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Microelectromechanical Systems (MEMS)
Accelerometers Using Lead Zirconate
Titanate Thick Films

L.-P. Wang, K. Deng, L. Zou, R. Wolf, R. J. Davis, and S. Trolier-McKinstry

Abstract—MEMS accelerometers based on piezoelectric lead
zirconate titanate (PZT) thick films with annular diaphragm
sensing structures were designed, fabricated, and tested. Theoret-
ical and numerical models for this new inertial sensing structure
are presented. The design provides good sensitivity along one axis,
with low transverse sensitivity and good temperature stability. Test
results show high sensitivities and broad usable frequency ranges.
Measured sensitivities range from 0.77 to 7.6 pC/g for resonant
frequencies from 35.3 kHz to 3.7 kHz. Reasonable agreement with ocesueie T :
theoretical values was obtained. i g *
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|I. INTRODUCTION electrode electrode

N 1998, accelerometers based on microelectromechanical ) ) ) i
. 1g. 1. Schematic showing the cross section of an annular diaphragm MEMS
systems (MEMS) enjoyed the second largest yearly saleSqjerometer.

volume, after pressure sensors, of all MEMS devices [1]. While

reviews of capacitive and piezoresistive accelerometers a&ported sensitivity of 16 pC/g seems somewhat high, however,
given elsewhere [1]-[3], less literature is available on piezgince the acceleration-induced stress integrated over the area
electric MEMS accelerometers. In the latter, ZnO and PZJf the piezoelectric should be lowered since the stresses are of
films are the two primary sensing materials used. For sengiposite sign near the frame and the inertial mass. In addition,
applications, PZT is suitable for operating in charge modge reported voltage sensitivity, 10&//g, is inconsistent with
since its dielectric constant is much higher comparing to Znle charge sensitivity for the sensor capacitance of 360 pF.

[4]. Typically, the charge sensitivities of MEMS accelerom- Thjs |etter reports the successful fabrication and testing of

eters using ZnO films are relatively small [5]-[8] since thejezoelectric accelerometers based on thick film PZT and deep-
electromechanical coupling coefficients and the piezoelectfignch reactive ion etching (DRIE).

constants of ZnO are an order of magnitude smaller than those
of PZT films. Il. DEVICE DESIGN AND FABRICATION

Kim et al. [9] fabricated surface-micromachined PZT Thi d i ircular diaph .
accelerometers with a cantilever-beam structure. No dynamic IS paper describes a circular diaphragm sensing struc-

frequency response measurements were given. Bulk-micfd® [13], specifically, an annular membrane supported by

machined PZT accelerometers using a seismic mass g? iIicon frame with a proof mass su'spended at the.center
two silicon beams as the sensing structure were fabricat%dthe d_|aphragm (See Fig. 1). The thlcl_<ness of the Si layer
by Eichneret al. [10]. An average sensitivity of 0.1 mV/g supportmg_the PZT _f||n_1/e|e_,\ctrode s_tack IS betwe_en_6 and 45
was measured, and the calculated resonant frequency wad'T3 The_ piezoelectric film is dep_osneq on a PyTi/gittack
kHz. Beebyet al. [11], [12] fabricated a bulk micromachinedS© that it can be poled through its thickness and the annular
accelerometer using screen-printed PZT thick films THaP electrodes are adjusted so that the areas are identical. The
" pyroelectric effect is cancelled when these two area are poled
in the opposite directions. Compared with beam-type sensing
Manuscript received December 3, 2001; revised January 18, 2002. Tﬁguc_tl_”_es’ this design uses area efficiently, yleld!ng ‘F_j‘ high
work was supported by the National Institute of Standards and Technolog@nsitivity accelerometer. Because the structure is stiff, the

under WR-ATP-0001, the Penn State Nanofabrication Facility, and the Cornglhnsor has a high resonant frequency and wide bandwidth.

PZT Film

Nanofabrication Facility, which provided the DRIE tool. The review of thiﬁ: h h ield | L

letter was arranged by Editor J. Sin. urthermore, the sy_mmetry yields ngturg msensmv!ty to
L.-P. Wang, R. Wolf, R. J. Davis, and S. Trolier-McKinstry are with Pennsyltransverse acceleration. From a fabrication standpoint the

vania State University, University Park, PA 16802 USA. design does not require through-etching the silicon to release
K. Deng and L. Zou are with Wilcoxon Research, Gaithersburg, MD 2087% L L e

USA. the membrane, therefore, the fabrication process is simplified
Publisher Item Identifier S 0741-3106(02)03208-1. and yield can be enhanced.
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Stress Distribution along the Radius
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Fig. 3. View of the backside of an annular MEMS accelerometer. The front
1008 667 00011 0001z 00013 00014 00015 00016 00017 00018 side is flip-chip bonded with a ceramic substrate.

Inner radius b to outer radius a (m)

films and DRIE bulk-micromachining techniques. Multiple de-
Fig. 2. Modeled stress distribution in the accelerometer along the radj sition and crystallization steps were used to build up the PZT
direction; the solid line is radial stress, and the dashed line is tangential stress. .. . . .
ickness. The fabrication processes will be detailed in [17].

The structure was modeled using Timoshenko plate theory

[14], and the boundary conditions under quasistatic inertial load lll. M EASUREMENTS
were treated as in [15]. The analytical stress solutions are Dynamic frequency response measurements were performed
M hd?w  hwsdw to evaluate the accelerometers. The devices were attached to ce-
Radial stressz, 4D <§W + 57_10?) ramic substrates with screen-printed contact pads and then the

) contact pads of the sensors on the frame area were wire-bonded
S dw + ﬁvf d_w) to them. Wires were soldered to the ceramic substrates for signal
2rdr 27 dr? output. The MEMS accelerometer was connected to a charge
whereM is the cylindrical massD is the flexural stiffiness of amplifier with an amplification of 10 mV/pC. The reference ac-
the platey ; is the PZT film Poisson’s ratids is the membrane celerometer _(WI|CO)§0I’] Research 05238) was connected to a
thickness, andv is the membrane deflection function. charge amplifier (Wilcoxon Research CC701). The outputs of

In this structure, both radial stresses and tangential stres@8H accelerometers were connected to a two-channel dynamic
contribute to the piezoelectric charge (see Fig. 2). However, tignal analyzer for a comparative transfer function measure-
stresses are of opposite signs for the outer (i.e., close to [AENt: A swept-sine signal, generated by the analyzer and en-
frame) and inner sides of the diaphragm; therefore, the top el@@nced by a power amplifier, was used to drive an electromag-
trodes are separated in order to pole the two sections in oppo8fEc shaker (Wilcoxon Research Av50) to mechanically excite
directions. When the outputs of the electrodes are connected®h accelerometers. Fig. 4 shows the measured frequency re-
parallel, the pyroelectric output of the sensor is cancelled. $80nse of one fabricated MEMS accelerometer.
lower the overall sensor capacitance {6 nF), the top elec-
trodes are placed only over highly stressed areas. The overall IV. RESULTS AND DISCUSSION
sensor size was 6 mm6 mm.

. Good sensitivities and broad usable frequency ranges (see
The fundamental resonance frequency of this structure ; e
. . able 1) were obtained. The sensitivities range from 0.77 to
derived by the Rayleigh energy method [16]

7.6 pC/g with resonant frequencies from 35.3 to 3.7 kHz. The
/C(N) [D sensor-to-sensor variations were caused largely by variations of
wo =2/m T g

Tangential stresst _M
9 v T 47D

the silicon membrane thickness because of nonuniformity in the
_ . o _ _ Si DRIE etching. The measured sensitivities wer2 to 30%
whereb is the inner radius) is the ratio of the outer radius to gifferent from sensitivity calculated from finite element analysis

the inner radius, an@'(}) is using a value for thelz )% Young’s modulus for the PZT
4002 — 1) film of —4.5 C/n?, which was measured on a test die on the
CA) = same wafer [17]. The accuracy of thg.)x Young’s mod-

(= 1)7 = (2A-In )% ulus is£7% [18]. The transverse sensitivity was found to be
Using this function, the resonant frequency and the charg®% of the sensitivity along the principal axis.

sensitivity were<8% different from the numbers calculated by The discrepancy between the measured sensitivity and the

finite element analysis, for inner and outer radiraf mm and FEA calculations is believed to be due to th20 ;zm tolerance

2 mm respectively. A higher resonance frequency will provida the mechanical front and backside alignment, residual stress

a larger usable frequency range, at the expense of reduced sethe membrane, and piezoelectric film variations. Further im-

sitivity. provement in fabrication consistency and noise floor measure-
The MEMS accelerometers reported here (see Fig. 3) wenent are expected in future runs. Additional modeling will fa-

fabricated using 5.@:m-thick chemical-solution-derived PZT cilitate optimization of the MEMS sensor design.
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Fig. 4. Typical frequency response of a MEMS accelerometer reported here.
The resonant frequency is 17.4 kHz and the subresonance sensitivity is 1.43]
pC/g. The curve shows a typical frequency response of a MEMS prototype[4]
accelerometer from 500 Hz to 25 kHz. For frequencies lower then 500 Hz, a
flat frequency response range 0 to 500 Hz) can be obtained with appropriate  [5]
electronics.

Frequency (Hz)

TABLE |
MEASURED RESULTS IN COMPARISONTO THE SIMULATED RESULTS

(6]

7
Measured Results FEA Calculation [ ]
i T 8]
Chip No. | | Silicon [
p e lliesonant Sensitivity Sensitivityl? membrane
ad;qz‘;’my ®Cg) (©Cle) thickness!
(um) [9]
1 37 7.60 7.45 P61 [10]
2 174 1.45 210 21.2
[11]
3 275 1.06 118 3638
[12]
4 353 Q.77 0.84 444
[13]
— S [14]
Note:
1.The thickness of the Si diaphragm was calculated based on the measured resonance [15]

frequency. The FEA sensitivity was then recalculated based on this Si thickness.
The thickness of PZT film is 5.6umz 0.09um for all devices.

2. The product of day,m * Y oung’s modulus for the PZT film used in the calulation
was 4.5 Clm?

(16]

(17]

V. CONCLUSIONS [18]

Piezoelectric MEMS accelerometers using an annular
diaphragm and 5.6:m thick PZT films demonstrate high

IEEE ELECTRON DEVICE LETTERS, VOL. 23, NO. 4, APRIL 2002

[ — : —— . sensitivities (0.77 to 7.6 pC/g) and broad usable frequency

b R s S SR U : ranges (35.3 to 3.7 kHz). The annular piezoelectric inertial
sensing structure is an efficient design and is compatible with
the piezoelectric film and IC fabrication processes.
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