Care the length, width and 

thickness of the proof-mass; a, b and tare the length, width and thickness of the resonant mass; L, p 

and t are the length, width and thickness of the spring beam; and l, w and t are the length, the width 

and the thickness of the resonant bearn, respectively. 

Spring beam 

Z Resonant beam 

yl-x 

(a) 

(b) 

Fig. 3. Working principle of the resonant accelerometer: (a) when acceleration is not applied; 

(b) when acceleration is applied.
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where mproof denotes the mass of the accelerometer, and K,q, E, p, t and L indicate the
equivalent stiffness, Young's modulus, width, thickness and length of the spring beam, 
respectively. 

The resonant frequency of the vibrating microstructure is obtained by the Rayleigh 
methodY2• 13l For a vibrating micromechanical beam with an axial preload, the lateral
deflection is expressed as 

y(x,t) = I;(x)ejav , 
(2) 

where Y 1 ( x) is the fundamental mode shape of the beam vibration. The vibrating beam is 
subject to a bending moment and a tensile load. The potential energy, stored in the 
differential segments of the beam, is integrated to obtain the maximum potential energy, 
PE: 

PE= f LEI [d 2I; (x)]
2 

dx + f LF [dfi (x)]
2 

dx 
0 2 dx2 0 2 dx ' (3) 

where E, Land Fare the Young's modulus, moment of inertia and tensile load, respectively. 
The maximum kinetic energy, KE, occurs when each segment passes through the zero
displacement point: 

2[s d 2 1 
1

2 ] KE= m1 o - pAsfi (x)dx +-mresonan,½ , 
2 2 =L 

(4) 

where p, As and mr,sonan, are the density, cross-sectional area of the beam and mass of 
resonator, respectively. From the Rayleigh method, the maximum potential energy 
equates the maximum vibrational energy. From eqs. (3) and (4), the first resonant 
frequency of the beam is obtained as: 

(5) 

Equation (5) expresses the resonant frequency of the beam as a function of the tensile 
load. For the tensile load, proportional to the inertial load due to the acceleration input, the 
resonant frequency is a function of the acceleration input. As shown in eq. (5), the natural 
frequency of the resonant beam is a function of the axial force, F. Therefore, the resonant 
accelerometer (Fig. 1) generates the natural frequency shift of the resonant beam due to the 
axial force caused by an external acceleration. However, external acceleration (positive 
acceleration) induces tensile force in the resonant beam, and external deceleration (nega
tive acceleration) also induces tensile force in the resonant beam. Therefore, the present 
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resonant microaccelerometer can measure only the absolute value of the external accelera
tion. 

Without external force (F=O) in the resonant beam, the natural frequency of the 
microresonator,f,,, can be calculated as follows. 

1 4Etw
3 

f,, = 2= 3 
II,, mresOIUll!tl ' 

(6) 

where mis the resonator mass, and w, t and l are the width, thickness and length of the

resonant beam, respectively. With a tensile force F( = EE A
5

) in the resonant beam, the 

resonant frequency of the microresonator, fn is expressed<6• 7l as follows.

Fl
2 

112 z
2 

i12 fr = f,, (1 + 1.2-- 3 ) = f,.(1 + 1.2£-2 ) , 
Etw w 

(7) 

where fr is the resonant frequency with the tensile load, f,, is the natural frequency without
the tensile load, and Eis the strain of the resonant beam. 

When the acceleration, a, is applied to the proof-mass, M, the static deflection, /5, is
obtained as follows. 

(8) 

When the maximum acceleration, amax, is applied to the proof-mass, the maximum deflec
tion of the spring beam is generated as 

mproofL
3 

amax 

4Ept3 (9) 

where Keg = 4Ept3 
/ L3 is the stiffness of the spring beams. For the deflection of eq. (9) at 

the end of the resonant beam, we can approximate the maximum strain generated in the 
resonant beam, as follows. 

�-L 
Em= L 

(10) 

On the other hand, the maximum stress of the resonant beam is obtained by Hook's law, 
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(11) 

From eqs. (7) and (10), we estimate the frequency shift of the resonant beam due to the 
acceleration-induced axial strain. From eqs. (10) and (11), we can evaluate the shock 
survival of the resonant beams. 

The resolution and nonlinearity of the resonant microaccelerometer in the 5 g accelera
tion range are defined as follows. 

Resolution = --

5�8-
f max - fn ' 

Nonlinearity(%) = !linear - fmax 
X 100 

fmax 

' 

(12) 

(13) 

wherefmax is the resonant frequency at 5g and.fiinear is the linearized function of eq. (7) that
can be written as 

z2 
funear =fn (l+0.68-2 ). 

w 

3. Uncertainty and Micromachining Error Analysis

(14) 

We analyze uncertainty in the frequency output of the resonant microaccelerometer. 
The origin of the uncertainty includes error in fabricated structure size, Young's modulus 
error and proof-mass deflection. Among the micromachining errors, the effect of beam 
width is the dominant factor, representing the overall uncertainty due to micromachining. 
Thus, we examine the effects of the uncertainty in beam width on the frequency of the 
microresonator, and the uncertainty in the Young's modulus and the proof-mass deflection 
on that of the microresonator. 

The effect of the micromachining errors in beam width on the resonant frequency of the 
microresonator is obtained by differentiating eq. (6) with respect tow. 

dfn 
3 Etw 

dw 2n mresonant !
3 (15) 

Then, the effect of micromachining errors of beam width on the frequency shift is 

obtained by differentiating l1f = If, - fn l with respect tow.

3 

2n 

Etw 
( 

m resonant_ l 3 

z2 l 1.2c: 
l+l.28-2 -1 - --

w 7r 
Etl 

( 
!2 )-2

1 ----3 1+1.2c:-2 
mresonant w w 

(16)
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The effect of deflection measurement errors on the frequency shift is obtained by 
differentiating with respect to 8. 

0.60 

nL 

l 

Etl ( [2 )-2
1-------c-2 ----:2,- 1 + 1.2£-

2 

m,,sonant w( L + 0 ) w 
(17) 

The effect of Young's modulus measurement errors on the frequency shift is obtained 
by differentiating .1/ with respect to E. 

1 
4n 

, __ 4_tw_3 -3 (1 + I.2t:-z
2

_2 )½
Emresonant l w 

(18) 

From eqs. (16) and (17), an overall uncertainty, U, of the frequency shift including 
micromachining error, Young's modulus error and proof-mass deflection en-or, is ex
pressed as follows: 

(19) 

4. Design and Fabrication

4.1 Resonant microaccelerometer 

Design variables for the accelerometer are illustrated in Fig. 2. To detefflline the design 
variables, we consider the natural frequency of the accelerometer, fo, in the range of 100-
500 Hz. The choice of the frequency range is adapted from the specifications of Lucas 
silicon servo accelerometersC14l which typically are used in high-reliability guidance 
systems for missiles, torpedoes, and other related military devices. In typical specifica
tions of Lucas Schaevitz's accelerometer, the range, nominal natural frequency, linearity, 
resolution and shock survival are± 5 g, 125 Hz, 0.05% of full range, 0.001 % of full range 
and 100 g-11 msec, respectively. In order to reduce the nonlinearity, the natural frequency 
of the microresonator, fn , is fixed to satisfy fn � I 0f

0, but it is not necessary to satisfy this 
condition accurately. Next, we consider shock survival. The accelerometer is designed 
such that the maximum strength, <Ym, of the accelerometer is less than a tenth of the yield 
strength, <Y/10, with consideration of the safety factor of 10. Sensitivity has been designed 
to be 103 Hz/g in the detection range of 5 g, while satisfying the maximum nonlinearity of 
5% and the minimum shock endurance of 100 g. On this basis, the design variables for the 
accelerometer are set in order to satisfy the specifications and the above-mentioned 
constraints, as shown in Table 2. 
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4.2 Test structures for Young's modulus and residual stress measurement 

Figure 4 shows an on-chip polysilicon test structure designed for the measurement of 

Young's modulus. The mass and movable combs are suspended by micro beams. Analysis 

of the structure yields an expression for the Young's modulus as a function of the resonant 

frequency and geometrical dimensions. 

E = (2n f)2 z
3

mt,st 

48/ 
(20) 

where f is the resonant frequency of the test structure, m1,s1 is the resonant mass, and / and 

l are the moment of inertia and the length of the microbeam, respectively.
The microresonators of the resonant accelerometer have long and narrow beams which

will deflect and buckle as a result of residual stress. The test specimen for residual stress is

Table 2 

Resonant rnicroaccelerometer design. 

Mass 

Stiffness 

Resonant frequency 

Accelerometer 

6.90 X 1Q-3 µg

0.092N/m 

0.58 kHz 

anchor 

microbeam 

resonant 

mass 

Microresonator 

2.58 X 1Q--4µg 

1.565 Nim 

12.40 kHz 

comb 

Fig. 4. Design model of Young's modulus test structure. 
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shown in Fig. 5. On the basis of the theory of beam buckling,<15) the critical load equation 
is expressed. From this equation, we obtain the residual stress for a buckled beam of length 
Land width w, as follows: 

n
2
Ew

2 

CT=---

12L2 '

where Eis the measured Young's modulus from eq. (20). 

4.3 Fabrication process 

(21) 

A set of designed micromechanical test structures has been fabricated by a combination 
of the bulk- and surface-micromachining techniques. The microresonator and the spring 
beams are fabricated by the surface-micromachining technique, while the proof-mass is 
formed by the bulk-micromachining technique. The on-chip test structures for Young's 
modulus (Fig. 4) and residual stress (Fig. 5) measurements are also fabricated by the 
surface-micromachining technique. 

The five-mask process starts with an alignment key definition on a 4" (100) silicon 
wafer of 600 µm thickness. The silicon wafer is cleaned and.thermally oxidized to form a 
1.3-µm-thick SiO2 film. After the patterning of the oxide etch mask, the wafer is etched in 
70"C KOH solution to transfer the alignment marks to the silicon wafer. 

Figure 6 describes the microfabrication process. In Fig. 6(a), a 3-µm-thick proof"mass 
is defined by a 1100

°C boron diffusion process using a thermal SiO2 diffusion mask. After
the removal of the thermal SiO2 and B2O5 films, the wafer is passivated with a 2000-A
thick LPCVD nitride layer, deposited on top of a 2000-A-thick thermal SiO2 layer. A 2-
µm-thick LPCVD sacrificial PSG layer is deposited, as shown in Fig. 6(b). After the PSG 
layer is patterned, the 2-µm-thick polysilicon structure layer is then deposited by LPCVD 
as shown in Fig. 6(c). A 1.5-µm-thick PSG layer is deposited on the polysilicon structure 
layer. An annealing process is performed at 950

°
C in N2 for one hour to dope the

polysilicon structure layer symmetrically by the diffusion of phosphorus from the top and 
bottom layers of PSG. An additional annealing process is also performed to control the 
residual stress in the polysilicon layer. The top PSG layer is patterned and is used as an etch 

Fig. 5. Residual stress test structure. 
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(a) 

(b) 

(c) 

(d) 

(c). 
� IIlIO 
Si p• Si Si02 ShN, PSG Poly 

(600µm) (3µm) ( 1.3µm) (2000 A) (2µm) (2µm) 

Fig. 6. Fabrication process for the resonant rnicroaccelerometer: a cross-sectional view along X-X 
of Fig. 1. 

mask during RIE of the polysilicon layer. Using the RIE process, accelerometer springs as 
well as the test structures for the Young's modulus and residual stress measurements are 
fabricated on the same wafer. As shown in Fig.6(d), a 2-µm-thick sacrificial PSG layer and 
a 2000-A-thick LPCVD nitride are deposited, respectively. This nitride layer serves as a 
mask layer to protect the front surface of the substrate during the back surface silicon 
etching in EDP (Ethylenediamine: Pyrocatechol: DI water= 1000 ml: 165 g: 330 ml) 
solution. After the back surface patterning of the nitride layer, the bulk silicon is etched in 
l lO'C EDP solution. The removal of the nitride layer and the PSG layer from the front
surface of the substrate completes the microfabrication process as shown in Fig. 6(e).
Figures 7 and 8 show a microfabricated cantilever-type resonant accelerometer, with Fig. 8
showing a close-up view of portion A in Fig. 7.

5. Experimental Results and Discussion

5.1 Frequency shift measurement and uncertainty analysis 

In order to examine the frequency shift output of the fabricated accelerometer, we 
performed a static test in the atmosphere pressure. Figure 9 shows the experimental setup 
for the resonant frequency measurement when a static deflection is applied to proof-mass. 
The applied proof-mass deflection is not caused by the gravitational force, but by a probe 
tip of the test setup. We measured the frequency shift caused by the applied proof-mass 
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Fig. 7. Photograph of microfabricated resonant accelerometer. 

Fig. 8. SEM micrograph ofthe microresonator: a close-up view of portion A in Fig.7. 

deflection, instead of the proof-mass deflection due to static acceleration. 
The resonant frequency of the microresonator without the deflection of the proof-mass 

was measured to be 11.0 ± 0.6 kHz at a DC bias voltage of 45 V with an AC drive voltage 
of 32 Vr-r· For the applied proof-mass deflection of 4.3 ± 0.5 µm, corresponding to an 
acceleration input of 0.793 ± 0.092 g, the resonant frequency of the microresonator has 
been increased by 860 Hz. The theoretical resonant frequency and its shift due to the proof
mass deflection are estimated by eq. (6) and (7), respectively. The results, listed in Table 
3, include the effect of micromachining errors, uncertainty in the Young's modulus 
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F�g. 9. Instrument set-up for the resonant frequency measurement and static deflection test. 

measurement and the deflection measurement uncertainty, respectively. Considering these 
three errors, we obtain a theoretically estimated frequency shift of 571.96 ± 672.0 Hz. 

From the results, we find that the major portion of the uncertainty in the frequency shift 

estimation comes from the uncertainty in the Young's modulus measurement. 

Using the theoretical equations of (16), (17), (18) and (19), we also analyze the 
uncertainties in the resonant frequency and frequency shift of the accelerometer, as shown 
in Table 4. From the theoretical uncertainty analysis (Table 4), the rnicromachining error 
and uncertainty in Young's modulus measurement cause the uncertainty of ±560 Hz and 
±625 Hz in the resonant frequency estimation. The effects of the deflection measurement 

error and uncertainty in Young's modulus measurement are more dominant than that of the 

micromachining error in the frequency shift estimation, whose quantitative values are 

listed in Table 4. 
Finally, in Table 5, we compare the estimated and measured performance of the 

resonant microaccelerometer. The estimated values in Table 5 are based on the measured 
sizes of the fabricated device. The experimental resonant frequency of 11.0 ± 0.6 kHz 
agrees well with the theoretical value of 11.05 ± 0.84 kHz. The measured frequency shift 

of 860 Hz is higher than the theoretical value of 571.96 ± 672.0 Hz. The discrepancy 

between the measured and the estimated frequency shifts is mainly due to the unce1tainties 

involved in the proof-mass deflection and Young's modulus. 
For an accurate prediction of the resonant frequency shift, the rnicromachining errors, 

particularly in the resonant beam width, proof-mass deflection and Young's modulus, must 
be defined accurately. If the Young's modulus of polysilicon is measured within 1 % error 
bound, the frequency shift can be estimated within 7.5% error bound. For a precise 
fabrication of the microstructure dimensions, it is recommended that more attention be 

paid to the photolithography and RIE processes because they define the structures deci

sively. 
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Table 3 
Uncertainty analysis based on the measured structure sizes and proof-mass deflection. 

Performance Estimated values Uncertainties 
Overall Due to Due to 

micromachining deflection 
error 

Equivalent 0.793 g ±0.092 g NIA 

acceleration (a) 

Resonant 11.05 kHz ±0.84kHz ±0.56kHz 
frequency (f,,) 
Frequency 571.96 Hz ±672.0Hz ±9.06 Hz 
shift (4fn) 

(g:gravitational acceleration.) 

Table 4 
Uncertainty analysis based on the theoretical equations. 

Estimated resonant 
frequency Cfn

) 
Estimated frequency 
shift (,1f,,) 

Table 5 

Uncertainties 
overall due to 

micromachining error 
±839 Hz ±560 Hz 

±670.6 Hz ±8.7 Hz 

error 
±0.092 g 

NIA 

±136.38 Hz 

due to 
deflection error 
NIA 

±129.2 Hz 

Due to 
Young's 
modulus error 

NIA 

±0.625 kHz 

±658.0 Hz 

due to Young's 
modulus error 
±625 Hz 

±658.0Hz 

Comparison of the measured and estimated performance of the resonant microaccelerometer. 

Performance Measured value Estimated value 

Resonant frequency Cfn) 11.0 ± 0.6 kHz 11.05 ± 0.84 kHz 

Frequency shift (,1/J 860Hz 571.9 ± 670.6 Hz 

Sensitivity 1.10 ± 0.13 kHzlg 0.72 ± 0.84 kHzlg 

6. Conclusions

In this work, we have designed and fabricated a resonant microaccelerometer utilizing 
the laterally driven electrostatic excitation and capacitive detection methods, and we have 
also performed the static test and uncertainty analysis on the resonant microaccelerometer. 

Microaccelerometers with built-in polysilicon microresonators have been fabricated by the 

combined use of the bulk-micromachining and surface-micromachining techniques. From 

the on-chip test structures, the Young's modulus of polysilicon is measured to be in the 
range of 60 - 100 GPa. The residual stress in the polysilicon layers has been reduced to 
362. l kPa through annealing, performed for 2 h at IO0O"C in a N2 atmosphere. From the
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static test, the fabricated resonant accelerometer shows a frequency shift of 860 Hz from 
the resonant frequency of 11.0 ± 0.6 kHz, thereby resulting in a sensitivity of 1. 1 x 103 Hz/ 
g. From the uncertainty analysis based on the theoretical equations as well as the
experimental data, we found that the major uncertainty in the frequency shift output
originates in the uncertainties involved in the rnicromachining error, Young's modulus
measurement and proof-mass deflection measurement.
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Appendix 

Young's Modulus Measurement 

From the rnicrofabricated on-chip test structure, we measured the Young's modulus of 
the polysilicon structure layer. For a DC bias voltage of 30 V with an AC drive voltage of 
8 Vr-r, resonant frequencies of 13.27 ± 0.07 kHz and 13.13 ± 0.13 kHz were measured for 
the two test structures shown in Fig. 4. Using the measured dimensions and the resonant 
frequencies, we can estimate the Young's modulus of the polysilicon layer using eq. (20). 

Among the size uncertainties in the structure, we considered the rnicromachining error of 
the resonant beam size only, because of its major effect on the Young's modulus estima
tion. In the Young's modulus estimation, therefore, we considered the uncertainties 
involved in the microbeam size measurement and the frequency measurement. By 
comparing the effect of these two sources of uncertainty in Table 6, we find that the major 
portion of the uncertainty in the Young's modulus estimation originates in the 
micromachining error in the beam size. From Table 6, we finally obtained the Young's 
modulus of the polysilicon layer as 84.44 ± 15.65 GPa and 82.67 ± 15.38 GPa for the two 
polysilicon on-chip test structures. From the measured dimensions and the resonant 
frequency of the rnicroresonator, we estimate the Young's modulus of polysilicon as 81.22 
± 12.56 GPa, including the uncertainties of ±8.83 GPa and ±8.94 GPa involved in the size 
and frequency errors, respectively. The estimated Young's modulus agrees well with those 
values estimated from the on-chip test structures in the "Experimental Results and Discus
sion" chapter. Thus, we consider the Young's modulus of polysilicon as 82 ± 15 GPa. 

Residual StressMeasurement and Control 

Figure lO(a) shows a polysilicon microstructure buckled due to the compressive 
residual stress. In order to control the residual stress, we have performed process tests with 
four different annealing time of 1 h, 2 h, 3 h and 4 h at a fixed temperature condition of 
1000

°

C in N2 atmosphere. After 1 h annealing at 1000
°

C, we still observed the residual 
stress problem. With annealing of 2 h at 1000

°

C, the residual stress of the polysilicon 
structures was completely released as shown in Fig. 1 0(b ). Under process conditions with 
longer annealing times, we observed a PSG reflow problem. From eq. (21), we estimated 
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Table 6 
Young's modulus estimated from the measured test structure sizes and resonant frequencies. 

Measured frequency 

Estimated Young's modulus 

Test structure A 

13.27 ± 0.07 kHz 

84.44 GPa 

Uncertainties in overall ±15.65 0Pa 

Young's modulus due to 

micromachining error ±15.62 0Pa 
due to 

frequency error ±0.89 GPa 

(a) 

(b) 

Test structure B 

13.13 ± 0.13 kHz 

82.67 GPa 

±15.38 0Pa 

±15.29 GPa 

±1.64 GPa 

Fig. 10. Photographs of buckled and stress released rnicrobeams: (a) buckled microbeam due to 

residual stress; (b) stress released microbeam. 

that the compressive residual stress is lower than 362.1 kPa for the polysilicon layer 

annealed for 2 h at 1000°C. For other annealing conditions, the minimum residual stress of 
10.47 MPa was estimated. 
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