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Modeling Flexural Plate Wave Devices

Marc S. Weinberg, Brian T. Cunningham, and Christopher W. Clapp

Abstract—A lumped-parameter model is derived for flexural
plate wave (FPW) devices which are rectangular plates or di-
aphragms with structural layers, a piezoelectric layer, and with
interdigitated conducting combs for driving and sensing. This
configuration is often used in micromechanical chemical sensors.
The model is based on a closed-form solution of a resonating beam;
however, the results are applicable to plates supported on four
edges. The model gives a voltage or charge output from the sense
combs as a function of voltage applied to the drive combs. The
analysis predicts the response of the multiple plate modes to axial
tensions and to comb finger dimensions and position relative to the
diaphragm eigenfunctions. These models are much more detailed
than those described in the literature on acoustic chemical sensors
[1]-[8] and are difficult to obtain by finite-element solutions.

Frequency responses of FPW devices constructed from silicon _’_{ to analyzer
with deposited aluminum nitride as the piezoelectric compared 18k
well with analytic results. The effects of boundary conditions on b'°°k'"9 cap 3330
the plate’s lateral edges are discussed in both the analysis and 509 100Q
tGSting- [530] drive sense
. . . . b b
Index Terms—Acoustic waves, biological sensors, chemical sen- C il i
sors, flexural plate wave, modal analysis, modal response, mod- | | | I | |
eling, piezoelectric, separation of variables. to
analyzer
100 Q
|I. INTRODUCTION 1.5kQ
LEXURAL plate wave sensors (FPWs) have been ()

proposed for, and are being applied to, chemical afi.1. Schematic of FPW. (a) Mechanical. (b) Electrical.
biological sensing, fluid pumping, and filtering [1]-[8]. The
basic FPW device is shown in Fig. 1. A rectangular diaphrags, tuned to obtain maximum output of the received signal,
usually doped silicon on the order of 1+8n thick, is coated which corresponds to the resonant frequerfgyfrom which
with a piezoelectric layer, usually aluminum nitride, zinc oxidehe phase velocity may be calculated. The pulse travels at the
or lead zirconium titanate (PZT). The piezoelectric materialgroup velocity, which can be calculated using the delay time
thickness is generally 0.2+Im. Conducting interleaved fingersbetween input and output. The tone-burst method eliminates
are placed on the piezoelectric. One pair of fingers is useditterference due to electromagnetic feed through that travels
drive the diaphragm, while the second is dedicated to sensiagithe speed of light, rather than at the speed of Lamb wave
The finger spacing and width are selected to excite desirptbpagation. Since the electromagnetic pulse input is gone
vibration modes and, hence, operating frequency. In the FPWéfore the acoustic pulse arrives at the output interdigitated
as opposed to the surface acoustic wave (SAW), the diaphragemsducer (IDT), this method is advantageous for measuring
is assumed thin compared to the vibrating modes’ wavelengtitsanges of insertion loss or attenuation over a large dynamic
so that the two surfaces are strongly coupled and a single waaage [1]. In [1]-[7], almost nho comparison of model versus
propagates along the diaphragm. experimental data was offered.

Previous models used to predict behavior were based orMartin et al.[8] analyzed a simply supported rectangular di-
simple beam equations [1]-[7]. Paralleling SAW devicesphragm driven at resonance by electromagnetic Lorentz forces,
these FPW'’s were operated as delay lines so that propagatiom did not consider the many resonances generally observed.
velocity was the major consideration. An FPW sensor mdyor measurements that require determination of small frequency
be operated as a delay line by using tone bursts to meastinanges, such as chemical vapor sensing, the use of a feedback
the phase velocity, group velocity, and insertion loss. RF towscillator to monitor the resonant frequency in real time is most
bursts are applied to one transducer, and the RF frequemgyantageous. A frequency counter circuit may sample the res-

onant harmonic and report information digitally. A resonant os-
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Supported by test data, the enclosed analysis indicates that
the FPW can be successfully modeled by modal analysis tech-
nigues. This paper focused on steady-state open-loop frequency
response; however, the models can be applied to transient in-
puts and responses, which are used in delay-line FPW'’s. The

analysis is based on a more detailed solution of a simple beam \
y P Sioxide | \

[9], [10] with piezoelectric forcing [11] (see Section Il and Ap-
pendix B). Combining beam bending with piezoelectric forcing,
the resulting model, this paper’s unique contribution, offers the
following benefits. drive fingers (Au)

1) The lumped-parameter model can be combined with elec-

tronic models of excitations and sensing elements.
2) The many resonant frequencies and phase variations that silicon plate
appear in frequency responses are predicted. Fig. 2

3) Including the diaphragm’s mechanical quality factor, the™ ™
model predicts the amplitude of the frequency response
from excitation to output voltage. and spacing are 94m so that the comb pitch is 37;6n. The

4) The impact of interdigitated comb parameters, widthiesulting phase velocity (pitch times resonant frequency) is

spacing, number of teeth, and distance between trad€00 m/s so that energy is not radiated into water, whose sound
mitter and receiver on all the eigenmodes is included. velocity is 1500 m/s.

Construction Of The Char'es Stark Draper Laboratory |nc_, Two sets of end conditions will be considered. For easier
Cambridge, MA, FPW sensors is described in Section I1I. Théeading, the situation with the beam ends pinned will be handled
oretical and measured response are compared in Section IV.igfthis section. The solutions for built-in ends will be presented
fects of plate width, which can add additional resonant frequelf-Appendix A, which will show that, for beams much longer
cies, are discussed in Section IV-C and Appendix C. Sectionth@n the wavelengths, the solutions for pinned and built-in ends

sense fingers (Au)

Aluminum Nitride

Nomenclature for beam analysis.

presents conclusions. yield almost identical conclusions. When the beam ends are
pinned, the displacements and the bending moments are zero
Il. DERIVATION OF LUMPED-PARAMETER MODEL so that
A. Modal Solution of Beam Equations y(0) =y(L) =0 (2a)
1) Beam EquationsFollowing [9] and [10], which ignore y"(0)=4"(L)=0 (2b)
small rotation [1] effects, and the nomenclature of Fig. 2, the
equation describing the motion of a plate or beam is where the prime’} indicates differentiation with respect fo

Parts of the needed solution appear in [9], which deals with

Py oy Iy Py suspension bridges, and in [10]. The homogeneous solution to
— L4 pZ 4D T2 = 1 ' '
52 + bat + Ox* Ox? f@,1) @ (1) is obtained by assuming that
where _
z position along beam; y(@; 1) = Alt)e(z). (3)
i’ ;Jilﬁre)l.acement normal to beam; Substitute (3) into (1) and separate variables
m mass per unit length (2.5 10~° kg/m); 1 &t &2 1 . .
b damping per unit length (1.0 N-sAnwhich corre- 2 < Tt @) =-= (mA+bA) =mw!  (4)

sponds to the quality factor of 400 for mode= 80

whose resonant frequency is 26.6 MHz); wheremw? equals constant, for which we shall solug.equals

f(x,t) force per unit length; a gravitational load would b§he resonant frequency of mode This will be shown in Sec-
an example (in Section I1-B, piezoelectric forces arggyp, |1-B.

included); _ Equation (4) is two equations: one fer= ¢(x) and one for
D rigidity= E1/(1 — »?) for single-layer plates sup- 4 — A(t). Thep equation is

ported at ends (8.& 10! N/m?) (relations for

multiple layer plates are derived in [11] and sum- oo T &y .

marized in Appendix B); et D gz ¥ = (5)
T tension or axial force; the tension is included be-

cause it dominates thermal sensitivity. where: = mw?2 /D, which implies
The values in parenthesis are for constructed diaphragms

(Section lIl), which consist of three layers: ;2n silicon, Awy fwn = 20N, /A, (6)

0.5-+m aluminum nitride, and 0.L:m gold. The plate width
and length are 300 and 15@@n, respectively. The comb teeth) is an eigenvalue.
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Per [10, p. 210], the solution of (5) with the boundary condiwhere the mode shapes are those determined in Section II-A.
tions (2) or (A.1) are orthonormal, which is an attribute that willnsert (11) into (1) and use (4)
be used in Section II-B. The solution fgrin (5) is

Z on(x) [mAn +bA,, + mw%An] = f(z,t). (12)
n=1

Note thatv,, is the resonant frequency of each mode, as stated
after (4). Multiply both sides of (12) byoL ©m(z) dz and in-
voke the orthonormal properties of the eigensolution [10] to ob-

- T - T tain the equation of motion for each mode as follows:
: D D L
+csinh 5 ¢ + d cosh 5 ) . / o) f (2, 1) dz
) / 02 (z) dz
0
wherek = \/4A% + (T'/D)?. a, b, ¢, d equal constants of inte- (13)

gration. In (7),b is not the damping of (1).

When the axial forcq is zero, ), is the coefficient ofr for
all terms in (7). These eigenvalues and functions are deri\/a‘fde”' .
or listed in [9]-[12]. Unique contributions of this paper are the n order to study effects of build tole_ram_:es, assume that the
response to piezoelectric forcing from comb excitation and tl%Ode shape (8a) or (A.2a) and (A.2b) is given by
effects of axial forcel. on(z) = sin (@ _ (p) (14)

2) Pinned Ends Without TensioWith the boundary condi- i L i
tions described by (2) an#l = 0, nonzero values for the con-Wherep equals the alignment between elgen_modes and r_efe_r-
stants in (7) are obtained only fay, = nr/L, the eigenvalues, ence. Due to the large number of modes, pinned and built-in

wheren equals any integer. The mode shape (eigenfunction)§§ams differ little, except for the phase shiftrof4. ,
Assume that a force density whose first harmonic is described

where f,, equals the modal forcing function, the force driving

on(x) = sin (?) . (8a) by [11] drives the beam
With (6), the natural frequency of theth mode is w(x,t) = w, sin <27r?$ - 9) Vp(t) (15)
Wy, = B (71_7()2 ) (8b) where
m \ L W, = —(2v2/7)(mn /£,)? M,, the factor2\/2/ deter-
3) Pinned Ends with Tensionwith the boundary conditions mines the first harmonic of the step sequence posi-
described by (2) and axial force, new results are obtained. At the tive, zero, negative, and zero torques;
beam’s ends, the sine term must be zero in (7), i.e., M, magnitude of piezoelectric torque (B.1) per volt
applied to electrodes (2.8 107'° N - m/V), the
T\2 T factor (mm/#4;)? converts from torque to force per
47 + <5> ) unit length;
= 9) Vp(t) voltage applied to electrodes (include plus and minus
2 L sides); sinusoidal inputs will be emphasized,;
With (6) and (9), the eigenfunction and associated resonan® alignment between comb fingers and reference;
frequency are Ly length of transducer equals mP/2 (712);
. nnx comb pitch (37.5:m);
¢n(r) = sin (T) 02 number of combs in transducer, the number of half
1 R 5 sines in¢, (38 for both sense and drive combs).
Wy = \/_ [D (n%) +T (n%) } . (10b) With (13)—(15), the modal forcing function is determined as
" 2 [t nag
With no axial tension, the resonant frequency of (8b) is re- fa(t) = waVp (1) i3 / S (T - ‘P)
gained. The mode shape is identical with and without tension. - e
With no rigidity (D = 0), the resonant frequency is proportional - sin < — 9) dx
tonmn/L. b
= kv, Vp(t) (16)
B. Modal Excitations where the comb starts at, and ends at, + 4;. (For the drive

Follow [9] and consider the forced response, which was né@mbsz, = 0 and for the sense combs = 788 ;m) .
done in the previous FPW literature [1]-[8]. Assume that the v»  constant, which relates the modal force to the input

forced response is given by voltage;
- k. modal stiffness equalsiw? = DA%,
y(t) = Z An®pn(2) (11) In (16), the integral is taken over the transducer ledgtiince
o the combs exert the force. The unitsofare m/V andy, is
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proportional tol/\# times the integral. When the combs andero steps. It is convenient to consider these steps as a sinusoid,
modes are aligned, = mL/¢; andf = . Consider the situa- which is the first harmonics of the stepped area function so that
tion wheref = ¢ = 0 andz, = 0, the modal forcing function

IS Q = Qac dz
K n electrodes
: e T oty
8 = wn(e) - [( L m) ”} ~ 22 / Q. sin <m£” - 9) dz. (20)
n = Wqa VD i3 ftTL ™ To t
I T With (18) and (19) inserted into (20), the total charge on the
i sense or drive electrode
sin [(T + m) 7T:|
—~ J . @7 Q=> an4, (21)
(2): n
L where the coupling between modal amplitude and charge is
Closed-form integration has been done with nonzero phagigen by
and comb displacement, and is used in the results of Sec- 03

tions II-F and IV. an = — (”_”)2 diy (14 1,)Y bAyp,
In (16), the force per lengthy(x, ¢) was represented by its L

first harmonic. The modal forcing functiofy,(¢) in (17) is dom-

inated by terms with denominators, which includé.»n/L) —

™

2 /’x°+[ts, (nwx )S, mrT o) 4
I in(—— —)sin ’, x| .

To

m); thus, higher harmonics af(z, t) have larger values of. (22)

and contribute little to (17). This conclusion is valid wheg 6

andzx, # 0. The integral in brackets is identical to that used to calculate the
modal force (16). The units ef,, are C/m andy,, is proportional

C. Sensed Charge to A2 times the integral.

The model for converting strain into charge on the plates is i .
repeated and extended to the dynamic model. From [11], did Lumped-Parameter Model of Piezoelectric Effects
assuming the plates are grounded, the surface charge per un@onsider the model of the piezoelectric comb, which consists

length is described by of two electrodes and a ground. The static equations relating
Qy = dar (14 1)V be, (18) zogal displacement and charge to drive voltage and modal force
where an
ds;  piezoelectric constant relating electric field to = 1.0 5 | |@p1 C+0012 C_Cg 8
strain (2.6 x 10~'2 C/N for AIN); 0 1 | |Qp2|= _,ynm +’yn12 1
v,  piezoelectric material's Poisson’sratio (0.28); theterm | ; 12 Ap o Yy .
in v accounts for plates versus thin beams [11];
Y  Young's modulus of piezoelectric material, Vo
X . V (23)
b width of diaphragm. bz
Using (14) and (18)¢,, the peaks strain at area center Fn
for piezoelectric material, is related to the modal amplitudeghere
through C capacitance from one plate to ground;
A 92 Ci2 capacitance between positive and negative elec-
Ym Y
TETR T a2t trodes; . - -
o0 ) an,¥n piezoelectric coupling coefficients defined in (16)
=— Z (n%) Aym A, (t) sin (? — <p) (19) and (22);
el k, modal stiffness;

whereAy,, equals the distance between the piezoelectric mate-t refers to+ drive electrode;
rial's center of area and the diaphragm’s neutral axis for torque? refers to— drive electrode.

inputs (Appendix B). Since the cross section is rectangular, the! N Negative signs o, and~,, indicate that the- elec-

center of area is essentially the mid-plane of the piezoelectfi@des are displaced 180 mechanical degrees from-tetec-

material: R equals the radius of curvature at positian trodes. The_voltage applied to the neggtlve comb is the negative
Mindful of the differential amplifier in Fig. 1 and Sec-°f thatapplied to the plus electrodes, i.e.,

tion II-D, the total sensed c_harge is calculated by integrating Vi = Vo = —Vpo. (24)

the surface charge per unit length (18) over the length of

the transducer. The integration includes the surface chargeéilthough there are many modes, only one is considered in

multiplied by an electrode area function times the increment@3). With the small coupling assumption implicit in (23), the

lengthdz. Assuming ideal electrodes with no fringing, the areaoltages and currents applied to the plates are still described by

function is a repeating sequence of positive, zero, negative, §&8)—(22). Formulations (23) and (24) resultiy: = —Qp1,
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which is consistent with the circuit diagram of Fig. 1. Symmetry

and differential read out suggest the definition Modeled Spectrum (o= 0)

25
@ =Qp1— Qp2. (25)
S 20
Equation (23) is simplified to >
o 15
0 1 |[An Tn — LA g 1 MM
! Z s
When adding the circuit resistors, one must consider hat j\/ v t
consists of two currents, as outlined in (25). Equations (25) and 0 A A
(26) describe both the drive and sense electrode pairs. 22 24 26 28 30 32
E. Equations of Motion with Drive and Sense Circuit Frequency (MHz)
The results of the previous appendixes are combined into a
comprehensive dynamic model that relates excitation voltage
to the preamplifier output. The model will include only three 250 -
modes (11); however, extension to more modes is straightfor- fgg L
ward and has been shown in Figs. 3 and 4. As outlined in Sec- 5 100 n
. - - N N SES
tion 1I-D, the charge includes both the plus and minus plates. § 50 \ \ \
Consider voltage and force applied directly to the piezoelectric g 0 \ f i |
material el IR \
o -100
) ) -150 -
SRR O R g [N 200
i | D -2
E _}l_ 1_ : —as1 : —asz _i _Tass Qs 22 24 26 28 30 32
0 I 0 L _kl_ L 0_ s 0_ _ jl Frequency (MHz)
010t 0 | k0 N
—0 ! a ! —0 - ! - O_ —: - k-; - 8 Fig. 3. Calculated frequency response. Phase between modes and,cembs
- - 0.
Cp 0 0 0 0791Vp
0 Cs 0 0 0||Vs . .
= [kyypr ki9s1 1 0 o|{f |. (27 Quencyresponse and, hence, to both delay lines and resonating
kaypz k2ys2 0 1 0[] f2 FPW. _ _ .
k3yps kayss 0 0 11Lfs For mode numbers greater than five, the pinned and built-in

end conditions yield similar modal solutions and sensitivities
) i , o i to tension. For the examples of this section and Section IV, the
The force applied to the piezoelectric material is described BYnned solutions will be used. The plate eigenfrequency discus-
fr = —bp A, —mpyA,. (28) sion (Appendix C) will consider built-in edges.

) o The frequency response of sensed output voltage with re-
Assuming the transformer tumns ratidis1 and thatthe frans- gnect 1o drive voltage is calculated in Fig. 3 for the drive fin-

former is center tapped, the voltage applied to the drive combglérS aligned with the principal eigenmode & 0, 6 = 0).

Ve — vV sQpRp 29 The highest amplitude occurs for the mode whose wavelength
D=5 4 (29) corresponds to the finger pitch. A quality factor of 400 was as-
sumed for each peak. Due to the multiple modes, several peaks

whereV equals the voltage applied by source in Fig.2p , X
equals the input resistor (30-nominal in Fig. 1). and 180 phase shifts are seen. The calculated amplitude agrees

Assuming that the output preamplifiers are at virtual groun&’,ithin afactor qf three With measured data (Section 1V-B). This
the sense voltage is given by is noteworthy since the gain depends on the square of the piezo-

electric constant and many dimensions. Without the resonance
V, = —SQSE (30) and high quality factor, the calculated amplitudes would not be
2 achieved. For many modes, the fractional separation between
whereRs equals the sense resistor (1QGiominal in Fig. 1). peaks is approximateB/n» [see (8a), (8b)] and is often seen in
The factor of two accounts for the definition of charg€25) the measured data.
that includes both the positive and negative electrodes. As dictated by the modal forcing function (17), peaks whose
wavelength is removed from the comb pitch are smaller. As the
comb length(¢;) become larger, the number of peaks generally
The linear-differential-equation constant coefficient modelecreases. If the combs and diaphragm are identical in length
summarized in Section II-E applies to both transient and frand aligned, only one peak is excited.

F. Observations
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Modeled Spectrum (9= 7/2)

1 le—— AF
12 — "
2 10
g e
2
c
g 4 |
g’ U U
i T A
22 24 26 28 30 32
Frequency (MHz)
200
150 Fig. 5. FPW photograph.
100
£ SNACN N
ﬁ 53 j: \ [\ ' \ | chan_ge with temp_erature in tensi@hin the diaphragm is ap-
e | [ ] ] L) | proximately described by
©
s -:gg L\\ 1 \J k\\ LVI N \ T ~ AaEbh (33)
:200 L _ B where
250 L _ e A« thermal expansion difference between substrate or
22 24 26 28 30 32 frame and diaphragm (1 ppf; parameters assumed,
Frequency (MHz) for example, are in parentheses); -
E  Young’s modulus (1.6% 10'* N/m? for silicon along
. 110);
Fig. 4. Calculated f . Phase bet d b ( '
ﬂ-l/gz alculated frequency response ase petween modes andpz@m S b diaphragm width (30@m),

h diaphragm thickness (2/&m).
. . As an approximation, the diaphragm is thin so that its length is
.F|g. 4 displays the calcula}ted frequency response .when g@lermined by the relatively massive frame’s stretching, which
alignment angley = 7/2. While the frequency separation an s set by its thermal expansion coefficient. The diaphragm strain

peak am_plitudes are similar, th_e details from the basgjiﬁeo is than determined by the frame stretching and thermal expan-
vary noticeably. The phase shifts and relative amplitudes valy, o of the diaphragm so that (33) ensues

considerably. Since the relationship between the comb fingersAssume a 0.0015-m-long diaphragm operating at the mode

and eigenmodes can result in zero modal forcing function, tﬂﬁmbem — 20. The wavelength is 15m, four times longer
amplitudes at c_ertam eigenfrequencies are small. than those constructed (Section IIl) and the eigenvalue (8a) and
The charge is the total charge summed over the electro )is 4.2x 10* m—L. The tension is 1.% 10~% N/°C. Calcu-
while the force is the modal force, which is a force per unjLiqq per Appendix B, the structural rigidity (1) is 881011
Ienth ,a'on.gdthe beam. When the mode period matches {jz.2 ‘\vith (8a) and (8b) and (10b) or (A.4), the frequency vari-
combs perio ation from axial tension is 390 ppi@, which is high compared
nr  mr to the—26 ppm/C calculated form Young’s modulus’ thermal
An = T 4 31 variation. Reducing the pitch raises the wavenumber and re-
duces this thermal sensitivity. Along with energy radiation dis-
and the combs are aligned with the eigenmatle-[¢ in (16)], cussed after (1), thermal sensitivity is a second reason for re-
the piezoelectric equation (16) and (22) obey a form of reditucing the comb pitch to the constructed 37r8.
procity, i.e.,

5 [1l. SENSORCONSTRUCTION
Y
Ynkn = WA (32) A scanning electron microscope photograph of a completed

FPW device is shown in Fig. 5. The fabrication sequence for
The units ofy are m/V, k, N/n¥, ande, C/m. The reciprocity building The Charles Stark Draper Laboratory Inc.’s FPW res-
demonstrates symmetry between voltage, modal force, chaagetor (cross-sectional diagram of a completed device is shown
per length, and modal amplitude. When the eigenmodes are imoFig. 6) begins with a purchased silicon-on-insulator (SOI)
aligned with the combs, (32) does not govern. wafer (BCO Technologies, Belfast, U.K.). The SOl wafer upper
The frequency variation from tension (10b) or (A.4) can besurface is a 2:m-thick layer of epitaxial silicon bonded to g-
come quite large for small mode numbers. For example, threthick layer of SiQ. The SOI substrate is 38om thick. An
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Wide-band spectrum

Metal fingers Ground Contact 30
\ 5 AIN(0.5 um) —|  —AF,
Si (2 um) 25
Si0; (1 um)
g 20
—— @
ij Si Substrate (380 m) T 45 I T
Py -
s
)
©
=

10 U
Fig. 6. Fabrication sequence. 5 / "W
0 . .
(v 22 2

approximately 0.5:m layer of piezoelectric AIN is deposited 2 4 26 28 30
over the upper epitaxial silicon [13]. Frequency (MHz)

Vias for grounding contacts to the epitaxial silicon are pro: 200
vided by etching an opening into the AIN. Next, titanium-plat- 150 \Dw
inum-gold (TiPtAu) metal of 0.Jsm total thickness is patterned __ 100 [r—r=A~ ‘AV = | ‘ l\," | A
to define interdigital metal electrodes, wire bond pad areas, ar§ 50 [“J
ground contacts. Finally, the membrane is defined by etching® k
vertical sidewall cavity from the backside of the wafer with anz 0
inductively coupled plasma (ICP) etch machine using the Boscg -0 \\ |
process. The }sm SiO, layer of the SOI substrate acts as ar®™ .1g0
automatic etch stop for the ICP process. After the ICP etch . |
completed, the Si@layer is removed by dipping the wafer into 1
buffered hydrofluoric acid. 200 ' ’ ' '

20 22 24 26 28 30

Frequency (MHz)
IV. MEASURED FREQUENCY RESPONSE

L Fig. 7. Measured FPW frequency response, which compares well with the
A. Test Description ¢ = w/2 calculation of Fig. 4.

After fabrication, FPW devices were characterized to de-

termine how well they matched modeled performance aed Fig. 7 closely resembles that calculated in Fig. 4. The
design parameters. Each device was tested in an open-legrulated resonances are centered about 26 MHz compared
configuration through signal conditioning electronics designeg the measured 25 MHz. The calculated amplitude agrees
to interface to a Hewlett-Packard Network Spectrum Analyzegithin a factor of three with that measured; a good result since
The electronics transformed single-ended source excitation ttha gain depends on the square of the piezoelectric constant,
differential drive voltage, and returned both a reference signglparameter which is difficult to control during fabrication,
(identical to the source excitation input) and the amplifiegnd many dimensions. Without the resonance and high quality
output (Fig. 1). Amplification of the low signal output wasfactor, the calculated amplitudes would not be achieved. The
achieved through an instrumentation amplifier (IA), whiclzenter frequency of the peak cluster is close to that predicted
resulted in extremely high common-mode rejection ratigy (8a) and (8b) and shown in Figs. 3 and 4. The fractional
symmetrical loading on sensor outputs, and high gains. Eagéparation between peaks is approximatyly, as predicted
of the three active components that constituted the IA had high (8a) and (8b).
gain-bandwidth products to improve phase errors over gainwhile the center frequency, the frequency separation be-
and frequency. Further reduction of errors was achieved fiyeen adjacent peaks, and the amplitude match calculations,
calibrating the analyzer and electronics to remove cabling afi measured relative peaks vary between units, an observation
stray capacitance effects. that agrees with the calculations of Figs. 3 and 4. Fhe 7 /2
Once calibration was completed, wide-band (10-30 MHg@)isalignment between the combs and modal pattern (Fig. 4)
spectral measurements determined the resonant frequencydifesponds to 9im, a figure comparable to tolerances for
the primary mode, while narrow-band (1-MHz) measurementsrough-the-wafer ICP etching, which determines the modal
were used to investigate mode structure, quality fadtrqf positions.
resonance, and phase transition across primary mode frequency

width. C. Results that Differ from Beam Theory

The previous section describes most of the measured results.
Occasionally, FPW are measured where the center frequency

For the complete open-loop system from voltage input gind amplitude approximate the calculations, but the separation
sensed output, the frequency response for a typical FPWbistween peaks is smaller than thg. predicted by (8a) and
shown in Fig. 7. The quality factor of the individual peaks(8b). Peak separations as closd As have been measured. As
calculated from—3-dB points, is roughly 400. The responsa@escribed in Appendix C, it is thought that these extra peaks

B. Results Supported by Beam Theory

Authorized licensed use limited to: University of lllinois. Downloaded on January 8, 2010 at 13:10 from IEEE Xplore. Restrictions apply.



WEINBERG et al: MODELING FPW DEVICES 377

are contributed by transverse modes, which result from the ¢dhange. No tension is the nominal design condition. With
nite plate width. Measurements are presently being conductedsion and built-in ends, the eigenvalues are solutions of the
to measure the plate modes interferometrically. following:

V. CONCLUSIONS

A lumped-parameter model is derived for FPW device§9®
which are rectangular plates or diaphragms with structural and
piezoelectric layer and with interdigitated conducting comb
for driving and sensing. This configuration is often used in
micromechanical chemical sensors. The model is based on a
closed-form solution of a resonating beam; however, the results
are applicable to plates supported on four edges.

The model gives a voltage or charge output from the sense
combs as a function of voltage applied to the drive combs. The
analysis predicts the response of the multiple plate modes to (A.3)

axial tensions and to comb finger dimensions and position rel_}}erek _ /L { (T/D).

ative to the diaphragm eigenfunctions. These models are mue : . . .

more detailed than those described in the literature on acousti xpand (A.3) into a Ilngar .Taylc_>r seres aborut the ngmlnal

chemical sensors ([1], [2] and others from which these deriv%s? Ut'onCQS()‘L) = 0, which is valid forn > 0 when smh

and are difficult to obtain by finite-element solutions. : approxmgtel_y cosh and very large. The linear expression for
In most cases, frequency responses of FPW devices cghe- change ik is

structed from crystalline silicon with deposited aluminum dX dL dr 2

nitride as the piezoelectric compared well with analytic results. NT "7 Toen < B )\_L> (A-4)

In a few cases, resonant peaks were spaced more closely \t/vq?ére the nominah is given by (A.2a). For chemical sensors

predicted by the beam theory modal analysis. In these CasCL ~ 100, so that2/AL can be omitted in calculating reso-

coincidence of eigenfrequencies from transverse modes i$ a , e .
; nant frequency’s thermal sensitivity and the first-order expan-
likely cause of the extra peaks.

sion matches that for pinned ends (10b). The eigenfunction will
change shape with increasing tension. Assuming sinh and cosh

APPENDIX A . o )
are large, the eigenfunction is approximately

MODAL SOLUTIONS FORBUILT-IN ENDS

The eigensolutions of Section II-A are derived for beams with
built-in ends. When théeam ends are built-in the displace- ()
ments and slopes at the ends are zero as follows:

y(0) =y(L) =0 (A.1a)
"0)=4'(L) =0 A.lb . . .
v(0) =v(L) ( ) Expanding about the nominal solution
whereL equals the length of beam or diaphragm (Fig. 1). T T
1) Built-in Ends Without TensionThe micromachined di- D i D

aphragm should approach the built-in case. No tension is the(z) ~ | 1+ N2 sin | A1+ N1
nominal design condition. With the boundary conditions de-

scribed by (A.1) and@” = 0, nonzero values for the constants in T
(7) are obtained only fotos(AL) cosh(AL) = 1. This classic d\ D
result duplicates [12, p. 109]. The cosh term becomes large —cos | A | 1+ N oae |t (A.6)
quickly so that forn greater than five
2n+1
An = 2L (A.22) APPENDIX B

The exponential terms in (7) are only important near the end&ADIUS OF CURVATURE AND PIEZOELECTRIC TORQUES FOR

so that, forn > 5, the modes are approximately MULTILAYER BEAMS
N o Derived in [11], the structural rigidity and piezoelectric
wi(x) =sin ()‘x 4)' (A.2b) torques for multilayer plates are summarized. The bending

The natural frequency is still described by (6). Depending darque (15) generated by an electric field across the piezoelec-
the boundary conditions, the mode shape has changed positiéhlayer is
and frequency from those of the pinned case.
Gy . . . . . EpAyrn,Apdi&l
2) Built-in Ends with Tension:The micromachined di- My, = T (l—1y)
aphragm should approach the built-in case. Tension is the b b
dominant factor in the resonant frequency sensitivity to thermahere

(B.1)
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M, torque per unit voltage across the piezoelectric layer;
v Poisson’s ratio: the term imaccounts for plates versus
thin beams (results for a slender beam can be obtaine 35

1.5.x 0.3 mm*2 microCANARY

by settingr = 0); , =
ds;  piezoelectric coupling coefficient; _ Br . " . .1
1 index for a material layer; the subscriptrepresents T 3 f . x : . r 2
the piezoelectric layer; = o b . 3 ! +3
Ay,, distance between piezoelectric material's center of § . 7 o4
area and the diaphragm’s neutral axis for torque =~ 27 [ ¥ *2
inputs; 25 . . .
E  Young’'s modulus; 76 78 80 82 84

h layer thickness;

A layer cross-sectional area (thickness times width).

A concept well known in conventional stress analysis [15],
the neutral axis for torque inputs is the weighted center 6%- 8- Resonantfrequencies from plate model.
E;A;/(1 — v?) for the entire composite plate and does not
depend on the magnitude of the torque. The neutral axis forG(n) n for simple supports and + 1/2 for all edges
torque inputs is built-in;
J(n) n? for simple support;

n (mode number along length)

yi B A 1\ 2 9
- 1 — l‘/i2 <7’L + 5) 1-— ﬁ] for bUIlt—In,
DY e A— B.2 T
M E;A; (8:2) Y Young’s modulus;
1—v? h plate thickness;

mass per unit area.

My
wherey equals the vertical distance from center of area to angoy g simply supported plate, (C.1) becomes

arbitrary reference.

The structural rigidityD in (1) is the radius of curvature times T Yh3 n? 42
unit bending torque and is calculated by frj = 2 12mq (1 — 12) 12 + B2/ (C.2)
(T y2
D= Z EZ(Il‘k—A;Yz) (B.3) For the nominal built-in case, the eigenfrequencies are plotted
2 1= versusn andj, the mode numbers along the length and width,

wherel equals the area moment of inertia for each layer calc{gSPectively, in Fig. 8._quations (C.1)and(C.2) d_upli?ate beam
lated about its center of are¥; = 1; — yas equals each layer’s theory whenn = 0 Wlt:l 4 =1andn = 80, the built-in S res-
vertical position measured with respect to the torque neut@flant frequency is 0.5% larger than the- 0 beam case; thus,

axis. beam theory is adequate for predicting the basic resonances.
Static finite-element results show that the peak displacements

APPENDIX C for one- and two-dimensional plate and beam theory are similar,

EIGENVALUES WITH LATERAL EDGES a consequence of the plate width being greater than the eigen-

mode spatial period.

As a first approximation for a rectangular plate, the eigen- The plate theory predicts an abundance of additional modes
modes in the:- andy-directions are close to those derived fro”&orresponding to half-wavelengths along the width (Fig. 8). For
beam theory [12], i.e., the displacement is a sinusoigimulti- -~ example, the 80,1 mode can be close to the 79,2 or 79,3 or 78,3
plied by a sinusoid iny. From [12, eq. (11-21)], for an isotropic modes. Assuming that (17) or (18) describes the modal forcing
or orthotropic rectangular plate built-in or simply supported ofynctions along the width, the excitation should not excite the
four edges, the eigenfrequencies (in hertz) are given approigher order modes ij. With fingers across the diaphragm, the

mately by modal forcing functions are approximately the Fourier trans-
r [Gm)E  GGYE  2J(n)J() form of a square wave so that fo= 2 force exists and the
fri = 3 \/ 74 b T252 J = 3 force is 1/3 the fundamental. Due to sense and drive, the
voltage amplitude is the modal forcing function squared.
) Yh? (C.1) Due to machining imperfections, it is possible that modes can
12mqe(1 — 12 be coupled to one another so that the 79,2 and 78,3 could form a

substantial peak if both are at the same eigenfrequency. Exam-

where . . ;
n mode number along length (typically 80 for TheDles are discussed in Section IV-C.
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