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The bulk-acoustic conductance in low-loss surface-acoustic-wave filters utilizing leaky
surface-acoustic waves is significant for the device operation. Here we directly measure the bulk
acoustic wave radiation pattern on the backside of the piezoelectric substrate with the help of a
scanning laser-interferometer probe. For the case studied, a leaky surface-acoustic wave resonator
on 36°YX-LiTaQ;, a numerical calculation is carried out and the different bulk-wave modes
arriving at the substrate bottom are identified by comparing the measured and computed energy-flow
angles. The results are expected to lead to improved models for describing the operation of low-loss
surface-acoustic-wave filters. @004 American Institute of Physic§DOI: 10.1063/1.1650557

The importance of bulk-wave radiation for low-loss ra- only slightly below the cutoff frequency for the excitation of
dio frequency surface-acoustic-way8AW) filter perfor-  these waves.
mance is evident and the effect of bulk waves on the electri-  Prior to this work, BAW radiation in SAW devices has
cal response of leaky-SAW impedance-element filters wabeen analyzed with the help of numerical mettfddsluding
recently demonstratéd. Leaky surface-acoustic-wave models for leaky surface wavés:~’ However, it has been
(LSAW) resonators, used as the building blocks fordifficult to verify some of the phenomenological modeling
impedance-element filters, radiate both slow shear bulkresults since very little direct experimental data on the BAW
acoustic wave$SSBAW) and fast shear bulk-acoustic waves radiation has been available. Direct measurements on the
(FSBAW). The resulting acoustic losses can be diminishedAW fields generated in LiNb@and LiTaG crystals date
by selecting a suitable crystal cut and/or metal thickddss. back to the 1970'¢Refs. 8—11)and provide no information
However, some bulk-acoustic way@AW) radiation will al- ~ 0n BAW radiation generated in the frequency range of mod-
ways occur. Leakage into SSBAW modes results since th€M LSAW resonators.
velocity of the LSAW is typically above that of the SSBAW Here we report the direct experimental observation of
velocity. In resonators or long interdigital transdu¢ipT)  the bulk-wave radiation, along with the energy-flow angles,
structures, the slow shear bulk-acoustic waves are radiatéd} Several frequencies measured with a specially constructed
into both thex and —x directions and they propagate inside SC&nning laser-interferometric proffe The interferometer
the substrate at an angle e#0° for 36°—LiTaQ (see Fig. features the high sensitivity of 18 A/ /Hz, sufficient for

1). On arrival at the bottom of the substrate, the SSBAWSs ar@0PiNg LSAW up to~1.8 GHz. The lateral resolution of the

reflected off the substrate backside interface and subséﬂeaﬁ:‘red field image is bettler thdah one mlcrhon. o
quently propagate back to the top of the surface. e test resonator employed is a synchronous

The fast shear bulk acoustic waves are also radiated blgrtasonator on 36° YX-cut LiTapsubstrate. The sample has

this typically occurs at frequencies above the leaky-wave
stopband. Since the Bragg wave number of the grating is reflection at LSAW reflection at
fixed, while the traveling FSBAW has a surface wave num- - oo =P
ber which is increasing with it follows that the propagation % T
angle for FSBAW strongly depends on frequency. Such .~ substae 1
FSBAW modes are relevant since LSAW resonators operate refloction ot bostom  reflociion stbostom
FIG. 1. Schematic for the SSBAW radiation path within the substrate in
aElectronic mail: martti.salomaa@hut.fl leaky SAW devices.
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G excited FSBAWSs arriving at the bottom. In addition to these,
— careful analysis of the scanned images reveals another pair of

yet weaker patterns, both consisting of two small spots
shown in Fig. 2 with the dotted red line. The larger propaga-
tion angle of this radiation identifies it as the backward
eigenmode-coupled FSBAW. Interestingly, it occurs only at
the reflectors. The contribution from the slow shear bulk-
acoustic waves is still observed but it fades away for increas-
ing frequencies.

At 950 MHz, continuous and semiperiodic patterns ap-
pear extending to the edges of the scanned area. These pat-
terns have been identified as the first appearance of the back-
ward eigenmode-coupled FSBAW. The periodic structure is
believed to be related to the finger structure, i.e., separate
radiation from each individual reflector finger shows up as a
separate pattern on the backside.

Radiation of bulk-acoustic waves by a resonator at fre-
qguencyf is considered. Provided that the resonator is long
and synchronous, it is well described by a long array of
electrodes having the periodicipy In a periodic array struc-
ture, bulk-acoustic waves are generated into discrete
anglest*

Consider the following geometry. Let the direction of
wave propagation on the surface keand let the surface
1000 MHz : : : normal of the substrate be. We assume all fields to be
invariant alongy, i.e., that the aperture is infinite. First con-

: ; _ . sider a bulk-acoustic wave propagating in the substrate; its
1035 MHz T wave vector extends the angbewith respect to thec axis.
For any angled in a piezoelectric crystal, there can in general
FIG. 2. (Color) Measured bulk-acoustic wave reflection patterns at the bot-Propagate three bulk-acoustic wave modes having the wave
tom surface of the SAW substrate. numbersk;(0)=2xf/v;(0), (i=1, 2, and 3). The variation
of the velocities as functions of the propagation direction are
determined through the materials parameters for the sub-

120 electrode pairs in the IDT and a metallization ratio of . . :
; strate. Due to the anisotropy, the energy-propagation direc-
0.51% The sample is supported from the edges of the sub, Py gy-propag

in ord llow | bing directly f he back tion, Poynting vector, differs frork.
strate in order to allow laser probing directly from the back- o herindic array of electrodes can radiate bulk-acoustic

side, i.e., the bottom of the substrate. However, special Calfaves via three different mechanisnid: Direct excitation:

IS exermsgd to pin down.the corr-ect scanning location SINC&ince the period of the voltage applied across the structure is
the backside carries no information on the geometry of thei\0=2p, the resonator generates waves for whichxtioem-

device patterned on the top surface. Measured profiles arﬁonent of the wave vector is a multiple ofi2\ o= /p. A
shown in the series of scans in Fig. 2. The resonator is Iobulk-acoustic wave can be generated when the condition

cated in the center of the image, but on the opposite side qf () cos@)=nm/p is fulfilled. In practice, when operating at
the substrate. Each scan consists of 762 000 individual mea-

surement points. The sample was not optimal for optical

probing since the sand-blasted substrate bottom surface was ~° \
rough. However, the high sensitivity of the interferometer -5
and the addition of a thin reflecting graphite layer on the _ ;| — P AW et [
bottom surface enabled the adequate signal-to-noise ratio of £ R \ n‘.h.h
18 4 — 55 EAN {borman

40 dB for the measurements. E — A [ \ g

At frequencies 906 MHZresonanceand 934 MHz(an- 3% R ) AN ]
tiresonance), the SSBAW arriving at the substrate bottom are E-a il
visible as two patterns of high amplitude. The second arrival . _ L r
of bulk-acoustic waves at the substrate bottom, though pos- E N \ =
sessing weaker amplitudes, is also visible at 906 _and 934 -~ .__"':_=_.__‘
MHz. The energy-flow angle into the substrate varies only - + == -
slightly. A white dotted line is shown in Fig. 2 to indicate the 4
location of the first SSBAW reflection occurring to the rhs. BT0 890 §I0 830 860 970 50 1010 1030 1050

Well above the stopband, at frequencies 970 MHz and 1 Fropmcy

GHz, the Images feature additional distinct patterns WhOSEIG. 3. (Color) Measured (distinct pointy and calculated(continuous

eherQY'f_lOW angles strong_ly depend on_frqugncy, sh_own iRurves)values of the energy-flow angles for the various BAW radiation
Fig. 2 with a black dotted line. They are identified as directlypatterns.



Appl. Phys. Lett., Vol. 84, No. 9, 1 March 2004 Knuuttila et al. 1581

the fundamental frequencyp=*=1. Thex component of a The minor discrepancies in Fig. 3 between the calculated
bulk-acoustic wave can obtain all values in the rangeand experimental results are attributed to the approximations
|(k)y<27fl/(vi)ylc, where ¢;),]c =ma{cos@/v(6)]. used in the computations, especially concerning the back-
Hence a bulk-acoustic wave modean be synchronously ward eigenmode-coupled FSBAW. Also, the experimental
excited at all frequencies above the threshold valfig);(  values exhibit a small~1 MHz) downward frequency shift,
= (vi)xlc/2p. LSAW resonators usually operate at frequen-due to the elevated temperature induced by the high input
cies slightly below the threshold frequency for fast sheampower used21 dBm).
bulk-acoustic waves. Hence the SSBAW is excited directly, Direct measurements of the various BAW components
while the FSBAW is only excited above the threshold fre-radiated by leaky SAW resonators have been presented. We
quency. (i) Eigenmode leakage and scattering into bulk-give the quantitative comparison between the experimentally
acoustic waves: In addition to the directly excited wavesdetermined energy-flow angles and the theoretically modeled
there propagate eigenmodes in a resonator towards the lafalues for such a structure. The leakage phenomena associ-
and right. Owing to reflections from the electrodes, the Fouated with bulk-acoustic waves are significant for
rier decomposition of the eigenmodes contains componentSAW impedance-element filters designed for mobile-
for which thex component of the wave vector is of the form communication applications. Our results are expected to aid
*keigtNQ, wheren is an integer. The eigenmodes canin developing improved low-loss device designs.
couple to the bulk-acoustic waves, provided that the condi-
tion ki(6)cos@)=*kee+n2m/p is met. In practice, the Jaakko Saar!nen is acknowledged for help with the
caseq1=0,—1 are involved at the fundamental frequency. InSample preparation and measurements. J.J.V. thanks the
the case n=0, the eigenmode leaks into BAWS; for Foundation of TechnologyTES, Finland)for a scholarship.
n=—1, the reflected eigenmode scatters into BAW. In aThis research has been supported by the Graduate School for
LSAW resonator, there occurs SSBAW radiation owing toTechnical Physics and the Academy of Finland.
both of these mechanisms. In addition, in the vicinity of the
threshold frequency, the eigenmodes start to be scattered into
FSBAW modes.
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. : : - In an actual finite device, this is not the case, but one may assume the
measured results are compared in Fig. 3 with theoretically bulk-acoustic wave radiation to concentrate around these directions.

CaICEU|a:ted curves. From the re.SUItsl'a. t.hre.e diﬁerent. BAW-sg . peach Proceedings of the IEEE Ultrasonics Symposium 1995
excitation mechanisms can be identifié¢: directly excited (IEEE, New York, 1995, p. 221.
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