PHYSICAL REVIEW B VOLUME 62, NUMBER 24 15 DECEMBER 2000-II

Generalized surface, pseudosurface, and high-frequency pseudosurface acoustic waves(@oi),
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A comprehensive polarization Brillouin study has been carried out on the dependence of the phase velocities
of the generalized surface, pseudosurface, and high-frequency pseudosurface acoustic waves on their propa-
gation direction on th€001), (110, and(111) surfaces of InSh. The pseudosurface wave was found to have
two angular dispersion branches arising from its respective sagittal and shear-horizontal displacement compo-
nents. The dispersion curve of the latter was found to extend into regions which are not bounded by the two
transverse bulk mode branches, where pseudosurface waves are conventionally thought to be absent. An
observation of high-frequency pseudosurface modes in InSb is also reported.

I. INTRODUCTION Fabry-Perot interferometer. However, literature data on the

surface acoustic waves in this semiconductor are far from

The absence of translational invariance, on the free surcomplete. More importantly, computed power spectra of
face of an anisotropic crystal, permits the existence of inho!nSb reveal the existence of a pseudosurface mode with a
mogeneous acoustic modes consisting of bulklike and evashear-horizontal displacement component having a velocity
nescent partial waveés’ In particular, both an acoustic Which, contrary to conventional theory, does not lie between
surface mode, the generalized surface w&@&8W), and two ~ those of the two transverse bulk modes. Thus far, no experi-
different types of radiating modes, called the pseudosurfacB'e€ntal evidence of this predicted PSW feature has been re-

wave (PSW and the high-frequency pseudosurface wavePorted for any anisotropic cubic crystal. Our work was mo-
(HFPSW can exist. Of these only the GSW is a true surfacet'vated in part by the search for this component of PSW.
Additionally, we intended to investigate the polarization be-

mode. It possesses three partial waves, two of which prop .
gate parallel to the surface, while the third decays exponeniavior Of GSW, PSW, and HFPSW on tt@01), (110, and

? . . e (111) surfaces of InSb over their entire dispersion ranges.
tially within the crystal. Its Poynting vector is directed along We have measured, for instance, polarization spectra and the

the free surface. PSW has tWQ of its threg partial WaVeiFPSW on th€110 and(112) planes of InSh, results which
confined to the free surface while the third is a bulk wavep ove not been reported previously

propagating into the medium. Energy is radiated away from
the surface and the mode suffers attenuation. PSW can
propagate along certain specific directions on the surface of
anisotropic crystals with the phase velocity lying between Samples used were in the form @01), (110), or (111)-
those of the fast and slow quasitransverse bulk mdties oriented n-type InSb single-crystal wafers of resistivity 4
beled by FTW and STW, respectivglyVith two of its three < 10720 cm. The polished wafers were oriented to a preci-
partial waves radiating energy into the bulk, HFPSW is moresion of +0.5°. Brillouin spectra were recorded using a JRS
severely attenuated than PSW. HFPSW has a phase velociBcientific Instrument$3+3)-pass tandem Fabry-Perot inter-
slightly below that of the quasi-longitudinal bulk moiéN)  ferometer, with a finesse of 120, used in conjunction with
but above that of FTW propagating parallel to the surfaceeither an EG&G model SPCM-AQR-16 single-photon count-
Because PSW and HFPSW radiate energy into the bulk, theyg detector or a photomultiplier module rated at 0.9 dark
are also referred to as leaky waves. counts/s. The free spectral randeSR were set between 10
The phase velocities of GSW, PSW, and HFPSW in anand 25 GHz. All measurements were carried out in an air
isotropic crystals, are dependent on their propagation direcambiance at room temperature. The 514.5-nm line of a Spec-
tion; the greater the anisotropy, the more marked the directra Physics 2080-15S argon-ion laser was used, with beam
tional dependence. The anisotropic ratigf =2C,44(C4y  power ranging from 100 to 125 mW incident on the samples.
—Cy,) 1] gives a measure of the anisotropy in cubic crys-A stream of pure argon gas was directed at the irradiated spot
tals. With »=1.99, anisotropy in InSb is the most pro- on the samples to cool them and to keep air away. The ex-
nounced among the common semiconductors like i ( periment was performed in the 180° backscattering geometry
=1.57), Ge j=1.67), and GaAs $=1.80)3 using anf/2.7 collection lens. The horizontal incident light
Brillouin scattering from surface acoustic waves in InSbwave vectork made an angle of) with either the[001],
has been studied by Aleksandreval*=® using a five-pass [110], or [111] surface normal and the backscattered light

II. EXPERIMENT
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FIG. 1. Polarization Brillouin spectra of GSW, PSW, and HF- 1000 1500 2000 2500
PSW on the(110 surface of InSb recorded ap=40° and @
=71° Phase Velocity (m/s)

FIG. 2. (a) Polarization Brillouin spectra of GSW and PSW on
was collected from the solid angle arourd, with the sag- (110 InSb recorded aty=40° and#=71°. (b) Cartesian compo-
ittal plane vertical. nents of calculated power spectra(@fL0) InSb from Ref. 6. The

Samples were mounted on a miniature two-axis translalongitudinal, shear-horizontal, and shear-vertical components are
tion stage attached to a rotation stage which permits variatiorepresented by solid, dotted, and dashed lines, respectively.
in the azimuthal anglep (the in-plane angle between the ] o
surface mode wave vectorand the reference crystal axis Figure 1 shows-p andp-s Brillouin spectra recorded at
The latter was, in turn, attached to a vertically mounted ro-6=71° and¢=40° for (110 InSb. Thep-p spectrum con-
tation stage, with their axes orthogonal, that allows variatiorfains three peaks at 6.3, 7.0, and 13.2 GHz with respective
in the incidence angl@. The composite sample holder en- linewidths of 0.2, 0.6, and 1.8 GHz. Only one peak appears
sured that the same spot on the samples was irradiated at atiythe p-s spectrum. It has a frequency of 6.5 GHz and a
angular setting o and ¢. Brillouin spectra were recorded linewidth of 0.5 GHz.
over entire angular periods, viz ranges of 45°, 90°, and Alekgandroyet al’ have computed the power spectra for
30° for the(001), (110), and(111) planes, respectively. On the various dlsplacemgnt components of surface modes
these planess is the angular displacement of the propaga-Propagating along certain directions 6010 InSb. Refer-
tion direction of the surface wave from the respecfite0], ence to Fig. 2 reveals that our results agree well Wlt.h the
[001], and[110] crystal axes. All spectra were recorded in POWer spectrum calculated fé¥=70° and¢=40°. Thus in
either thep-p or p-s scattering configuration with each spec- the p-p polarization, the 6.3 GH£1714 m/3 peak is attrib-
tral run varying from 1 to 4.5 h. Peaks appearing in php uted to GSW, while the 7.0 GHA905 m/$ peak is ascribed
configuration are due to shear-verti¢8lV) surface excita- (0 the SV displacement component of PSW. The lprg
tions via the ripple scattering mechanism and to longitudinaPolarized peak, at 6.5 GHA 768 m/3, is identified as the
ones via subsurface elasto-optic coupling. Fhe configu- SH displacement component of PSW, arising from the exis-

ration contains peaks arising from shear-horizof®) sur-  tence of SH excitation peaks in the continuum of surface
face excitations via subsurface elasto-optic coupling. states. The observation of the SH displacement component of

PSW on this surface has, to our knowledge, not been re-
ported before for any anisotropic cubic crystals, presumably
Iil. RESULTS AND DISCUSSION because of its weak intensity and its proximity to the GSW

The recorded spectra are well polarized, as exemplified b{ode and the other two PSW components. Lastly ffe
Fig. 1 which shows two typical polarization spectra of thePolarized peak at 13.2 GHz, in Fig. 1, as it has the highest
three surface acoustic modes (10 InSb. The phase ve- €Nergy and the widest linewidth, is assigned to HFPSW trav-
locitiesV of the surface acoustic modes were calculated fronf!ing on(110 InSb. Moreover, it is theoretically expected to

their corresponding Brillouin frequencies using have only a longitudinal displacement component.
Figures 3, 4, and 5 show the angular dispersion of the

various surface modes propagating on the respectité),
(001), and(111) surfaces of InSh. Included in these figures
are the calculated velocities of the two quasitransverse bulk
modes (FTW and STW and the longitudinal bulk mode
(LW). The theoretical dispersion branches of GSW and the
PSW sagittal displacement component are also reproduced in
the dispersion diagranis.

V=2mv/q. 1

The magnitude of the wave vectgrof a surface mode is
given by

g=41 sing/\, (2

where\ denotes the incident light wavelength. Bulk mode
phase velocities in InSb were determined using elastic stiff-
ness constantsC,;=67.2, C;,=36.7, andC,,=30.2 GPa, In the dispersion diagran{&igs. 3, 4, and b the bottom-

as well as its densitywhich was taken to be 5770 kgm. most dispersion curve is that of the GSW. For propagation

A. Generalized surface waves
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FIG. 3. Angular dispersion of surface acoustic modeg i) FIG. 5. Angular dispersion of surface acoustic modes on the

InSb. The dashed lines represent the theoretical bulk modél1ll) surface of InSh. The dashed curves represent the theoretical
branches, while the solid curves represent the calculated GSW aritilk mode branches while the solid curve represents the calculated
PSW branches. Experimental data for GSW, P®agitta), and ~ GSW branch. Experimental data for GSW, PSW, and HFPSW are

HFPSW are denoted by solid circles, squares, and inverted tricepresented by circles, squares, and inverted triangles, respectively.
angles, while those for PS\SH) by open squares. The error bars Solid and open symbols denote the respecfive and p-s polar-

for the GSW and PSW experimental data are smaller than the synization data. The error bars for the GSW and PSW experimental

bols used to represent them. data are smaller than the symbols used to represent them.

on all the three basal planes, the measured curve, which ed_irection 's rotated away from thgl00] direction, GSW
P . ; ’ ains a transverse horizontal displacement component. At
tends over the full angular dispersion range, parallels th

theoretical oné,with the measured velocities systematically ¢=45°, GSW degenerates completely into the slow quasi-
206 lower than the theoretical ones. Stufi&dZhave shown  ansverse bulk mode and as a consequence, it appears only

that surface wave velocities measured by Brillouin scat-! P~S polarization. For the111) surface, while the sagittal

tering (GHz range are consistently lower than those deter- component of GSW was detected over the entire angular
fing ge ar Lently . dispersion range, its SH displacement component was ob-
mined by ultrasonic technique$MHz range. Various

7 91013 : . served only in the limited angular region of €°¢p < 18°.
explana‘uon% have . been advanced for this sfySter.nat'CHowever, t¥1e velocities of thegtwo cogmponents are the same
discrepancy, but we will not concern ourselves with this. within experimental errors

For propagation on thél10 surface, GSW was observ- '
able in onlyp-p polarization for all propagation directions.
However, on th€001) surface, GSW is a pure sagittal wave
only along the[100] direction (¢=0°). As thepropagation The experimental angular dispersion curves of PSW fol-
low well their theoretical ones. In general, our measured
2400 PSW velocities are some 2% consistently lower than the
theoretical ones calculated using elastic constants determined
e ——————— by ultrasonic methods. This discrepancy is outside the ex-
perimental accuracy of 1%.

B. Pseudosurface waves

2200 F STW
L \ 1. (110) surface
Theoretical calculations by Farnéfhow that no pseudo-

M/» surface mode is expected on ttELOQ surface of all cubic
B i\ Hii [} crystals with an anisotropic ratio greater than one. Contrary
g0k 3 § & Eig N to his prediction, experimental evidence of its existence, on
this surface, has been reportedindeed we discovered that
L it is observable for all propagation directions on ti6.0
surface of InSb.
1600 - ' 1'0 ' 2'0 ' 3'0 ' 4'0 For ¢<55° (¢~55° corresponds to propagation along
Angle From [100] (degree) the[111] direction; it also corresponds with the mtgrsecuon
of the two transverse bulk mode brancheabere exist two
FIG. 4. Angular dispersion of surface acoustic modes on thé@Xperimental branches of PSW, associated with its respective
(001) surface of InSh. The dashed lines represent the theoretic@iadittal and SH displacement componefsise Fig. 3 The
bulk mode branches, while the solid curves represent the calculatd@rmer mirrors the theoretical curve calculated by taking the
GSW and PSW branches. Experimental data for GSW and PSW af@axima of the SV displacement component of the power
represented by circles and squares, respectively. Solid and op&pectré. The SV branch of PSW is bounded by the two
symbols denote the respectipep and p-s polarization data. quasitransverse bulk mode curves. It is noteworthy that the

2000
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o o GSW (denoted by circlesand PSW(denoted by squarg$or p-p
FIG. 6. (&) Polarization Brillouin spectra of GSW and PSW on gcattering from(001) InSh. The errors are smaller than the size of

(110 InSb recorded a=70° and§=71°. (b) Cartesian cOMpo- o sympols. The dashed curves are only a guide for the eye.
nents of calculated power spectra(@fL0 InSb from Ref. 6. The

longitudinal, shear-horizontal, and shear-vertical components are . )
represented by solid, dotted, and dashed lines, respectively. corresponds to the angular range over whiep polarized
PSW was observed. Scattering from this component of PSW

is more intense than that from iss polarized component.
SH branch, which has been predictédm the presence of /=S p P

SH peaks in computed power spectra, as discussed pbove 2. (001) surface
but not previously observed, lies below the STW curve. This '
is unusual as PSW velocities are conventionally thought to Our preliminary resulf¢ show that on thé001) surface,
lie between those of the two transverse bulk modes. ThESW can propagate along only certain directions with ve-
PSW degenerates into the quasitransverse bulk modes alolR§ities lying between those of the two transverse bulk
the[111] direction. Interestingly, fors>55°, a region theo- Modes, corresponding to the angular region, <205 < 45°.
retically devoid of PSW, a peak is still observed in {hre This opser\(atlon IS conS|s.tent with theory. AE45 (the_
Brillouin spectrum. Figure 6 shows that thes polarized [110] dwecpor), the PSW IS a Rayle|gh-type_wave having
Brillouin peak, at 2120 m/s, coincides with the calculatedpunﬂy sagltte_ll polarization. Ag decreases, it develops a
intense threshold excitations, of SH character, in the transverse displacement compqnent normal to the 'sag|ttal
=70° power spectrurfiBased ’on this, the peak ié assigned plane aF the expense O-f the sagital com.ponents untif at
. : ' ) ~ 20°, it degenerates into the STW. It is noteworthy that

to the SH displacement component of PSW. It is noted thafrom &~ 20° down to 0°, a weak peak, with a velocity
the SH branch of PSW follows well the FTW curve. comparable to that of PSW, still appears in s Brillouin

The angular variation of the Brillouin linewidth of thep spectrum. Within this range ab, the velocity of this Bril-
polarized PSW on thél10) surface of InSb is shown in Fig. g,in peak does not lie between those of FTW and S{Eéé
this mode in(110) GaAs, computed from the imaginary part However, as discussed above, a similar case was discovered
of its velocity® Interestingly the region of high attenuation for the propagation of the SH displacement component of
PSW on the(110 plane. Based on this, the-s polarized
Brillouin peak is also attributed to the SH displacement com-
ponent of PSW.

{ Another notable feature is that the measured angular dis-
}{{ { persion of GSW and PSW, of©01) InSb, traces out two

065 |

separate and distinct branches, in accordance with theory
045 i p (see Fig. 4. This contrasts sharply with the measured cross-
i over, at an azimuthal anglé ~ 30°, of the GSW to PSW
reported for anisotropic cubic crystafst315-Yincluding
0.25 ¥ InSb18
The angular variation of the Brillouin intensities of GSW
0 30 60 90 and PSW fomp-p scattering, displayed in Fig. 8, is consistent
with the angular dependence of their scattering cross sections
computed by Stoddast al® for (001) Si. For instance, the
FIG. 7. Angular dependence of the experimental linewidth of GSW intensity is maximal for propagation along 00|
the sagittal displacement component of PSW(dh0) InSb. The  direction (¢=0°), decreasing gradually until at ~ 20° it
dotted curve is only a guide for the eye. drops sharply. At¢ ~ 30° it becomes very weak, finally

Line Width (GHz)

Angle From [001] (degree)
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FIG. 9. Angular dependence of the experimental linewidth of ~FIG. 10. Angular dependence of the experimental linewidth of
the sagittal displacement component of PSW(601) InSh. The  the sagittal displacement component of PSW(h1) InSh. The
dotted curve is only a guide for the eye. dotted curve is only a guide for the eye.

becoming barely visible ap=45° at which point it degen- amined, the presence of HFPSW could only be detected on
erates into a transverse bulk mode. The angular variation ahe (110 and (111) surfaces. This is not surprising as HF-
the pseudosurface mode intensity is opposite to that of thesw is rarely observed on th801) surface. The topmost
GSW. At ¢ ~ 26°, the two surface modes appear with equalioy of data points, in Figs. 3 and 5, represents the measured
intensity inp-p scattering, in accordance with theory.  angylar dispersion of HFPSW on these two respective
The experimental linewidth of thp-p polarized PSW is planes. This high-frequency leaky mode, with a velocity

plotted as a function of its propagation direction in Fig. 9. gjighty below that of LW but above that of FTW, is present
The angular variation of the linewidth correlates reasonably only p-p scattering, thus confirming its theoretically pre-
well with the predicted angular variation of the calculateddicted pure sagittal cﬁaraot“er

attenuation of this mode of001) InSb? In particular our . o
results lend support to the existence of a predicted minimum On the(110 surface, the HFPSW intensity is greatest for

in the linewidth at abouth=32° propagation directions in the angular region around 11®)
' direction and gets progressively weaker with decreasing
3. (111) surface ¢ until it vanishes for¢ below ~10°. In contrast, Fig. 5

) shows that the velocity of this mode is not particularly
_ Thep-p scattering from PSW, on thd11) InSb surface,  sensitive to changes in its propagation direction on(fHe)
is most intense at the azimuthal angbe=0° ([110] direc-  gyrface. The HFPSW has a sagittal character and its intensity

tion), becoming weaker with increasing and is not detect- creases with increasing azimuthal angie from 0° to
able in the neighborhood ap=30° (see Fig. 5 A similar  3q0

behavior has been observed for PSW traveling on(1id)
surface of Si by Kuolet al.*?> These observations are consis-
tent with the theoretical findings of Lim and Farn&They
predicted that ag approaches 30°, the penetration depth of
PSW into the bulk increases, until ét=30°, at which point
it degenerates into a transverse bulk wave which, because
its SH character, does not contributepep scattering.

The PSW peak, in contrast, always appears in ke
Brillouin spectrum for all propagation directions on itid. 1)
surface. This peak is narrowestét 0°, and progressively

IV. CONCLUSION

of We have measured theep andp-s polarization Brillouin
spectra of GSW, PSW, and HFPSW on {h81), (110), and
(111) surfaces of InSb as a function of their propagation
direction over the entire range of angular dispersion. Shear-
horizontal displacement components of PSW,(6a1) and
broadens as the wave vectpiof PSW is rotated away from (110 surfaces, with phasc_e vglocity below that of STW, have
been detected. The polarization character of the three surface

the [110] direction. This behavior is consistent with the . . ; .
power spectra of surface displacement components on tIﬂ?ecoustlc modes was found to be consistent with theoretical

(111 surface of GaAs calculated by Carlogt al.* predictions. The angular dependence of the Brillouin line-
The linewidth of PSW in thep-p polarized Brillouin widths of the pseudosurface mode agrees qualitatively with
spectrum as a function of its propagation direction is showr]fhe computed angular dispersion of its attenuation. Addition-

in Fig. 10. The angular variation of the linewidth is qualita- ally, HFPSW have been observed on #1140 and (111

tively consistent with the angular variation of the attenuation‘c'unt"’ICeS of InSb.

calculated for the pseudosurface mode (@41) GaAs by
Carlotti et al! In particular, both the experimental linewidth
and the theoretical attenuation peak at abpet20°. ACKNOWLEDGMENTS
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C. High-frequency pseudosurface waves
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