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Embedded interdigital transducers for high-frequency surface acoustic
waves on GaAs
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We investigate high-performance, high-frequency interdigital transdyid2fs) for the generation

of surface acoustic wavéSAWS) 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 substrgsesh as most of the semiconducting
material3 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.2@04 American Institute of Physig®OI: 10.1063/1.1782941

I. INTRODUCTION The acoustic reflection effects become particularly
. I strong in SF IDTs, where the period of the metal grating
Surface acoustic waveSAWs) are vibrations propagat- fulfills the Bragg condition for constructive reflection of the

ing along the surface of a material, which have been tradi

. . L . . SAW beam. The Bragg reflections turn these IDTs into a
tionally used in electronic signal processing and in acousto-

. . L standing-wave acoustic cavity with a high acoustic amplitude
optic modulation. Most of these applications are based on 9 y 9 P

strong piezoelectric substrates, where SAWSs can be efﬂJpsme the transducers. In addition, the multiple reflections at

. ; o . the metal fingers enhance the scattering of the SAW into bulk
ciently generated by interdigital transducéi®Ts) consist- ; . )
. : . odes, thus reducing the SAW power delivered outside the
ing of an array of metal fingers deposited on the surface o . . :
. 2 ST DT. Furthermore, the reflection also affects the relationship
the sample, as illustrated in Fig(al. The electric field in-

duced by a radio-frequencgyf) voltage V; applied to the between the SAW frequency and wavelength, and thus the

. S : . frequency response of the IDTs.
fingers generates a strain field in the material through the In this paper, we investigate the generation of SAW

piezoelectric effect. The frequency of the rf voltage requiredbeamS on GaAs substrates using single-finger IDTs with

for the excitation of the SAW mode is given by the ratio | f bedded i h b i di
between the SAW propagation velocliyeay) and the SAW metal fingers embedded into the substrate, as illustrated in
SAW Fig. 1(b). Such a process has recently been proposed to con-

wavelength(Asaw). For the IDT of the single-finge(SP "y acoustic reflection induced by metal gratings, but

type displayed in Fig. (), Asaw is equal to twice the peri- experimental results confirming the performance enhance-

odicity of the metal gre_ltlngj)\lm). o . . .___ment have not been presentedie describe a simple process
Nowadays, there is substantial interest in using hlgh'forthe fabrication of these IDTs, where the finger embeddin
frequency and high-power SAWs to modulate the mechani- ’ 9 g

cal, electronic, and optical properties of low-dimensional

structures, many of them based on semiconductor materials. Vo — f;w
Examples of these applications include the acoustically in- SAW
duced charge transpdrtight storagez, modulation of photo- s o me P e
nic structured and optical cavitie$,and the driving of mi- =< T3 .z
cromechanical systen?:f. As in conventional piezoelectric ( Substrate V(L_,x
insulators, the SAWs can be conveniently generated in piezo- 2

electric semiconductorsuch as, for instance, the IllI-V ma- Asaw
terialg using IDTs. Most of the conventional semiconductors Vio " Mot
(such as the GaAs-based matenialsowever, have very T SAwW
weak piezoelectric coupling coefficients. The generation of - T
strong SAW fields on these materials thus requires IDTs with Subsirais ;_2(
a large number of fingers, through which the SAW has to (b) y

propagate before leaving the IDT. Since each finger has a

.. . . . FIG. 1. Schematic diagram of single-fingeé8F interdigital transducers
finite probability of reflecting and scattering the SAW beam(lDTS) with (a) normal and(b) embedded metal gratings. The fingers are

into the substrate, SAW losses in long IDTs due to reflectioryriented along the direction. x5y and\say denote the period of the metal
and scattering become an important issue. grating and of the acoustic wave, respectively, whilg is the radio-
frequency voltage applied to the IDT.is the amplitude reflection coeffi-
cient per unit length of the acoustic wave at the finger gratingeaddnotes
3author to whom correspondence should be addressed; electronic maithe probability of scatteringalso per unit lengthof the SAW into bulk
santos@pdi-berlin.de modes.
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is achieved by an etching step prior to the deposition of thenetal for the fingers, so as to reduce the mass loading effect.
IDT metal layer, which is fully compatible with the conven- As an example, IDTs on GaAs substrates with aluminum
tional SAW technology. By measuring the acoustic fieldfingers exhibit lower reflection levels than similar devices
within and outside the IDTs, we show that the embeddingemploying fingers out of gold, which has a much higher
process considerably reduces the reflection at the fingers, imass density.
agreement with the predictions of Ref. 7. As a consequence, In the second approach, the geometry of the metal fin-
the output SAW power and the frequency bandwidth in-gers within a SAW period is designed in such a way as to
creases as compared with conventional single-finger IDTanduce a destructive interference of the beams reflected at
The embedding process is particularly important for the gensuccessive fingetBS.This approach normally requires more
eration of high-frequency, high-power SAWs on GaAs,than two fingers per SAW wavelength as well as a precise
which require long IDTs. Finally, the reduced influence of control of the finger width and finger separation. A well-
the fingers on SAW propagation facilitates the design of foknown example is the split-finger configuration, where the
cusing IDTs, which rely on a precise knowledge of the an-metal grating is changed into a second-order one at the SAW
gular dependence of the SAW propagation velocity. In factwavelength by doubling the number of fingers per period.
we show that the performance of focusing IDTs with For the same operation frequency, however, this approach
embedded-finger shapes calculated taking into account threquires finger widths considerably smaller than those for SF
acoustic anisotropy of the substrate is considerably higheDTs. The reduced feature size is a serious constraint for the
than in unembedded control samples. lithographic techniques employed for the fabrication of high-
We start in Sec. Il with a discussion of the effects of thefrequency IDTs.
metal finger grating on the propagation properties of SAWs  The procedure investigated heisee Fig. 1b)] follows
based on calculations of the SAW dispersion relation usinghe first of these approaches, where the acoustic mismatch is
numerical methods. The procedure employed for the fabricareduced by embedding the fingers into the subsfratee
tion of embedded-finger IDTs is described in Sec. lll. Secreflection of surface waves due to the presence of metallic
tion 1V presents a detailed comparison of the performance ao$tripes has been described using simple models based on the
embedded-finger and normal IDTs. The main conclusions arelastic propertiegsand on the charge distribution in the me-
summarized in Sec. V. 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
Il. SAW REFLECTION AT METAL GRATINGS taking advantage of the periodicity of the fingers. In this
A. Reflection coefficient approach, the SAW reflection coefficient is estimated from

i ) the width of the stop band introduced by the Bragg reflection
The effects of the SAW reflection caused by the fingersy, ihe finger grating.

on the acoustic powd? delivered by an IDT can be quanti-

fied by defining an amplitude reflection coefficignper unit

length, as is illustrated in Fig. 1P also depends on the

scattering of the surface mode into bulk ones upon reflection

at the fingers, which is accounted for by the scattering probp. Dispersion relation for SAWs
ability per unit lengtha. If Lipr denotes the length of the

IDT, the acoustic power delivered by the device becomes The acoustic reflection at the interface between two iso-

tropic layers is governed by the difference in acoustic imped-

P(Lipr) = (9Lipr)[1 ~ (a+ Lipr] ancesZ,=pyv; = \pic; between the two materiatslenoted by
for (a+nLpr < 1 (1) thesubscript=1, 2. Here,p;, ¢, andv; denote the density,
the elastic constant, and the acoustic velocity, respecti¥gely.
g1 - e (@ lior]2 plays for acoustic waves a role analogous to the refractive
~ (@) for (@ +r)Lpr > 1, (2)  index for optic waves. In a periodic structure composed of

two layers per period, the dispersion relation for elastic
whereg denotes the SAW generation rate per unit length ofwaves can be represented within a mini-Brillouin zone with
the IDT. Equation(1) indicates that reflection effects become wave vectorsk in the range -w/\pr <k<a/\pt, Where
significant, wherL 1 is comparable to the effective scatter- Aot denotes the period. Constructive Bragg reflection at the
ing lengthL¢s=1/(a+r). Equation(2) expresses the fact that interface between the layers creates stop bands at the bound-
in along IDT only a section of maximum length contrib-  ary of the mini-Brillouin zone(i.e., for a wave vectok

utes toP(L,p7), delivering an acoustic powe?,,,=[gLex]% =x/\pr and center frequency,.~vk). Here,v denotes the
The acoustic power produced by the remaining sections iaverage acoustic velocity. The widiNw of the stop band and
lost through scattering into bulk modes. the acoustic reflection per period,pt within the stop band

Two approaches have been proposed to reduce the lossae determined by the rati®=2,/Z, between the acoustic
caused by acoustic reflections within the IDT. In the first andmpedances of the two layers. Fbrclose to 1, it can be
the most straightforward one, the acoustic mismatch betweeshown that the relative ratidw/w, becomesAw/w.~ (1
the metal-free and the metal-covered regions is reduced byF)/(1+F). The reflection coefficient within the stop band
an appropriate selection of the metal acoustic properties. Thadepends on frequency and reaches its maximum valug. at
mismatch can normally be minimized by using a low-densityln the approximatior= 1, the SAW reflection coefficient at

Downloaded 03 Sep 2004 to 198.97.67.58. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



3496 J. Appl. Phys., Vol. 96, No. 6, 15 September 2004 de Lima, Jr. et al.

the fingers is given simply byl —F|\,pt. These approxima- 11 SF°
tions will be used below to estimate the reflection coeffi- —v— SF® \‘
cients of SAW on metal gratings. 4| —2—SF
The concepts presented in the previous paragraph apply, 2 —v— SF
strictly speaking, only for periodic one-dimensional layer E;‘-";
structures. They can, however, be extended to SAWs propa- 3 09
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, 08 |

by the regions of the IDT without and with the metallization.
The effective acoustic impedan@gy depends now on the "
elastic constants and densities of the layers and on the depth saw (TApr)

d!St”bUtlon of the SAW acoustic field. The SAW mode ex- FIG. 2. Dispersion relation of SAW modes propagating on nor(opkn
cited by the IDTs has a wave vectdgay=27/Asaw symbolg and embeddedsolid symbol aluminum gratings on GaAs for
=m/\pr corresponding to the boundary of the mini- wave vectors close to the boundarly=/\pr of the mini-Brillouin zone,

: - - . here\pt denotes the grating period. The thickness of the Al film corre-
Brillouin zone. This mode is thus eXpeCted to undergo Stron@/ponds to 10% of the SAW wavelength. The angular frequencies are nor-

Bragg reflections at the metal grating. malized to the average frequency of the stop-bangia= mvgans NioTs
In order to quantify the reflection effects, we performedwherevg,,=2866 m/s denotes the SAW velocity on the bare substrate. The

numerical calculations of the SAW dispersion in the meta|modes indicated by an upper triangl&) have nonvanishing strain compo-
nentsu,, and u,, whereu denotes the SAW displacement field and the

gratings. The calculati0n§ were carried 'OUt in tWCf steps: Agoordinate system is defined in Fig. 1. The modes indicated by down tri-
described in the Appendix of Ref. 6. First, the differential angles(V) are pure shear modes polarized in tteplane i.e., only u,,

equation for the propagation of acoustic modes was solved 9-
for a specific angular frequencysay and wave vector
ksaw. " We then sought for solutions satisfying the mechani-Furthermore, the dispersion bends considerably close to the
cal and electrical boundary conditions at the surface. In ordesdge of the mini-Brillouin zone leading to modes with van-
to take into account the effects of the metal gratings on theshing group velocities at=7/\pt.
SAW excitation, one has to include the spatial variation of  The reduction of the acoustic reflection arising from the
materials paramete(such as the elastic constants, mass denfinger embedding becomes clear when similar calculations
sity, as well as the piezoelectric and dielectric tengalsng  are performed for gratings buried into the substrate. The
the depth and along the SAW propagation direction. For thisolid symbols in Fig. 2 show the dispersion relation for an
purpose, we followed the procedure outlined in Refs. 12 anémbedded grating with the same metal thickness and dimen-
13, which expresses these parameters in terms of a Fourisions as the one described above. The relative width of the
series with the number of terms truncatedntp In general, stop band reduces thw/w.=0.016, leading to a maximum
the ng required to reproduce the material parameters in theeflection coefficientr| .\ ipr=0.04 per period, which is
grating region increases with the thicknes of the metal  considerably smaller than in the previous case. Note, in ad-
fingers. Ford,<10% of Agay, We verified that the fre- dition, that the flattening of the SAW dispersion near the stop
quency of the surface eigenmodes do not change signifband is much less pronounced than in the previous one.
cantly forng>17. The results presented here were obtained The dependence of the stop band width on metallization
usingng=25. thickness is displayed in Fig. 3. Note again that the splitting
The open symbols in Fig. 2 display the dispersion rela-A@=0"-w™ between the modes™ andw™ defining the stop
tion for surface modes propagating a|dr1g_o> directions of band is ConSiderably smaller in IDTs with embedded ﬁngers.
a (001) GaAs surface covered by the Al metal grating of a The small splitting is partially attributed to the vanishing
conventional SF IDT[see Fig. {a)]. Al was used in the
calculations since it is a metal commonly used for IDT met-

0.8 0.85 0.9 0.95 1

allization. The thicknessd,, of the Al finger was assumed to 1.02 e
be 10% of the SAW wavelength. This relatively large thick- 1 ,.AQ-.:Q-‘-‘&-'-‘*""" &% ;l'
ness was chosen in order to emphasize the reflection effects % Vo Y a
on SAW propagation. The material constants for GaAs and s 098 s SF v, ]
Al were extracted from Refs.14 and 15, respectively. The 2 096 v SF v
vertical scale in the figure is normalized to the frequency N v
wcaas Of the mode with wave vectoksayw/2 on the bare 0.94r SFe v J
GaAs substrate withg,as—=2866 m/s. P 5 y 5 5 10
The IDT grating opens a stop band of relative width
d/Agaw (%)

Aw/w.=0.05 in the SAW dispersiofsee Fig. 2. From the
latter, we estimate an impedance rafe(1-Aw/wy)/(1  FIG. 3. Dependence of the frequency of the SAW magéandw- defining
+Aw/wc) ~0.9 and a maximum reflection coefficient per the stop band of SF IDT gratings on the thickndg®f the Al metallization.

; ; —11 —F| ~ ; The open and solid symbols correspond to normal and embedded gratings,
grating penOd’|max.}\'DT |1 F| 0.08. Ac_co_rdlng to Eqc2), respectively. The frequencies are normalized to that of the mode with wave
the strong reflection coefficient thus limits the number ofecior /) ; on the bare GaAs substrate. The symmetry of the modes is

periods contributing to the launched SAW mode.tg=13.  described in the caption of Fig. 2.

Downloaded 03 Sep 2004 to 198.97.67.58. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 96, No. 6, 15 September 2004 de Lima, Jr. et al. 3497

Embedded-fingers

DT T T o
Substrate

FIG. 5. Scanning electron micrograph of Al embedded fingers on a GaAs

substrate.
(d)
—— —— — m——m— (b) Development of the resist to expose the substrate areas
underlying the metal.
© (c) Etching of the finger areas using a,€N, plasma-

FIG. 4. Process steps for the fabrication of IDTs with embedded fingg@rs: etchlng Process. The total pressure in the plasma-

photoresist1) deposited on the surface of the subst@)efor the definition etching chamber was set to 2 P? using flows _Of 1 and
of the metal finger area®) using photolithography(b) development of the 20 SCCM for C} and N,, respectively. The excitation
photoresist(c) etching of the substratégl) deposition of the metal filni); power used to generate the p|asma was 50 W with a

and(e) liftoff process to remove the excess metal. bias voltage of 136 V. The nominal depth of the etch-

ing grooves was chosen to be equal to the thickness of

stop band width ford,,/Agaw=6%. These results indicate the metallization layef=~60 nm).
that the finger reflection coefficient remains small in embed(d) Deposition of the metal film(4) consisting of a
ded SF IDTs over a wide range of metallization thicknesses Ti/Al/Ti multilayer with thicknesses of 10, 40, and
(up to more than 6% okgaw). 10 nm, respectively.

A SAW Rayleigh propagating along{@10 direction of  (e) Removal of the excess metal through a liftoff process.
the (001) GaAs substrate surface has nonvanishing strain
componentsi,,=du,/dx and u,,=du,/dx, and sz:%(&ux/ﬂz Figure 5 displays the cross section of an embedded fin-
+au,/ dx) # 0. In these expressions, denotes the SAW dis- 9ger produced using the fabrication process described above.
placement field, and the coordinate systeqy, 2) is defined The highly directional plasma etching creates well-defined
in Fig. 1. The elastic eigenmodes generated by a SF IDT oftch grooves with depth corresponding almost exactly to the
infinite length, in contrast, are standing waves with a wavdhickness of the metallization film. In the fabrication, it is
vector ksaw=kp7/2 exactly at the boundary of the mini- important to avoid the formation of grooves at the lateral
Brillouin zone(cf. Fig. 2. The modes indicated by an upper interface between the embedded metal and the substrate,
triangle (A) in Figs. 2 and 3 have nonvanishing strain com-Which efficiently scatter surface modes.
ponentsu,, andu,, and negligibleu,,. The ones indicated by In order to evaluate the performance of the embedded-
the down trianglegV), in contrast, are almost pure shear finger concept, two sets of conventional and embedded-
modes polarized in thez plane(i.e., onlyu,,# 0). The grat- finger IDTs (displayed in Table)lwere fabricated with alu-
ing thus splits the acoustic eigenmodes at the boundary dfinum metal fingers of width and interspacing equal to
the Brillouin zone into a pure shear and a shearless wavé.7 um Set 1 consists of double-fing¢DF)—sometimes
The SAW leaving the IDT is a linear combination of these called also split-finger—IDTs designed for an operation at
modes: it is an evanescent wave within the IDT with a fre-Asaw=5.6 um and frequencysayw=510 MHz. Set 2 is com-
quency lying within the stop band. Finally, the two zone- posed of single-finger IDTs for the generation of SAWs with
boundary modes cross fol,/Asaw=~ 6%, leading to a van- Asaw=2.8 um (operation frequency of=1.02 GH2. Each

ishing stop band width at this metallization coverage. set includes a linear IDTindicated by the subscript)land
two focusing IDTs with aperture anglesof 0.1 and 0.2 rad

(denoted by the subscripts 1 and 2, respectmféiyn the
lll. EXPERIMENTAL DETAILS focusing devices, the fingers are curved in order to produce a

. . . . converging SAW beam. Further details about the focusing
The IDTs with embedded fingers investigated hereIDTS can be found in Ref. 16

launch Rayleigh waves propagating along|[th#0] direction
of the GaAs(001) surface. They were fabricated on GaAs

substrates following the procedure illustrated in Fig. 4,|V' RESULTS
which involves five steps. A. Electrical characteristics
(@) Coating of the substratgndicated by the number 2 in The difference between IDTs with normal and embedded

Fig. 4) with a positive photoresistl) and subsequent gratings becomes evident in their electric response. Figure 6
definition of the metal finger aredg) on the resist by compares the rf reflection coefficiesy; of embedded-finger
photolithography. [SF, (8] and conventionalSF, (b)] IDTs, as determined
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TABLE |. Depth of the electrical reflection coefficieth|s,,|?), electric efficiency(7,), and acoustic conver-
sion ratio (§,) for normal- and embedded-fingée) IDTs. The IDT labels DF and SF indicate split- and
single-finger structures, the subscriptsand 1 and 2 denote linear IDTs and focusing IDTs with aperture angles
¢ of 0.1 and 0.2 rad, respectively.

IDT A|511‘2 A‘SM'Z C) el el (€) gp gp (e)
Set 1 with: DR 0.34+0.02 0.30£0.02 0.57+0.07 0.28+0.01 580 ---
Asaw=5.6 um DF, 0.23+0.02 0.23+0.02 460
fsaw=510 MHz DR, 0.23+0.02 0.19+0.02 450
Set 2 with: Sk 0.73+£0.02 0.38+0.02 0.030+0.002 0.4+0.1 170 900
Asaw=2.8 um SKH 0.60+0.02 0.26+0.02 25 580
fsaw=1.02 GHz Sk 0.19+0.02 0.10+0.02 31 360

using a microwave network analyzer. The frequency redinear oneyg~uvsaw, leading tko*SAW/(ZTr):Y.S MHz for
sponse l(w) of a conventional IDT is given byl(w) Lipr=560uM. This value is very close to the measured
~[sin(x)/x]?, with x=L,prm/vg, Wherevg=dwsaw/dk de-  splitting of Aw;AW/(Zw):7.3 MHz in Fig. &a). Further-
notes the SAW group velocity at the resonance frequency. more,Aw*SAW/(ZW):Z.S MHz is much smaller for SADTS,

The width of the resonance band of an IDT, defined as thevhere thevg is reduced due to the wider stop band. Finally,
frequency difference between the zeros of théxgitx func-  we note that the side mode in nonetched IDTs is weaker and,

tion, can be expressed as in contrast with IDTs with embedded fingers, located on the
o high-frequency side of the main resonance. This behavior is

Awgay = —0g. (3)  probably associated with the different symmetries of the
Lior modes at the lower and higher frequency branches defining

For single-finger IDTsksay is located at the edges of the the stop band, as already discu;sed in connection with Fig. 2.
Brillouin zone, where, according to Fig. 2 decreases with Table | compares, for the-dn‘ferent. transdu;:er t()r/eps)ezs, the
increasing width of the stop bands, thus leading to a sharpé’eett‘f of the electrical reﬂﬁectlon coefficieats;,[*=[s/;"]
resonance than in nonembedded IDTs. ~[s)" 17, wheres{7® ands;}" denote the rf scattering reflec-
The frequency response of the IDTs with embedded fintion coefficient for the zero-order mode at the resonant fre-
gers show, in addition to the main resonance, a lower frequency and off-resonance, respectivelys;;|* corresponds
quency side mode indicated by the arrows in Fig. 6. One i$0 the fraction of the rf power applied to the IDT that is
tempted to associate the main and side minima with the twgonverted into acoustic modes. The differencedlis | re-
modes defining the stop bandf. Fig. 2. The separation flect the dependence of the electroacoustic coupling coeffi-
between these modes, however, is approximately twice agents on the IDT geometry. As expected, the embedded grat-
large as the calculated stop-band width. In addition, by comings almost do not affect tha|s,,|*> parameter of DF IDTs.
paring embedded IDTs with different etch depthsd simi-  These transducers are characterized by a low SAW reflection
lar metallization thicknessgswe conclude that this fre- coefficient, since Bragg reflection in this configuration is a
quency difference decreases with the stop-band width. Weecond-order effect. For the SF structures, in conttgst,|?
attributed the side mode to a secondary maximum of thelecreases for the embedded fingers due to the strong reduc-
[sin(x)/x]? function, which is separated from the main onetion in the SAW reflection.
by a splittingA wg = (37/Lp1)vg. In the case of SHIDTS, In spite of the smalled|s;,|?, the reduced finger reflec-
in which the dispersion does not significantly deviate from ation 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
09 losses, the forward transmission scattering coefficggpnts
S, T related to the reflection coefficients;; ands,,) by the ex-
0.6 —sF° pression [s;)2=3A(syy|?Als,,?, where the factor of 4 ac-
counts for the bidirectionality of the IDTs. Table | also com-
pares the electric efficiencyye=4|s,4%/(A|s11|?Als,5?) for

.......

0.8/ W T

s,, ¥ different linear IDTs. The split-finger IDTs, in which no
0.4 T SF strong Bragg reflections are expected, have the highgst
: : t values(close to 0.§. The deviations ofy from 1 in these
1.01 1.02 1.03 1.04 IDTs is attributed to diffraction effects that spread the SAW
Frequency (GHz) beam and result in a deviation of its wave fronts from plane

o i &
FIG. 6. rf reflection coefficiens;; of IDTs SK (a) and SK (b) determined WaVeS. 7| reduces byESO/O in etched double flnger IDTs,

using a network analyzer. The arrows indicate the first-order mode for eacROPably due to inhomogeneities intro_duced by the etching
case. process. The much smaller valuesqgj in SR IDTs dem-
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the IDT. The reflection effects are considerably reduced
when the metal grating is embedded into the substi@Ee
IDT). The ratio between theZ values in the middle and

) : outside these IDTs reduce t3.
= i In both types of IDTs in Fig. 7u§ decays exponentially
"5 : towards the edges of the IDTs. The solid line are fits accord-
( m SE* Q ing to Eq.(2), which yield decay lengtht e of =30\gaw
011 61 o SF ' and 70gpy for IDTs with normal and embedded fingers,
: : . ;. respectively. Using the simple model of Sec. Il B, we esti-
0 50 100 150 200 mate usingd,,/Asaw=2.1% a lower limit for L4 equal to
X (o) 9\saw for the normal SF IDT. A more realistic estimation

— can be obtained using the model outlined in Ref. 9. Usin
FIG. 7. Profiles of the squared vertical displaceméralong the IDT length 9 9

(x direction of the linear SF and SE IDTs determined by interferometry. particle V_e|OCitieSUx:_2'15 m/S ?‘nd’.z:3-35 m/s(keeping
The dot-dashed lines at0 and 20@g,, mark the edges of the IDTs. the coordinate notation defined in Fig. dalculated employ-

ing the simulation procedure described in Ref. 6 for an

onstrate that only a small fraction of the acoustic power gen@coustic power density of 100 W/m, this model yields
erated by the emitting SADT reaches its counterpart at the =23saw- This value compares well with the measured de-
opposite side of the delay line. The remaining power is dis length for the SF IDT in Fig. 7.

sipated through conversion into bulk modes upon reflection

at the finger grating. The embedding process, however, in€. Focusing performance

creasesy, of SF by more than one order of magnitude to

values comparable to the one in the Ddtructures. They, determined by int ting th d vertical displ i
data for SE IDT displayed in Table | were obtained from € ermzme y integrating the squared vertical displacemen
gleld us(y) determined by interferometry across the beam

measurements on 18 delay lines from four different wafer dth (v direction. Wi this fact to determine th i
etched in distinct runs, thus attesting the reproducibility of ! (y_ rec |pn). € use this fact 1o determine the acoustic
conversion raticg, (shown in Table ) defined as

the embedding process.

The acoustic SAW power delivered by the IDT can be

fSAW 1 ” -2
&= —o | uz(y)dy, (4)
B. Spatial distribution of the SAW fields P 1 GHzA|syy?Py ) .. *

The acoustic fields generated by the IDTs were probedvhere the integral along the beam cross section is deter-
using a microscopic Michelson interferometer to measure thenined fromu, measurements outside the 104, quantifies
vertical displacements induced by the SAW. The interferomthe ability of a transducer to convert the applied rf power
eter uses a single-mode laser source with a wavelength afito a propagating SAW mode outside it. Thés,,|? factor
532 nm, which is focused to aw1 um wide spot on the corrects for the differences in the electric to acoustic conver-
sample surface using a B0objective. The laser spot can be sion efficiencies arising from the different IDT geometries.
scanned over the sample surface in order to measure spatialljne frequency ratidsay/ (1 GH2) was introduced in Eq4)
resolved profiles of the SAW amplitude. The output of thein order to allow for the comparison of transducers with dif-
interferometer is detected by a fast photodigéfequency ferent operation frequency. This ratio takes into account the
response of 2 GHz The amplitude of the diode signal, mea- fact that for a fixed acoustic power density the squared am-
sured using a spectrum analyzer, is proportional to the squagditude of the SAW field is inversely proportional to the op-
of the surface displacement field averaged in tijeand,  eration frequency.
thus, to the local acoustic power density. The data for the linear IDTs show again the improve-

The superior performance of the IDTs with embeddedment in the conversion efficiency in IDTs with embedded
fingers is demonstrated in Fig. 7, which compargsgrofiles  fingers, which becomes comparable to those measured in DF
measured along the lengtk direction, as defined in Fig.)1 IDTs. The performance of focusing IDTs is also considerably
of the Sk and SE IDTs. Both profiles were recorded by improved when the devices are fabricated with embedded
exciting the IDTs with the same nominal rf powé?; gratings. As mentioned previously, these IDTs have curved
=20 mW. Although the SFIDT possess a much smaller fingers with a shape following curves of constant SAW group
Als4|?, the acoustic power delivered outsideiie., forx<0 velocity® Due to the acoustic anisotropy inherent of crystal-
andx> 200 um) is higher than in the case of SBDT. Inthe  line materials, the design of focusing IDTs relies on the pre-
latter, most of the generated acoustic power is dissipatedise knowledge of the dependence of the SAW properties on
within the IDT. This result can be explained by the strongthe propagation directiotf. In SF IDTs, the latter also de-
Bragg reflections at the metal grating for Skvhich turns  pends sensitively on the dimensions of the metal grating
this IDT into a standing wave cavity for the SAW beam with (Fig. 2). Small fluctuations in the thickness or width of the
a high acoustic amplitude inside the transducer. In fact, théingers lead, therefore, to considerable variations in focusing
acoustic intensitﬁf measured at the center of the finger areaperformance. This effect adds to the losses induced by acous-
of these transducers 520 times larger than at the output tic reflection at the fingers, leading to conversion ratgs
(see Fig. 7. The multiple reflections also increase the scat-considerably lower than for split-finger IDTsee Table)l In
tering of the SAW into bulk modes, thus reduciu@outside contrast, when the IDT fingers are embedded into the sub-
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