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It has been shown theoretically and demonstrated experimentally that shear hofi@bhslirface

waves can exist when the surface of an isotropic substrate is perturbed by a strong corrugation, for
instance consisting of deep grooves etched in the substrate, whereas these waves cannot exist
without this perturbation. It is shown in this article that a periodic array of metallic electrodes
(wires) exhibiting large aspect ratios deposited over a piezoelectric substrate give rise to surface
acoustic waves with general polarization. The admittance of an interdigitated transducer, which is a
basic tool for predicting the waves parameters, is calculated by a combination of finite element
analysis and a boundary integral method. This approach has been extended to obtain the polarization
of the acoustic waves. For different piezoelectric substrates, we predict various surface acoustic
modes and their polarization. Along with mostly SH modes, we also find modes mostly polarized in
the sagittal plane. We discuss the frequency behavior of the surface modes as a function of the
electrode height compared to the period. 2001 American Institute of Physics.
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I. INTRODUCTION In different works, the study was restricted to SH waves
propagating at the periodically corrugated surface of an
With the progress of techniques such as microlithograisotropic=*° or anisotropit® substrate. In this article, we
phy and electroplating, it is possible to create well definechave extended the problem and investigated SAW of a gen-
micro- or nanostructures on an otherwise planar surfaceeral polarization associated with the surface of a piezoelec-
These surface defects modify the physical properties of th&ric substrate supporting a periodic array of wires, e.g., elec-
crystal surface that in turn can serve as a tool for the chaitrodes of various aspects ratios, instead of shallow grooves or
acterization of the surface inhomogeneities. Several work#hin metal strips as usually studied. As described in Sec. I,
have been devoted to the study of surface acoustic vibrationge have used an efficient computational tool based on the
in presence of a Sin(‘:ﬂé4 or periodié‘l6 array of resonating combination of finite element analysis and a boundary inte-
elements. In particular, the periodically corrugated surface ofral method.” This approach allows one to calculate the ad-
an isotropic substrate can support localized shear horizont&hittance of an interdigitated transducébT), which is a
(SH) modes, in contrast to the case of a substrate with a fld#@sic tool for predicting the waves parameters, and has been
surface which can only guide Rayleigh waves of sagittal po€Xtended in this work to obtain the polarization of the
larization. The propagation of surface acoustic wa&&W) glectro—acoust_lc waves. The main fea_ture in this respect_ lies
across a grating or a periodic array of wires deposited on 4! the calculation of surface waves with a coupled polariza-
substrate is of great current interest for several reasons: {ion In anisotropic media, namely piezoelectric substrates. In

system is a model for a randomly rough surface that can bgddmon, the IDT response predicted in this work is a good

. . o tool for a comparison with experiments that are feasible us-
studied exactly and the results obtained in this work help toIng SAW technology. In Sec. IIl, we discuss the frequency

the system such as investigated here, there can be a Convr%)rehavior of the localized modes as a function of the electrode
’ eight compared to the perio for different materials
sion of SAW into bulk waves and the results of our calcula-; g P ofhe p tlep) fo ere © '

i d well b tul in the desi £ il ; i.e., Y+128 lithium niobate, ¥-36 lithium tantalate, and
tions could well be useful in the design of filters for SAW Y +42.75 quartz with either X propagation or Z propagation.

and more generally of periodic transducers on piezoelectrie‘rhese particular cuts are among the most widespread in

materials. SAW technology. We also identify the polarization of these
localized modes. As will be seen, we find modes of a trans-

dElectronic mail: vincent.laude@Ipmo.edu verse type, as can be expected, but also modes mostly polar-
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Aluminum electrode

FIG. 1. Schematic of the geometry investigated in this work is shown.
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mulation to the diffracting elements in the structure, i.e., the
electrodes, by finite element analygiBEA). The BIM is
based on the Green’s function that relates the surface dis-
placements to the surface stresses via a convolution opera-
tion. Note that the method of Ventus all’ was originally
termed for finite element method/boundary element method,
but we prefer the more accurate FEA/BIM terminology. Con-
sidering the harmonic excitation of E(L), only one period

of the infinite grating has to be considered in the analysis and
the convolution relation can be written

ui(xl):fj

whereG{f) is the periodic Green’s function defined as

GP (xy = X" )tj2(x")dx', &

NIT o

+ oo

GPow= 2 Gj(yraexpizn(g+yxlp). @)

ized in the sagittal plane, and generally polarized modes.

Conclusions are drawn in Sec. IV.

Il. MODEL

In Eq. (3), u; andt;, are, respectively, the components of the
generalized surface displacement and stress,uarehdt,,
are, respectively, the surface electrical potengfabnd the
surface charge densit), i.e., the difference between the

The definitions of the axes and the considered geometrjormal component of the electrical displacement in air and in
are given in Fig. 1. The structure is composed of a semithe substratef;ij is the Fourier transform of the surface
infinite piezoelectric substrate extending in the half-spacé&sreen’s function, i.e., the spectral Green’s function. Its ex-
X»,<0, whose surface supports a periodic infinite metal strippression for an arbitrary piezoelectric material can be found

grating. The grating electrodes are parallel to axs cen-
tered atx;=np, wheren is the electrode index anglis the
grating period. The width of the electrodes is denotedapy

for instance in Ref. 20.
As proposed by several authdfs??> a Chebyshev poly-
nomial expansion of the electromechanical fields is inserted

so thata/p is the so-called metalization ratio. The electrodesin Eq. (3) as

are assumed to be long enough aloggsuch that any de-
pendence ix; can be omitted in the following equations. All

considered fields are supposed to exhibit a time dependence

exp(wt), wherej is the imaginary constant and is the
angular frequency.

A harmonic excitation is assumed to be applied to the

infinite periodic grating, yielding the following form for the
driving potential applied to the grating electrotfeg®

Vin(y)=Voexp—j2mny), oY)

where vy is the characteristic parameter of the harmonic ex-

citation. The alternating potentiat V and —V usually con-
sidered for a practical electrical excitation correspondy to

=1/2. For such a harmonic excitation, it has been shown that
the currents of the electrodes have the same dependence

their voltage$’ and that the ratid ,(y)/V,(y) does not de-
pend on the actual numberof the electrode. It is the so-
called strip admittance which was first introduced bytBloe

r +o

t2j(xl): \/ﬁ mz:O

\ e : (5

CEy (%)

QX)) = ———= 2 C'Tn(x)
\ ,ll_XZ m=0
Ui(xg)= 2 CPTm(x)

(6)

+ 00 ’

¢<xl>=mE=0 CiMT (%)

vgllgere the expansion is only applied at the interfcée-
tween the substrate and the electrode;|<a/2) and x
=2x4/a. In Egs.(5) and(6), the electrode is assumed to be
symmetric and centered at the origin, extending alapg

ja& etall®® and is also referred to as the harmonic from —a/2 to a/2, andT, represents the Chebychev poly-

admittance(HA).° It is simply defined as

I
Y(V)=ﬂ

Va(y)" @

The determination of the grating HA has been the mai
goal of many theoretical and numerical works; we use in thi

article, a method from Venturat al” The addressed prob-

lem is treated using an integral representation of the substrate
surface assuming a semi-infinite medium, through a bound-
ary integral methodBIM), connected through a discrete for-

réhe Chebyshev expansion coefficients can be obtained for the

nomial of orderm. {C{™} is the vector of the Chebyshev
expansion coefficients for the considered functiom addi-
tion to Eq.(5), it is assumed that the stressand electrical
chargeQ are zero in between the electrodes. By inserting
Egs.(4) and(6) into Eq.(3), the following equation relating

electromechanical behavior of the substtate
(m) (n)

[ CUi } B AUt Ctzj ]
ci) [Ag cy

A,
© (7)

Asq
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It is generally accepted that an infinitely thin electrode +;
can be assumed for the electrical behavior of the metal. This / aluiz(x1)|dx1
. . . N . -5 -
is because thel qle[ectr_|c pgrm|tt|V|ty is much_larger in the (U= — |ui2(x)|dx. (12)
substrate than it is in air or in a vacuum, causing charges to +5 -
be mostly localized at the interface between the electrodes J _del

and the substrate. This assumption will be made here. How- °

ever, it has been shown that the mechanieabusti¢ con- ~ Using Eq.(6) and performing the resulting integrals, the fol-
tribution of the strip must be taken into accoliahd is here lowing relation is obtained

modeled using FEA. The result of this analysis, projected +o oo
onto the Chebyshev polynomial expansion, can be symboli- (ui>2: 2 E Cgr_n)* Cff)Rmn, (13)
cally written as’ m=0 n=0 i i

where the scalar products of the Chebychev polynomials are
gathered in matrbR,,,, whose expression is

[K—w?MI;
1 1 1-6(m—n+1)

ei=2| [ e, [ e,

== +
® Rmn=2 | mrn+1 m—n+1
where[K— w?M ] is the usual finite element factorization 1-6(m+n—1) 1-6(m—n—1)
matrix, where the subscrift indicates that it is restricted to T m¥n—1  m=n-1 (14

the electrode—substrate boundary. Matrix notafiR, T ,] o o

represents the conversion of the Chebychev’s expansion to\ye insist that the definition of Eq12) has some degree of
FEA polynomial interpolatior. In this study, we use second arbitrariness. One could have chosen anpther deﬂmtlo_n in-
degree Lagrange polynomials for FEA, but first degree p0|y_stead, suqh as the mean value of the d|splacerr}ents. in the
nomials can also be used without any loss of precision usin/hole period. However, both measures should give similar
moderately dense meshe00 to 300 nodes The mechani-  Values.

cal contribution of the electrode can then be expressed in

matrix form as IIl. RESULTS AND DISCUSSION

(M — (n) In this section, we discuss the existence of modes of
{Ci"t=BudCt)’}- 9) o .
: 2 general polarization propagating &guas) surface waves
) - along the interface between a piezoelectric substrate and a
The electrical boundary condition under the electrode afetaliic grating with arbitrary electrode height. In the ex-

the origin is that the potentia;l»(iri)c_onsta'nt and equal ¥y.  gmples discussed next, the piezoelectric substrate is either
From this condition the vectdt,,” is easily determined. The vy 1 128 |ithium niobate (LiNbQ), Y+36 lithium tantalate

mechanical contribution in Eq7) can be eliminated by in- (LiTaOy), or Y+42.75 quartz (Si¢) with either X or Z

serting Eq/(9), and the resulting system solved ©f . The propagation. The metal is taken to be aluminum, since it is
total electrical charg@, under the electrode is computed by yigely used for SAW devices. The electrode shape is taken
integration of the charge density. The resulf is to be rectangular in all numerical simulations.
In the search for modes, we use the theoretical develop-
Cg’) ments of the preceding section, and more particularly the HA
Vo | 10 and the displacements given by E@$0) and (13), respec-
tively, with an electrical excitation of the structure described

Though much work has been devoted to the computatiofy ¥=1/2, i.e., with an alternating potential V,. Follow-
of the HA including mass loading effects, the mechanical"d this approach, only piezoelectrically coupled modes can
displacement under the electrodes is rarely computed arfef 'dentified. One should note that in the most general case,
almost never exploited. However, this information is re-€9., for triclinic materials or rotated crystal cut without any

quired to estimate the wave polarization. To this aim, theP@rticular symmetry, the wave excitation caused by piezo-

calculation of the expansion coefficients of mechanical dis&!€Ctricity gives rise to an elastic polarization in which the

placements can be obtained by inserting @yinto Eq.(7), three components of thq mechanipal displacement contribute.
which gives access to a relation between the mechanical dis- In the structure depicted in Fig. 1, there are three inde-

placements and the electrical charge expansion coefficient§€ndent parameters, i.e., the frequeficthe periodp, and
the electrode heighit. However, using the period as a dimen-

sioning parameter, it is sufficient to use the reduced param-
etersfp andh/2p. At resonance, the wavelength is imposed
by the grating to be exactly®2 Thenfp=uv/2 is half the
where the vecto(Cg‘)} has already been computed for the phase velocity at resonance, ahf®p is the ratio of the
calculation of the HA. We propose to estimate the polariza€lectrode height to the wavelength at resonance.

tion of the elastic wave as the mean quadratic value of the Figure 2 shows the admittance and the average polariza-
mechanical displacements under the electrodes, through thien as defined by Eq$10) and(13), respectively, as a func-
definition tion of fp for h/2p=1, for a Y+128 lithium niobate sub-

T
Y(7)=J§wa

{CiM =BudC{}=—BulAu—Bud *AwlCH}. (11
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5 st | FIG. 3. Dispersion of the modes of the corrugated surface as a function of
2 the electrode height for a-¥128 lithium niobate substrate is shown.
Q
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z
0 ' cal (SV) and longitudinal displacements. In Fig. 2, it can be
3 ' seen that the first, third, and fifth modes are SH modes, while
< .
K the second, fourth, and sixth modes are VP modes. As was
= stated in the introduction, for an isotropic substrate, only
2 purely transverse or SH modes have been discussed. For a
Q . . .
Y piezoelectric substrate such as Y28 niobate, VP modes are
z found as well.
0 . . . s , . . . .
0 005 01 0I5 02 025 The num_encal results of Fig. 2.g|v'e relevant information
p (10° mfs) about the existence and the polarization of the modes of the

corrugated surface. It is then natural to wonder about the
FIG. 2. 'Fr_equer_my dependent response of the corr_ugated_ surface of @yolution of these modes as a function of the electrode
Z;;:gge"g;':;Tizg't?:r?taelos:;2;2@;‘;32f;;sdpggr?gngna;g"ga;‘;g’) height. For each mode, we then start from a rather large
and(d) average polarization alor,1g axis are shown. " value of h/2p, e.g.,h/2p=1, and gradually decrease this
parameter while following the synchronism frequency and
the polarization of the mode, through a simple search for the
strate. Exactly six poles can be observed, each correspondimgaxima. In this way, we obtain the dispersion curves of Fig.
to a valid piezoelastic mode of the corrugated surface. Th@ in the case of a ¥ 128 lithium niobate substrate. The same
frequency-period products for which these modes appear agpmputations repeated for 36 lithium tantalate and
listed in Table I. For each of these modes, there exists & +42.75 quartz with either X propagation or Z propagation
frequency stop band, and it is easy to find the synchronisread to Figs. 4, 5, and 6, respectively. Many observations can
frequency(or resonance frequencfrom the position of the be made regarding these dispersion curves. We will discuss
pole, i.e., the position of the maximum in admittance. It isextensively the dispersion curves for¥M28 lithium niobate
observed also that these maxima are coincident with the pdn Fig. 3, and then outline the differences observed with the
larization maxima. It can be seen that the modes are ndither substrates.
purely polarized along one of the axes, x,, andxs, but The mode velocity is always found to decrease as the
that they are each preferentially polarized either in the sagthickness increases, in accordance with the usual mass load-
ittal (vertica) plane §&,, andx,) or along axisxz. In the ing effect associated with the electrodes. For instance, the
following, we refer to VP or SH modes as vertically polar- VP1 mode velocity is reduced fdw2p=0.5% to 56% of its
ized modes or shear horizontal modes, respectively. The peaalue for an infinitely thin electrode, and to 32% fof2p
larization of VP modes is then a combination of shear verti-= 1. It is clearly seen that the velocity of SH modes is more
affected by the electrode thickness than is the velocity of VP
modes. As a consequence, the dispersion curves for SH and

TABLE |. Frequency-period product at resonance and polarization type fon/P modes can cross, as is for instance seen for the SH1 and
each of the six piezo-elastic modes of Fig(¥2+128 lithium niobate sub- VP1 modes

strate anch/2p=1) are presented. . . .
p=1) arep The dispersion curves are well defined and smooth, and

Mode number 1 2 3 4 5 6 have a lower cut-off frequency. Except for the VP1 mode,
PR 368 618 1096 1693 1778 2204 j[hIS cut-off frequency is c[ear]y as§op|ated with a bulk wave
type SH VP SH VP SH VP in the substrate of a polarization similar to that of the surface

mode, i.e., a SH mode originates for some thickness from a
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FIG. 4. Dispersion of the modes of the corrugated surface as a function

the electrode height for a ¥36 lithium tantalate substrate is shown. 0lglG. 6. Dispersion of the modes of the corrugated surface as a function of

the electrode height for & +42.75 and Z quartz substrate is shown.

SH bulk wave, and a VP mode originates for some thickness ;¢ they hecome similar to true SAW. Since always slower

from a SV bulk wave, since the latter is slower than they, . any radiated bulk wave, the VP1 mode is always a true
longitudinal bulk wave. Because they are independent of th%AW_

electrode height, the bulk wave velocities in the substrate The dispersion curves for ¥36 lithium tantalate de-

appear as vertical lines, and ‘?'eﬁ”e band limits. In the case ?Jicted in Fig. 4 are similar to that of ¥128 lithium niobate
VP1, the cut-off frequency is connected to the Rayleighy ¢ for the following differences. First, two surface modes
wave velocity in the substrate. The VP1 mode is the usuglyist for zero thickness, SH1 and VP1, and are respectively
Rayleigh SAW that exists even on the noncorrugated surfacey, o Rayleigh SAW and the well-known leaky SAW of~B6

It is in this case the only surface mode that exists for zerq i5ate. Second, both SH and VP bulk waves are SSBW's.
thickness of the electrodes. In the case of VP modes, the VRs in the case of ¥-128 lithium niobate, the velocity of SH

bulk wave velocity is not the bulk wave velocity for a zero e is more affected by the electrode thickness than is the
phase angléwith a wave vector along,) as is the case for e|qcity of VP modes, which again results in the crossing of

the SH bulk wave velocity, but the velocity of a surface the dispersion curves for SH and VP modes, as is for in-

skimming bulk wavelSSBW having a zero group angle and stance seen for the SH1 and VP1, and SH2 and VP2 modes
a nonzero phase angle. The SH bulk wave is also a SSBVYespectively.

i.e., it has both zero group angle and phase angle. Itis inter- 114 dispersion curves for¥42.75 quartz with X propa-

esting to note that the VP2 and VP3 modes are similar (Q4tion are depicted in Fig. 5, and are rather different from the
leaky SAW for lower thicknesses until their dispersion dispersion curves for ¥128 lithium niobate and ¥36

curves reach the SH bulk wave velocity, and that after thafyim tantalate, in the sense that no SH mostly modes are
found, but only VP mostly modes. It should be noted how-
, ever that the VP mostly modes include some polarization

' along axisxs, so that their actual polarization is general.
The dispersion curves for¥42.75 quartz with Z propa-

0.8 | . gation are depicted in Fig. 6. In this case, only SH modes are
observed. It is knowh**??that for this cut and this propaga-
tion direction only pure shear waves can be excited by the

0.6 r 7 piezoelectric effect. Indeed, an inspection of the average po-

§ larization computed using E@12) reveals that it is strictly

04 | i zero in the sagittal plane. This cut is the only one considered
in this work for which we have found purely polarized

g modes.
02 | ]
IV. CONCLUSION
SV bulk ------ ;
0 : ; = : In this work, we have analyzed the behavior of SAW
0 0.05 0.1 0.15 0.2 0.25

with general polarization propagating under a periodic array
of metallic electrodes with a large aspect ratio, deposited
FIG. 5. Dispersion of the modes of the corrugated surface as a function dPVer & plezoele_ct_rlc substrate. _TO achieve this goal, we have
the electrode height for & +42.75 and X quartz substrate is shown. modified an efficient computational tool based on the com-

fp or v/2 (10* my/s)
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