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Abstract

The authors perform sensitivity analysis theoretically on three surface acoustic wave (SAW) pressure sensor structures and two material
selections. The analyses take into consideration the effects of mounting structures, ways of transferring pressure to the sensing element,
and various physical and geometrical parameters. It is shown that pressure-induced bending produces a larger change of wave speed thal
pressure-induced extension. A proposed shallow shell structure is demonstrated to increase the sensitivity of SAW pressure sensors, and fol
this structure, Si SAW exhibits a slightly higher sensitivity than Ge SAW.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of single crystal resonators and sensors. Recently, the impor-
tance of mounting structures on sensitivity in a BAW pressure
Surface acoustic wave (SAW) and bulk acoustic wave sensor was explored [f1]. It was shown that sensitivity can
(BAW) resonators can be used to make pressure sensors anlle increased substantially by properly designing the sensor
other acoustic wave sensdts-7]. These sensors detect pres- structure. In this paper, we provide a theoretical analysis for
sure by pressure-induced frequency shifts in the case of a staSAW pressure sensors. The first-order perturbation integral
tionary wave or change of wave speed when a propagatingby Tiersten for calculating effects of pressure-induced initial
wave is used. Theoretical modeling of these sensors can bestress and strain fields on wave frequency or speed is sum-
performed by considering small amplitude waves propagat- marized inSection 2 The use of the perturbation integral
ing in amedium of finite deformations due to the pres§8ire requires the surface wave modes in an unstrained medium,
Equations governing these waves are obtained by linearizingwhich are given irSection 3 Then a crystal plate with dif-
the nonlinear theory of elasticity (or electroelasti¢@jwhen ferent mounting structures as SAW pressure sensors is ana-
a piezoelectric material is used) about initial deformations lyzed. These include pressure-induced extenssecijon 4,
and fields. Modeling work on pressure sensors remains rela-pure bending directly induced by pressuge¢tion 5 and
tively few, according to a recent revigd0], and most of the  pure bending indirectly induced by pressuge¢tion §. Nu-
reported modeling results are concerned with single crystal merical results for silicon and germanium are presented to
resonators and sensors. The introduction of MEMs technol- illustrate the analysis.
ogy into pressure sensor development has largely eliminated

the constraint in structure design that has limited the design o
2. Perturbation integral
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The mass density isg. The second- and third-order elastic

Propagation
direction

lx X,

2

constants aregqzy andcgarya B, respectively. Suppose that Free space
the governing equations and boundary conditions allow the
Silicon

propagation of a small-amplitude Rayleigh surface wave with
frequencyw, wave numbet in theX; direction, phase speed
Vg = wl€ in theX; direction, and displacemeng. Since the
region is unbounded, we have an eigenvalue problem with a Fig. 1. An elastic half-space and coordinate system for surface waves.
continuous spectrum. Given a wave numbgethere always
exists a wave with a frequeney such thatw/é = V¢ which
depends on material properties only.

When an initial displacement field with initial stress
TO and initial strain? is applied, the frequency of the wave
of interest is perturbed a little and can be denotedoby
Aw. The change of wave frequency due to the initial fields
is represented by the following integral from a first-order
perturbation analysig2]:

4. Initial extension due to pressure

For pressure-induced initial deformations we examine
several cases. In real SAW devices surface waves in fact
propagate on one side of a plate. First consider a crys-
tal plate sealed in a shallow sh§lll] (seeFig. 2. When
the structure irFig. 2 is subject to a surrounding pressure
p, the following extensional force develops in the crystal

Aw 1 fVELyMO,u%Lua,MdV plate[11]:
== (1)
w 2w fv,oouauadv 2
p
where the effective second-order elastic material constants?y = q ()
under the initial fields are given by:
R 0 The strain fields in the plate af#&1]:
CKaLy = TKL(Sozy + CKaLNWy,N
N
0 0 _ —
+ CKMLyWa,M + CkaLyABE 4 2 Ej=wi1=— 2heiy’
Equivalently, in terms of the wave speéd. (1)can be writ- n co1 N )
: Ey =wro=——wi1=— =
ten aq13]: 2 P o2 211
AV = = JveLymaty e ndV 3) where
2VR§2 f\/pouauadv )
In order to use the perturbation integral to calculate the c11 = c11 — ‘12 @)
€22

change of wave frequency or speed, two things are needed.
One is the unperturbed wave in the absence of the initial

fields. The other is the initial fields. They will be considered

all other displacement gradients vanish.
With the unperturbed modeskiy. (4)and the initial fields

separately in the following sections. in Eq. (6)we are ready to calculate the perturbation integral.

To illustrate the analysis, we consider two materials, silicon

3. Unperturbed surface wave and germanium, in the following analysis. For silicog=

2332 kg/nt and[15]:
Consider a half-space of silicon as showrFig. 1 Sili-
con is of cubic symmetryni3m) and allows plane-strain mo- €11 = 1657, ca4 = 7.956
tions withuz = 0 anddz = 0. Rayleigh type surface wave ¢, = 6.39 x 10'°N/m? (8)
solutions in a half-space ofid3m crystals with a traction-free
boundary surface is given [44]:
X2 X7 v v v v ’
u1 = exp <—2nﬁ) C0$<27'rg + a> X,
AR AR T ___________
d
o(=5) ] ==
xexpi |lw|t—— | —al, X
Vr { 2n —>
. X2
uz = irexp (—2:1/3)\) cos(an — a) - MN «
R ; :
. X1 ' 21=2a -
X expi {w <t - VR) — a} (4) 4 4 4 A

whereg, Ag, g, @, Vg andr depend on material parameters. Fig. 2. A plate in extension in a shallow shell under pressure.
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Then the parameters in the surface wave solufign(4)can 5. Initial flexure due to direct action of pressure
be determined as:
Next we consider the plate shown kig. 4. To find the
Vi =4917nys, g = 0.4808 B = 0.4556 initial deformations we use the classical plate theory of flex-
r=1.226 o =581 (9) ure given in17]. The plate is in pure bending with a bending
moment ofM = pb?/2. For plane-strain motions withz = 0
For the third-order elastic constants there are 20 nonzero onegindg; = 0, the deflectionu(zo) is found to be:

among which six are independdfb]:
23 ©_M, o o P 5
ci11= —825  ci1p=—451  cip3= —64, Fhenwy’ = S (Xp—a%) == -(X1 —a) (15)

c1a4= 12, c155 = —310, c456 = —64GPa  (10)  Then the displacement gradients needed in the perturbation

) . . integral can be found from the procedurd17] as:
The other 14 are determined from the following relations

[16]: 3pb? 3pb?
w11 =~ —=Xo, w12 =~ —=Xo,
4y11h 4y11h
€113 = €112, €122 = €112, €133 = €112,
3pb?
€166 = C155, €222 = C111, €223 = €112, w13 =0, w1 = 3 X2,
4y11h
€233 = C112, €244 = C155, €255 = C144,
0 — C21 3Pb7 Woa— 0
266 = C155, €333 =Cl11, (€344 = C155, 227 L Aynd 23=%
€355 = €155, €366 = €144 (11) w31 =0, w32 =0, w33 =0 (16)

For germanium we haJd5] p = 5332 kg/n{ and
Response of the SAW to the applied pressure is shown

c11 =129, cas = 6.68, in Fig. 5. Note that the sign of the change of wave speed is
c12 = 4.9 x 1019N/m? (12) opposite to that ifFig. 3becauséig. 3is for extension and
In Fig. 4the SAW propagates on the side of the beam in com-
Then the following can be determined: pression. Comparisons 6fgs. 3 and Show that under the
same applied pressure bending is more sensitive than exten-
Vr =2924m)s,  g=05122  p=04378 sion because in bending the pressure-induced strain is mostly
r=1.1938 o = 55°53 (13) near the plate surface where the SAW is propagating.
The third-order material constants are: p (Pa)
O T T T T T 1
c111=—710 c112 = —389 c123= —18, 2 3 4 5 6
c144= —23, c155 = —292 c456 = —53 GPa 47 Ge, I/d = 10
w L
£ Si, I/d = 10
N
We are interested in SAW &t 1 GHz. The correspond- < -121 Ge, 1/d = 20
ing wave length ist = 4.92 x 10-3mm for Si and 2.92«
103 mm for Ge. For geometric parameters we choase -16 1 Si,l/d = 20
20h, b = 20h and 4 = 201. The plate thicknesst2is suffi-
ciently large as compared to the wave length so that the plate -20 -
is effectively a half-space for the SAW we are considering.
Pressure-induced change of wave speed is shofigir3. Fig. 3. Change of wave speed due to extension.

The relations are linear for small pressure. This is ideal for

a pressure sensor. For large pressure the response will be

nonlinear. In order to calculate the nonlinear response and 4
determine the range for a linear response the fourth-order I X
elastic constants are needed, which are unavailable in the 2h , ¢

literature, unfortunately. The slopes of the lines in the figure | /A? X2 /7%7
are related to sensitivity, and they confirm that a plate in a E\ b ! a <
shallower shell has higher sensitivity. The sensitivity of Si is ' '

slightly larger than that of Ge. Fig. 4. A plate in pure bending directly under pressure.
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Fig. 5. Change of wave speed due to pure bending under direct pressure. jg 7. Change of wave speed due to pure bending through a shallow shell.

6. Initial flexure due to indirect action of pressure _
through a shallow shell 7. Conclusion

We now consider pure bending of a crystal plate inashal- ~ Pressure-induced bending produces a larger change of
low shell (se€Fig. 6). To isolate and exhibit the effect of the Wave speed than pressure-induced extension. A proposed
shallow shell we imagine that the crystal plates are sealedshallow shell structure is demonstrated to increase the sen-
such that the pressure is transmitted from the shallow shellsitivity of SAW pressure sensors, and for this structure, Si
to the crystal plates only. In this case the bending moment SAW exhibits a slightly higher sensitivity than Ge SAW.
is approximately given by = N2, whereN is given in
Eq. (5) Then the deflection is:
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