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We investigate high-performance, high-frequency interdigital transducers(IDTs) for the generation
of surface acoustic waves(SAWs) on GaAs substrates, where the metal fingers are embedded in the
substrate. We demonstrate that the acoustic reflections and the scattering of the surface modes into
the substrate become considerably reduced in these transducers, leading to an increased output
power. The finger embedding process is particularly relevant for the generation of powerful beams
of high-frequency SAWs on weak piezoelectric substrates(such as most of the semiconducting
materials) using long IDTs. We also show that the reflection reduction is important for the design of
focusing single-finger IDTs, since it minimizes the effects of the finger grating on the angular
dependence of the phase velocity. ©2004 American Institute of Physics. [DOI: 10.1063/1.1782961]

I. INTRODUCTION

Surface acoustic waves(SAWs) are vibrations propagat-
ing along the surface of a material, which have been tradi-
tionally used in electronic signal processing and in acousto-
optic modulation. Most of these applications are based on
strong piezoelectric substrates, where SAWs can be effi-
ciently generated by interdigital transducers(IDTs) consist-
ing of an array of metal fingers deposited on the surface of
the sample, as illustrated in Fig. 1(a). The electric field in-
duced by a radio-frequency(rf) voltage Vrf applied to the
fingers generates a strain field in the material through the
piezoelectric effect. The frequency of the rf voltage required
for the excitation of the SAW mode is given by the ratio
between the SAW propagation velocitysvSAWd and the SAW
wavelengthslSAWd. For the IDT of the single-finger(SF)
type displayed in Fig. 1(a), lSAW is equal to twice the peri-
odicity of the metal gratingslIDTd.

Nowadays, there is substantial interest in using high-
frequency and high-power SAWs to modulate the mechani-
cal, electronic, and optical properties of low-dimensional
structures, many of them based on semiconductor materials.
Examples of these applications include the acoustically in-
duced charge transport,1 light storage,2 modulation of photo-
nic structures3 and optical cavities,4 and the driving of mi-
cromechanical systems.5,6 As in conventional piezoelectric
insulators, the SAWs can be conveniently generated in piezo-
electric semiconductors(such as, for instance, the III-V ma-
terials) using IDTs. Most of the conventional semiconductors
(such as the GaAs-based materials), however, have very
weak piezoelectric coupling coefficients. The generation of
strong SAW fields on these materials thus requires IDTs with
a large number of fingers, through which the SAW has to
propagate before leaving the IDT. Since each finger has a
finite probability of reflecting and scattering the SAW beam
into the substrate, SAW losses in long IDTs due to reflection
and scattering become an important issue.

The acoustic reflection effects become particularly
strong in SF IDTs, where the period of the metal grating
fulfills the Bragg condition for constructive reflection of the
SAW beam. The Bragg reflections turn these IDTs into a
standing-wave acoustic cavity with a high acoustic amplitude
inside the transducers. In addition, the multiple reflections at
the metal fingers enhance the scattering of the SAW into bulk
modes, thus reducing the SAW power delivered outside the
IDT. Furthermore, the reflection also affects the relationship
between the SAW frequency and wavelength, and thus the
frequency response of the IDTs.

In this paper, we investigate the generation of SAW
beams on GaAs substrates using single-finger IDTs with
metal fingers embedded into the substrate, as illustrated in
Fig. 1(b). Such a process has recently been proposed to con-
trol the acoustic reflection induced by metal gratings, but
experimental results confirming the performance enhance-
ment have not been presented.7 We describe a simple process
for the fabrication of these IDTs, where the finger embedding
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FIG. 1. Schematic diagram of single-finger(SF) interdigital transducers
(IDTs) with (a) normal and(b) embedded metal gratings. The fingers are
oriented along they direction.lIDT andlSAW denote the period of the metal
grating and of the acoustic wave, respectively, whileVrf is the radio-
frequency voltage applied to the IDT.r is the amplitude reflection coeffi-
cient per unit length of the acoustic wave at the finger grating anda denotes
the probability of scattering(also per unit length) of the SAW into bulk
modes.
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is achieved by an etching step prior to the deposition of the
IDT metal layer, which is fully compatible with the conven-
tional SAW technology. By measuring the acoustic field
within and outside the IDTs, we show that the embedding
process considerably reduces the reflection at the fingers, in
agreement with the predictions of Ref. 7. As a consequence,
the output SAW power and the frequency bandwidth in-
creases as compared with conventional single-finger IDTs.
The embedding process is particularly important for the gen-
eration of high-frequency, high-power SAWs on GaAs,
which require long IDTs. Finally, the reduced influence of
the fingers on SAW propagation facilitates the design of fo-
cusing IDTs, which rely on a precise knowledge of the an-
gular dependence of the SAW propagation velocity. In fact,
we show that the performance of focusing IDTs with
embedded-finger shapes calculated taking into account the
acoustic anisotropy of the substrate is considerably higher
than in unembedded control samples.

We start in Sec. II with a discussion of the effects of the
metal finger grating on the propagation properties of SAWs
based on calculations of the SAW dispersion relation using
numerical methods. The procedure employed for the fabrica-
tion of embedded-finger IDTs is described in Sec. III. Sec-
tion IV presents a detailed comparison of the performance of
embedded-finger and normal IDTs. The main conclusions are
summarized in Sec. V.

II. SAW REFLECTION AT METAL GRATINGS

A. Reflection coefficient

The effects of the SAW reflection caused by the fingers
on the acoustic powerP delivered by an IDT can be quanti-
fied by defining an amplitude reflection coefficientr per unit
length, as is illustrated in Fig. 1.P also depends on the
scattering of the surface mode into bulk ones upon reflection
at the fingers, which is accounted for by the scattering prob-
ability per unit lengtha. If LIDT denotes the length of the
IDT, the acoustic power delivered by the device becomes

PsLIDTd < sgLIDTd2f1 − sa + rdLIDTg

for sa + rdLIDT ! 1 s1d

<
g2f1 − e−sa+rdLIDTg2

sa + rd2 for sa + rdLIDT @ 1, s2d

whereg denotes the SAW generation rate per unit length of
the IDT. Equation(1) indicates that reflection effects become
significant, whenLIDT is comparable to the effective scatter-
ing lengthLeff=1/sa+rd. Equation(2) expresses the fact that
in a long IDT only a section of maximum lengthLeff contrib-
utes toPsLIDTd, delivering an acoustic powerPmax=fgLeffg2.
The acoustic power produced by the remaining sections is
lost through scattering into bulk modes.

Two approaches have been proposed to reduce the losses
caused by acoustic reflections within the IDT. In the first and
the most straightforward one, the acoustic mismatch between
the metal-free and the metal-covered regions is reduced by
an appropriate selection of the metal acoustic properties. The
mismatch can normally be minimized by using a low-density

metal for the fingers, so as to reduce the mass loading effect.
As an example, IDTs on GaAs substrates with aluminum
fingers exhibit lower reflection levels than similar devices
employing fingers out of gold, which has a much higher
mass density.

In the second approach, the geometry of the metal fin-
gers within a SAW period is designed in such a way as to
induce a destructive interference of the beams reflected at
successive fingers.8 This approach normally requires more
than two fingers per SAW wavelength as well as a precise
control of the finger width and finger separation. A well-
known example is the split-finger configuration, where the
metal grating is changed into a second-order one at the SAW
wavelength by doubling the number of fingers per period.
For the same operation frequency, however, this approach
requires finger widths considerably smaller than those for SF
IDTs. The reduced feature size is a serious constraint for the
lithographic techniques employed for the fabrication of high-
frequency IDTs.

The procedure investigated here[see Fig. 1(b)] follows
the first of these approaches, where the acoustic mismatch is
reduced by embedding the fingers into the substrate.7 The
reflection of surface waves due to the presence of metallic
stripes has been described using simple models based on the
elastic properties9 and on the charge distribution in the me-
tallic stripe.10 In the following section, we present calcula-
tions of the dispersion relation for surface elastic modes in
conventional and in embedded-finger SF IDTs performed by
taking advantage of the periodicity of the fingers. In this
approach, the SAW reflection coefficient is estimated from
the width of the stop band introduced by the Bragg reflection
on the finger grating.

B. Dispersion relation for SAWs

The acoustic reflection at the interface between two iso-
tropic layers is governed by the difference in acoustic imped-
ancesZi =rivi =Îrici between the two materials(denoted by
the subscripti =1, 2).11 Here,ri, ci, andvi denote the density,
the elastic constant, and the acoustic velocity, respectively.Zi

plays for acoustic waves a role analogous to the refractive
index for optic waves. In a periodic structure composed of
two layers per period, the dispersion relation for elastic
waves can be represented within a mini-Brillouin zone with
wave vectorsk in the range −p /lIDT ,k,p /lIDT, where
lIDT denotes the period. Constructive Bragg reflection at the
interface between the layers creates stop bands at the bound-
ary of the mini-Brillouin zone(i.e., for a wave vectork
=p /lIDT and center frequencyvc< v̄k). Here,v̄ denotes the
average acoustic velocity. The widthDv of the stop band and
the acoustic reflection per periodrlIDT within the stop band
are determined by the ratioF=Z1/Z2 between the acoustic
impedances of the two layers. ForF close to 1, it can be
shown that the relative ratioDv /vc becomesDv /vc<s1
−Fd / s1+Fd. The reflection coefficient within the stop band
depends on frequency and reaches its maximum value atvc.
In the approximationF<1, the SAW reflection coefficient at
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the fingers is given simply byu1−FulIDT. These approxima-
tions will be used below to estimate the reflection coeffi-
cients of SAW on metal gratings.

The concepts presented in the previous paragraph apply,
strictly speaking, only for periodic one-dimensional layer
structures. They can, however, be extended to SAWs propa-
gating on a substrate covered by a metal grating, such as the
SF IDT of Fig. 1. The two layers are replaced, in this case,
by the regions of the IDT without and with the metallization.
The effective acoustic impedanceZeff depends now on the
elastic constants and densities of the layers and on the depth
distribution of the SAW acoustic field. The SAW mode ex-
cited by the IDTs has a wave vectorkSAW=2p /lSAW

=p /lIDT corresponding to the boundary of the mini-
Brillouin zone. This mode is thus expected to undergo strong
Bragg reflections at the metal grating.

In order to quantify the reflection effects, we performed
numerical calculations of the SAW dispersion in the metal
gratings. The calculations were carried out in two steps, as
described in the Appendix of Ref. 6. First, the differential
equation for the propagation of acoustic modes was solved
for a specific angular frequencyvSAW and wave vector
kSAW.11 We then sought for solutions satisfying the mechani-
cal and electrical boundary conditions at the surface. In order
to take into account the effects of the metal gratings on the
SAW excitation, one has to include the spatial variation of
materials parameters(such as the elastic constants, mass den-
sity, as well as the piezoelectric and dielectric tensors) along
the depth and along the SAW propagation direction. For this
purpose, we followed the procedure outlined in Refs. 12 and
13, which expresses these parameters in terms of a Fourier
series with the number of terms truncated tonG. In general,
the nG required to reproduce the material parameters in the
grating region increases with the thicknessdm of the metal
fingers. Fordm,10% of lSAW, we verified that the fre-
quency of the surface eigenmodes do not change signifi-
cantly for nG.17. The results presented here were obtained
usingnG=25.

The open symbols in Fig. 2 display the dispersion rela-
tion for surface modes propagating alongk110l directions of
a (001) GaAs surface covered by the Al metal grating of a
conventional SF IDT[see Fig. 1(a)]. Al was used in the
calculations since it is a metal commonly used for IDT met-
allization. The thicknessdm of the Al finger was assumed to
be 10% of the SAW wavelength. This relatively large thick-
ness was chosen in order to emphasize the reflection effects
on SAW propagation. The material constants for GaAs and
Al were extracted from Refs.14 and 15, respectively. The
vertical scale in the figure is normalized to the frequency
vGaAs of the mode with wave vectorkSAW/2 on the bare
GaAs substrate withvGaAs=2866 m/s.

The IDT grating opens a stop band of relative width
Dv /vc=0.05 in the SAW dispersion(see Fig. 2). From the
latter, we estimate an impedance ratioF=s1−Dv /vcd / s1
+Dv /vcd<0.9 and a maximum reflection coefficient per
grating periodr umaxlIDT = u1−Fu<0.08. According to Eq.(2),
the strong reflection coefficient thus limits the number of
periods contributing to the launched SAW mode toLeff=13.

Furthermore, the dispersion bends considerably close to the
edge of the mini-Brillouin zone leading to modes with van-
ishing group velocities atk=p /lIDT.

The reduction of the acoustic reflection arising from the
finger embedding becomes clear when similar calculations
are performed for gratings buried into the substrate. The
solid symbols in Fig. 2 show the dispersion relation for an
embedded grating with the same metal thickness and dimen-
sions as the one described above. The relative width of the
stop band reduces toDv /vc=0.016, leading to a maximum
reflection coefficientr umaxlIDT <0.04 per period, which is
considerably smaller than in the previous case. Note, in ad-
dition, that the flattening of the SAW dispersion near the stop
band is much less pronounced than in the previous one.

The dependence of the stop band width on metallization
thickness is displayed in Fig. 3. Note again that the splitting
Dv=v+−v− between the modesv+ andv− defining the stop
band is considerably smaller in IDTs with embedded fingers.
The small splitting is partially attributed to the vanishing

FIG. 2. Dispersion relation of SAW modes propagating on normal(open
symbols) and embedded(solid symbols) aluminum gratings on GaAs for
wave vectorsk close to the boundaryk=p /lIDT of the mini-Brillouin zone,
wherelIDT denotes the grating period. The thickness of the Al film corre-
sponds to 10% of the SAW wavelength. The angular frequencies are nor-
malized to the average frequency of the stop-bandvGaAs=pvGaAs/lIDT,
wherevGaAs=2866 m/s denotes the SAW velocity on the bare substrate. The
modes indicated by an upper trianglesnd have nonvanishing strain compo-
nentsuxx and uzz, where u denotes the SAW displacement field and the
coordinate system is defined in Fig. 1. The modes indicated by down tri-
angless,d are pure shear modes polarized in thexz plane (i.e., only uxz

Þ0).

FIG. 3. Dependence of the frequency of the SAW modesv+ andv− defining
the stop band of SF IDT gratings on the thicknessdm of the Al metallization.
The open and solid symbols correspond to normal and embedded gratings,
respectively. The frequencies are normalized to that of the mode with wave
vector p /lIDT on the bare GaAs substrate. The symmetry of the modes is
described in the caption of Fig. 2.
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stop band width fordm/lSAW<6%. These results indicate
that the finger reflection coefficient remains small in embed-
ded SF IDTs over a wide range of metallization thicknesses
(up to more than 6% oflSAW).

A SAW Rayleigh propagating along ak110l direction of
the (001) GaAs substrate surface has nonvanishing strain
componentsuxx=]ux/]x and uzz=]ux/]x, anduxz=

1
2s]ux/]z

+]uz/]xdÞ0. In these expressions,u denotes the SAW dis-
placement field, and the coordinate systemsx,y,zd is defined
in Fig. 1. The elastic eigenmodes generated by a SF IDT of
infinite length, in contrast, are standing waves with a wave
vector kSAW=kIDT /2 exactly at the boundary of the mini-
Brillouin zone(cf. Fig. 2). The modes indicated by an upper
trianglesnd in Figs. 2 and 3 have nonvanishing strain com-
ponentsuxx anduzz and negligibleuxz. The ones indicated by
the down triangless,d, in contrast, are almost pure shear
modes polarized in thexz plane(i.e., onlyuxzÞ0). The grat-
ing thus splits the acoustic eigenmodes at the boundary of
the Brillouin zone into a pure shear and a shearless wave.
The SAW leaving the IDT is a linear combination of these
modes: it is an evanescent wave within the IDT with a fre-
quency lying within the stop band. Finally, the two zone-
boundary modes cross fordm/lSAW<6%, leading to a van-
ishing stop band width at this metallization coverage.

III. EXPERIMENTAL DETAILS

The IDTs with embedded fingers investigated here

launch Rayleigh waves propagating along thef11̄0g direction
of the GaAs(001) surface. They were fabricated on GaAs
substrates following the procedure illustrated in Fig. 4,
which involves five steps.

(a) Coating of the substrate(indicated by the number 2 in
Fig. 4) with a positive photoresist(1) and subsequent
definition of the metal finger areas(2) on the resist by
photolithography.

(b) Development of the resist to expose the substrate areas
underlying the metal.

(c) Etching of the finger areas using a Cl2+N2 plasma-
etching process. The total pressure in the plasma-
etching chamber was set to 2 Pa using flows of 1 and
20 SCCM for Cl2 and N2, respectively. The excitation
power used to generate the plasma was 50 W with a
bias voltage of 136 V. The nominal depth of the etch-
ing grooves was chosen to be equal to the thickness of
the metallization layers<60 nmd.

(d) Deposition of the metal film(4) consisting of a
Ti/Al/Ti multilayer with thicknesses of 10, 40, and
10 nm, respectively.

(e) Removal of the excess metal through a liftoff process.

Figure 5 displays the cross section of an embedded fin-
ger produced using the fabrication process described above.
The highly directional plasma etching creates well-defined
etch grooves with depth corresponding almost exactly to the
thickness of the metallization film. In the fabrication, it is
important to avoid the formation of grooves at the lateral
interface between the embedded metal and the substrate,
which efficiently scatter surface modes.

In order to evaluate the performance of the embedded-
finger concept, two sets of conventional and embedded-
finger IDTs (displayed in Table I) were fabricated with alu-
minum metal fingers of width and interspacing equal to
0.7 mm Set 1 consists of double-finger(DF)—sometimes
called also split-finger—IDTs designed for an operation at
lSAW=5.6 mm and frequencyfSAW=510 MHz. Set 2 is com-
posed of single-finger IDTs for the generation of SAWs with
lSAW=2.8 mm (operation frequency of<1.02 GHz). Each
set includes a linear IDT(indicated by the subscript L) and
two focusing IDTs with aperture anglesf of 0.1 and 0.2 rad
(denoted by the subscripts 1 and 2, respectively).16 In the
focusing devices, the fingers are curved in order to produce a
converging SAW beam. Further details about the focusing
IDTs can be found in Ref. 16

IV. RESULTS

A. Electrical characteristics

The difference between IDTs with normal and embedded
gratings becomes evident in their electric response. Figure 6
compares the rf reflection coefficients11 of embedded-finger
[SFL

e, (a)] and conventional[SFL, (b)] IDTs, as determined

FIG. 4. Process steps for the fabrication of IDTs with embedded fingers:(a)
photoresist(1) deposited on the surface of the substrate(3) for the definition
of the metal finger areas(2) using photolithography;(b) development of the
photoresist;(c) etching of the substrate;(d) deposition of the metal film(4);
and (e) liftoff process to remove the excess metal.

FIG. 5. Scanning electron micrograph of Al embedded fingers on a GaAs
substrate.
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using a microwave network analyzer. The frequency re-
sponse Isvd of a conventional IDT is given byIsvd
,fsinsxd /xg2, with x=LIDTp /vG, wherevG=]vSAW/]k de-
notes the SAW group velocity at the resonance frequency.17

The width of the resonance band of an IDT, defined as the
frequency difference between the zeros of the sinsxd /x func-
tion, can be expressed as

DvSAW =
2p

LIDT
vG. s3d

For single-finger IDTs,kSAW is located at the edges of the
Brillouin zone, where, according to Fig. 2,vG decreases with
increasing width of the stop bands, thus leading to a sharper
resonance than in nonembedded IDTs.

The frequency response of the IDTs with embedded fin-
gers show, in addition to the main resonance, a lower fre-
quency side mode indicated by the arrows in Fig. 6. One is
tempted to associate the main and side minima with the two
modes defining the stop band(cf. Fig. 2). The separation
between these modes, however, is approximately twice as
large as the calculated stop-band width. In addition, by com-
paring embedded IDTs with different etch depths(and simi-
lar metallization thicknesses), we conclude that this fre-
quency difference decreases with the stop-band width. We
attributed the side mode to a secondary maximum of the
fsinsxd /xg2 function, which is separated from the main one
by a splittingDvSAW

* =s3p /LIDTdvG. In the case of SFL
e IDTs,

in which the dispersion does not significantly deviate from a

linear one,vG,vSAW, leading toDvSAW
* / s2pd=7.5 MHz for

LIDT =560mM. This value is very close to the measured
splitting of DvSAW

* / s2pd=7.3 MHz in Fig. 6(a). Further-
more,DvSAW

* / s2pd=2.5 MHz is much smaller for SFL IDTs,
where thevG is reduced due to the wider stop band. Finally,
we note that the side mode in nonetched IDTs is weaker and,
in contrast with IDTs with embedded fingers, located on the
high-frequency side of the main resonance. This behavior is
probably associated with the different symmetries of the
modes at the lower and higher frequency branches defining
the stop band, as already discussed in connection with Fig. 2.

Table I compares, for the different transducer types, the
depth of the electrical reflection coefficientDus11u2=fs11

sresdg2

−fs11
soffdg2, wheres11

sresd ands11
soffd denote the rf scattering reflec-

tion coefficient for the zero-order mode at the resonant fre-
quency and off-resonance, respectively.Dus11u2 corresponds
to the fraction of the rf power applied to the IDT that is
converted into acoustic modes. The differences inDus11u2 re-
flect the dependence of the electroacoustic coupling coeffi-
cients on the IDT geometry. As expected, the embedded grat-
ings almost do not affect theDus11u2 parameter of DF IDTs.
These transducers are characterized by a low SAW reflection
coefficient, since Bragg reflection in this configuration is a
second-order effect. For the SF structures, in contrast,Dus11u2
decreases for the embedded fingers due to the strong reduc-
tion in the SAW reflection.

In spite of the smallerDus11u2, the reduced finger reflec-
tion also leads to a higher acoustic power outside the IDTs, a
feature that can be verified by measuring the electrical trans-
mission of a two-port delay line. In the absence of acoustic
losses, the forward transmission scattering coefficients12 is
related to the reflection coefficients(s11 and s22) by the ex-
pression us12u2= 1

4Dus11u2Dus22u2, where the factor of 4 ac-
counts for the bidirectionality of the IDTs. Table I also com-
pares the electric efficiencyhel=4us12u2/ sDus11u2Dus22u2d for
different linear IDTs. The split-finger IDTs, in which no
strong Bragg reflections are expected, have the highesthel

values(close to 0.6). The deviations ofhel from 1 in these
IDTs is attributed to diffraction effects that spread the SAW
beam and result in a deviation of its wave fronts from plane
waves.hel reduces by<50% in etched double-finger IDTs,
probably due to inhomogeneities introduced by the etching
process. The much smaller values ofhel in SFL IDTs dem-

TABLE I. Depth of the electrical reflection coefficientsDus11u2d, electric efficiencysheld, and acoustic conver-
sion ratio sjpd for normal- and embedded-finger(e) IDTs. The IDT labels DF and SF indicate split- and
single-finger structures, the subscriptsL, and 1 and 2 denote linear IDTs and focusing IDTs with aperture angles
f of 0.1 and 0.2 rad, respectively.

IDT Dus11u2 Dus11u2 (e) hel hel (e) jp jp (e)

Set 1 with: DFL 0.34±0.02 0.30±0.02 0.57±0.07 0.28±0.01 580 ¯

lSAW=5.6 mm DF1 0.23±0.02 0.23±0.02 ¯ ¯ 460 ¯

fSAW=510 MHz DF2 0.23±0.02 0.19±0.02 ¯ ¯ 450 ¯

Set 2 with: SFL 0.73±0.02 0.38±0.02 0.030±0.002 0.4±0.1 170 900
lSAW=2.8 mm SF1 0.60±0.02 0.26±0.02 ¯ ¯ 25 580
fSAW=1.02 GHz SF2 0.19±0.02 0.10±0.02 ¯ ¯ 31 360

FIG. 6. rf reflection coefficients11 of IDTs SFL
e (a) and SFL (b) determined

using a network analyzer. The arrows indicate the first-order mode for each
case.
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onstrate that only a small fraction of the acoustic power gen-
erated by the emitting SFL IDT reaches its counterpart at the
opposite side of the delay line. The remaining power is dis-
sipated through conversion into bulk modes upon reflection
at the finger grating. The embedding process, however, in-
creaseshel of SFL

e by more than one order of magnitude to
values comparable to the one in the DFL structures. Thehel

data for SFL
e IDT displayed in Table I were obtained from

measurements on 18 delay lines from four different wafers
etched in distinct runs, thus attesting the reproducibility of
the embedding process.

B. Spatial distribution of the SAW fields

The acoustic fields generated by the IDTs were probed
using a microscopic Michelson interferometer to measure the
vertical displacements induced by the SAW. The interferom-
eter uses a single-mode laser source with a wavelength of
532 nm, which is focused to an<1 mm wide spot on the
sample surface using a 503 objective. The laser spot can be
scanned over the sample surface in order to measure spatially
resolved profiles of the SAW amplitude. The output of the
interferometer is detected by a fast photodiode(frequency
response of 2 GHz). The amplitude of the diode signal, mea-
sured using a spectrum analyzer, is proportional to the square
of the surface displacement field averaged in timeuz

2 and,
thus, to the local acoustic power density.

The superior performance of the IDTs with embedded
fingers is demonstrated in Fig. 7, which comparesuz

2 profiles
measured along the length(x direction, as defined in Fig. 1)
of the SFL and SFL

e IDTs. Both profiles were recorded by
exciting the IDTs with the same nominal rf powerPrf

=20 mW. Although the SFL
e IDT possess a much smaller

Dus11u2, the acoustic power delivered outside it(i.e., for x,0
andx.200 mm) is higher than in the case of SFL IDT. In the
latter, most of the generated acoustic power is dissipated
within the IDT. This result can be explained by the strong
Bragg reflections at the metal grating for SFL, which turns
this IDT into a standing wave cavity for the SAW beam with
a high acoustic amplitude inside the transducer. In fact, the
acoustic intensityuz

2 measured at the center of the finger area
of these transducers is<20 times larger than at the output
(see Fig. 7). The multiple reflections also increase the scat-
tering of the SAW into bulk modes, thus reducinguz

2 outside

the IDT. The reflection effects are considerably reduced
when the metal grating is embedded into the substrate(SFL

e

IDT). The ratio between theuz
2 values in the middle and

outside these IDTs reduce to<3.
In both types of IDTs in Fig. 7,uz

2 decays exponentially
towards the edges of the IDTs. The solid line are fits accord-
ing to Eq. (2), which yield decay lengthsLdec of <30lSAW

and 70lSAW for IDTs with normal and embedded fingers,
respectively. Using the simple model of Sec. II B, we esti-
mate usingdm/lSAW=2.1% a lower limit for Leff equal to
9lSAW for the normal SF IDT. A more realistic estimation
can be obtained using the model outlined in Ref. 9. Using
particle velocitiesvx=2.15 m/s andvz=3.35 m/s(keeping
the coordinate notation defined in Fig. 1) calculated employ-
ing the simulation procedure described in Ref. 6 for an
acoustic power density of 100 W/m, this model yieldsLeff

=23lSAW. This value compares well with the measured de-
cay length for the SF IDT in Fig. 7.

C. Focusing performance

The acoustic SAW power delivered by the IDT can be
determined by integrating the squared vertical displacement
field uz

2syd determined by interferometry across the beam
width (y direction). We use this fact to determine the acoustic
conversion ratiojp (shown in Table I) defined as

jp =
fSAW

1 GHz

1

Dus11u2Prf
E

−`

`

uz
2syddy, s4d

where the integral along the beam cross section is deter-
mined fromuz measurements outside the IDT.jp quantifies
the ability of a transducer to convert the applied rf power
into a propagating SAW mode outside it. TheDus11u2 factor
corrects for the differences in the electric to acoustic conver-
sion efficiencies arising from the different IDT geometries.
The frequency ratiofSAW/ s1 GHzd was introduced in Eq.(4)
in order to allow for the comparison of transducers with dif-
ferent operation frequency. This ratio takes into account the
fact that for a fixed acoustic power density the squared am-
plitude of the SAW field is inversely proportional to the op-
eration frequency.

The data for the linear IDTs show again the improve-
ment in the conversion efficiency in IDTs with embedded
fingers, which becomes comparable to those measured in DF
IDTs. The performance of focusing IDTs is also considerably
improved when the devices are fabricated with embedded
gratings. As mentioned previously, these IDTs have curved
fingers with a shape following curves of constant SAW group
velocity.16 Due to the acoustic anisotropy inherent of crystal-
line materials, the design of focusing IDTs relies on the pre-
cise knowledge of the dependence of the SAW properties on
the propagation direction.16 In SF IDTs, the latter also de-
pends sensitively on the dimensions of the metal grating
(Fig. 2). Small fluctuations in the thickness or width of the
fingers lead, therefore, to considerable variations in focusing
performance. This effect adds to the losses induced by acous-
tic reflection at the fingers, leading to conversion ratiosjp

considerably lower than for split-finger IDTs(see Table I). In
contrast, when the IDT fingers are embedded into the sub-

FIG. 7. Profiles of the squared vertical displacementuz
2 along the IDT length

(x direction) of the linear SFL
e and SFL IDTs determined by interferometry.

The dot-dashed lines atx=0 and 200lSAW mark the edges of the IDTs.
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strate the grating effects on the SAW dispersion are signifi-
cantly reduced. As a result,jp of focusing IDTs becomes
enhanced by more than one order of magnitude, thus leading
to performances comparable to the ones of split-finger IDTs.

V. CONCLUSIONS

We have investigated single-finger IDTs, which substan-
tially reduce the Bragg reflection of the SAW on the IDT
metal grating by embedding the metal grating into the sub-
strate. We have shown that this procedure also considerably
reduces the effects of the metal grating on the SAW propa-
gation properties(such as the phase and group velocity as
well as their dependence on the propagation direction). IDTs
with embedded gratings are particularly interesting for the
generation of high-frequency SAWs on weak piezoelectric
substrates(such as, for instance, the conventional III-V semi-
conductors), where the acoustic reflections at the long metal
grating limit the maximum acoustic field that can be gener-
ated by the IDT.

We have demonstrated the superior performance ob-
tained by embedding the fingers through calculations as well
as through a direct experimental comparison of the acoustic
power delivered by normal and embedded-finger IDTs. For
long IDTs, the acoustic field intensities delivered by the new
structures are at least a factor of 4 larger than in conventional
IDTs. Furthermore, we show that the weaker impact of the
embedded grating on SAW propagation is particularly impor-
tant for focusing IDTs, where the focusing performance de-
pends crucially on the propagation properties. The use of
embedded gratings in this case leads to a significant enhance-
ment in the acoustic power delivered by the devices.
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