26 2
2005 2

CHINESEJOURNAL OF SEMICONDUCTORS

Vol.26 No.2
Feb. ,2005

Bulk-Silicon Resonant Accelerometer

Jia Yubin', Heo Yilong®, and Zhang Rong?

(1 Institute of Microelectronics, Peking University, Beijing 100871, China)

(2 Department of Precision Measurement Technology and Instrument, Tsinghua University, Beijing 100084, China)

Abstract : Reonant accderometer is desgned ,which includes two double-ended tuning forks,a proof mass,four-leverage
syssem amplifying inertia force ,and drive/ sense combs. Each tuning fork is ectrostaticaly actuated and sensed at reso-
nance uing comb dectrodes. The device is fabricated usng MEMS bulk-slicon technology , whose sendtive degree is

27.3Hz/ g ,and the resolution is 167. 1 g.
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1 Introduction

Accelerometers are used for diverse areas ranging
from inertia navigation to vibration monitoring. Mi-
cromachined accelerometers are widely used for auto-
motive industry because of their low cost ,smal sze,
and broad frequency regponse!*!. Various accelerome-
ters based on a number of different techniques and
principles? “! have been designed and i mplemented.
In the mgority ,the acceleration to be measured is
converted into a dilacement of movable proof mass.
This digplacement can be picked up by optica ,capaci-
tive piezoresistive or tunneling methods™* 7. Howev-
er ,the resonant acceerometers are operated by detect-
ing frequency shift due to the inertia force which is
caused by the applied acceleration in the resonant
characterigtics of the devices. For a direct frequency
output ,renant senrs have many advantages over
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conventional type such as high reslution,wide dy-
namic range, quas-digital nature, and the inherent
continwous seif-test capability!®. The quartzbased
repnant accelerometers have been used for naviga
tion-grade sensng!®!. During last few years ,basng on
repnant principle, severad renant accelerometers
have been reported ,including surface!*® Y bulk!*?)
and mixed (bulk and surface) (8! micromachi ng pro-
cess. In 1997 ,Roesdg et al. desgned and fabricated a
DETF (doubleended tuning fork) resonant ac
celerometer with a 45Hz/ g scale factor udng a lever
system to magnify the inertial force goplied to the
tuning fork!*®!. In 2002 ,Seshia et al. improved lever
structure and fabricated a DETF accelerometer with a
17Hz/ g scale factor and a noise floor of 4Q g/ Hz" 2
for input accelerometer frequency of 300Hz!*.
Resnant senor monitors the measurand as a
function of reoonant frequency of the vibrating struc-
ture or reonator. A key determinant of the perfor-
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mance of the device is the amount of energy coupled
through the resonator’ s supportsto the surroundings.
The level of coupling can be reduced by desgning a
dynamicaly baanced rewonator. DETF
mentioned above is the smplest form of stress sns-
tive dynamically balanced structure!™®*
devate the sendtivity and stability of resonant ac
celerometer ,improving the structure of reonant ac
celerometer isessential. We desgn and fabricate a res
onant accelerometer with a 27. 3Hz/ g scale factor and
a 167. & g reslution usng bulk-slicon process.

resonator

1 In order to

2 Sructure description

The structure of the rewpnant accelerometer is
shown in Fig. 1. This accdlerometer condsts of two
double-ended tuning forks,a proof mass surrounding
two tuning forks and extending around ,four leverage
systems ,and drive/ sense combs.

Fg.1 Sructureof the repnant accelerometer

The proof mass is attached to two double-ended
tuning fork resonators via four mechanical-leverage
arms. In order to maximize the scale factor ,the four
leverage systems are used to magnify the inertial force
applied to the tuning forks. Each tuning fork is elec-
trogtatically actuated and sensed at reonance usng
comb eectrodes. When an external acceleration is gp-
plied to the device ,one tuning fork is subjected to a
tendle force which raises its natura frequency ,and
the other tuning fork experiences a compressveforce,
lowering its frequency. Two doubleended tuning
forks provide for a differential output which is twice
sengtivity of the one double-ended tuning fork and
avoid or lower the ambient noi<e.

3 Freguency shift due to acceleration

The natura frequency of a clamped-clamped
beam subjected to a concentrated load (combs) that is
applied to the center of the beam in itsprimary mode
of the operation is given by

_ 7.044 ’\/LE MNE 1
fo="p X 12XL|J *p (s + 0.3965wl)

(1)
wherep is the materid densty, E is the Young’
modulus,| and w is the length and thickness of the
beam, regpectively , s is the tota surface area of the
movable combs.

The change of the natura frequency as a func
tion of applied axia force id™®

a1
f = fo(lx Fp)2 (2)
_1z
Ew’h’
is the lever amplification factor ,S and h are the tota
area and thicknessof the proof mass,regectively ,ais

where p = 0. 2949 x F=Cma= @Sha, C

the applied accelerometer.

Note that the postive dgn"
the negative one” - " in Eg. (2) if the compressve
force is applied on the double end of the sense beam.

Snce there are two equally matched tines for
DETF ,the axia force caused by the applied accelera
tion on each tine is haved as compared to the case for

+” is changed into

a dngle clamped beam. Because the frequency shift
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A f is smdl as compared to the center frequency fo
and there are two equally matched DETFsin Fig.1,
the relative frequency shift of the structure desgned
in Fg.liswritten as

Af 1

Usng the differentia outputdf = A f; - Af,, and
Af; =-Af,, the scaleof the device can be expressed
as

8f _ Af _ 1%fq
2 = 5 - 007872@s En (4)

Table 1 isalist of the implemented desgn pa
rameters of the resonant accelerometer.

Table 1 Desgn parameters

Parameter Symbol Desgn vaue
DETF tine length | 80 m
DETF beam width w Fm
DETF naturd freguency fo 24.9kHz
Proof_mass area S 4.6 x 109 m?
Thickness of the proof mass and comb

fingers and tuning forks " sy
Totd areaof the movable combs S 1.2 x10f m?
Number of sensng comb finger Nsg 53
Number of driving comb finger N g 46
Comb finger gap d 3Im
Finger motion range Xo 7.9 m
Comb finger length Ic 23 m

L ever amplification C 20
Scde factor df/ a 113Hz

4 Fabrication process

The standard bulk-slicon micromachining tech-
nology is used to manufacture the resonant acceleronr
eter (Fig.1) ,which combines ICP degp etching with
S-glass bonding technology. The fabricating process
of the resonant accelerometer involves threetime pho-
tolithography , and its advantages refer to dmplicity
and high reliability ,etc. The basc steps of fabrication
are asfollows:

Firstly the double sdes of the dlicon wafer were
oxidized thermally, then the first photolithography

was done in the one face:usng the postive photore-
d¢ as the mask and the usdess dlicon dioxide was
taken out by the reactive ion etching (RIE) ,then re-
moving photoresst and usdng slicon dioxide as the
mask ,the slicon on the surface was etched with KOH
lution,and the protruded parts about 31 m high as
the anchorsof the fixed combs and the sugpenson of
the proof mass and tuning forks were generated as
shown in Fig. 2 (a). At the same time,the seocond
photolithography was done in the surface of the glass.
The shallow trenches were patterned and etched. A
Ti-Pt-Au layer of about 200nm was uttered on
Pyrex glass wafer ,followed by lift-off patterning to
form the dectrodes and leads as shown in Fig. 2(b) .

The dlicon dioxide on the inverse face was pro-
tected by gelatiniziing photoress , then the dlicon
dioxide on the former face was etched by HF lu-
tion. After the photores st on the inverse face was tak-
enout ,a heavy B™ surface doping was done to get
well ohmic contact. Finaly the dlicon dioxide on the
inverse face was etched out. The slicon waer wasin
versed and bonded with Pyrex glass wafer ,and there-
fore the protrudent parts were fixed on the glass and
were combined with the leads. Then the dlicon wafer
was thinned with KOH slution to 50 80 m thick-
ness ,which was the structure layer of the accelerome-
ter as shownin Fig. 2(c).

The Al membrane was uttered on dlicon
wder. The third photolithography was done usng the
photoresst as the mask ,and the pattern of the ac
celerometer appeared. Usng Al as the mask ,the sli-
con wafer was etched to the glass by ICP method ,2
the moveable structure of the accelerometer was re-
leased as shown in Fig. 2(d) .

Usng digita camera under 20 X-magnification
microsoope ,we took two photographs of above fabri-
cated structure as shown in Fg. 3. This structure
bears equally matched tuning forksin the center. The
right in Fig. 3(b) iseectrode padswhich are connect-
ed with drive and snse circuits.
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Fg.2 Fabricating processof the resonant accderometer

Fig.3 Micrograph of thefabricated structure of the reo-
nant accel erometer

5 Measurement results

Usng the swivel table and Agilent 53131 al-
purpose arithmometer ,some parameters of the fabri-
cated sample of the accelerometer were measured such
as sengtivity and resolution.

First the sample wasfixed parale on the swive
table ,and the output sgna of the accelerometer was
connected to the arithmometer. Turning the swive
table and looking for the maxima and minima vaue
of the output dgna ,dgning the corregponding pos-
tion which was defined as + 1g ,and defining the zero-
output postion in middle between two postions as
reference mark of the zero podtion ,the points gpacing
10° from - 90° (- 1g) to +90° ( +1g) were mea
sured for 20s and noted. We adopted the average of
the output valuesfor 20s as the measured val ue of the
point and noted it. The measured data are shown in
Table 2. These data were fitted by linearity as shown
in Fig. 4. Then the sengtivity of the accderometer
was obtained.

Table 2 Measured data of the accderometer

Anglel (°) - 90 - 80 - 70 - 60 - 50 - 40 - 30 - 20 - 10 0
Output vaue/ Hz 1328.50 | 1328.94 | 1330.19 | 1332.39 [ 1335.38 | 1339.07 | 1343.29 | 1348.13 [ 1352.87 | 1357.14
Anglel (°) 90 80 70 60 50 40 30 20 10
Output vaue/ Hz 1383.11 | 1382.79 | 1381.77 | 1379.67 | 1377.15 | 1373.84 | 1370.23 | 1366.11 | 1361.64

Setting the accelerometer on zero postion ,con-
necting the output sgnal of the accelerometer to the
arithmometer ,setting the operation mode of the arithr
mometer on the square difference statistic mode ,and

noting the square-difference value of the acceerome
ter ,the resolution of the accelerometer was obtained
by a ratio of the square-difference value to the sns-
tivity.
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Fig.4 Linear fitted curve of the testing data of the
acce erometer

Acoording to above experimental data,the sens-
tivity of the accelerometer sample is 27.3Hz/ g, the
reolution is 0. 00458/ 27. 3 = 167. §1 g ,and the reo-
nant frequency is around 25kHz which agrees with
caculating result. The measured snstivity of the de-
vice is around a quarter of the caculating result be
cause the lever amplification is not up to 20 due to the
flexure of lever arm and sugpendon for proof mass,
and in fact the lever amplification isonly 4 5. By
improving the structure sze of the lever ,the amplifi-
cation may be upwardsof 10.

6 Conclusion

The structure of a resonant accelerometer ispre-
sented, which includes two doubly clamped tuning
forks,a proof mass surrounding two tuning forks and
extending around ,four-lever syssem amplifying iner-
tia force ,and drive/ sense combs. The force acting on
the axisof the tuningforks due to applied acceleration
raises the frequency due to a tendle force for one
fork ,and at the same time lowersthe frequency due to
compressve for the other fork. Each tuning fork is
dectrogatically actuated and sensed at reonance us
ing comb electrodes. Two double-ended tuning forks
provide for a differential output which is twice sens-
tivity of the one double-ended tuning fork and avoid
or lower the ambient noise. The device has been fabri-

cated usng MEMS bulk-dlicon technology. The sn-
gtive degree of the accelerometer sample is 27. 3Hz/
g.and the relution is 167. § g.
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