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High-frequency standing longitudinal acoustic resonances in supported thin films
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Inelastic light scattering from epitaxial ZnSe films grown on GaAs reveal a large number of near equally
spaced phonon modes with characteristic frequencies that depend on the film thickness and scale as the
harmonics of a closed-end organ pipe. These periodic excitations that extend well beyond 100 GHz are
identified as confined longitudinal acoustic resonances with negligible in-plane wave vector components. The
calculated scattering cross sections, which consider the elasto-optic and surface/interface ripple channels in the
film and substrate, account for all significant features of the Brillouin spectra. These include the conspicuous
appearance of standing wave harmonics only beyedfl GHz and apparent absence of Brillouin peaks related
to alternate harmonics.
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INTRODUCTION is highlighted and accounts for the absence of alternate Bril-
louin peaks as expected from a simple organ-pipe model.
Standing acoustic waves with wave vectors directed per-

pendicular to the surface of supported monolayer thick films RESULTS
were studied in the last decade through elegant time-of-flight The three ZnSe samples used in our experiments were
(TOF) measurementsThese helium atom scattering experi- (001) single-crystalline epilayers grown by molecular-beam
ments revealed organ-pipe type modes with frequencies a@pitaxy on(001) GaAs substrates as described elsewfrere.
proaching a terahertz that are determined by the local filnfwo of the films of thicknessl=1.10um and 1.25«m were
thickness and provide information on the film elastic propertndoped ZnSe layers while the film with=0.67 xm con-
ties on the microscopic scale. While the TOF experimentdained aboutx=0.4% of Fe (Zn_,FeSe). The Brillouin
are applicable only to ultrathin, nanometer-thick films, in asPectra were excited at ambient temperature as described
recent report it was shown that Brillouin light scattering elseyvheré. ) )
(BLS) is in fact an excellent probe to investigate these reso- f|gure 1 SohOWS typical spectra at scattering angles of 0°,
nances in micron—submicron-thick filrRélthough BLS has ~ 30°, and 40° from thed=0.67um thick ZnSe film. The
been widely used for investigating excitations with finite peaks at 45 GHz and-27 GHz are the bulk ang|tud|nal
(larger than inverse film thicknesin-plane wave vectors, (-A) @nd transvers€TA) acoustic mode, respectively, while
K, 310gtanding wave eigenmodes characteriasly by dis- the low frequency feature at 10—15 GHz is the longitudinal

i ¢ tized | to th ; resonanceéLR).”™ R identifies the Rayleigh wave with the
crete wave vec orsK, , quantize normal 1o the Surtace , e shoulder evident between the Rayleigh and LR modes
(i.e., K,~0), were reported for the first time recertiyn-

) ; . o A being a Sezawa modeThe most interesting aspect of the
derlying this BLS experiment on silicon oxynitride films was qata'in Fig. 1 is the series of regularly spaced peaks that are
the surface ripple mechanism that provided the dominangost clearly observed beyond the LA mode and extend well
!lght scattering channel with the discrete harmonics extendpast 100 GHz in the=0.67 um film. These high frequency
ing to 50 GHz. modes continue to be present for scattering anglep to

In this paper we report on standing wave resonances in-70°, The spacing between the periodic peaks depend on the
ZnSe films wherein thé, excitations are observed to 120 film thickness and are, respectively, 6.2, 3.9, and 3.3 GHz for
GHz. In contrast to the earlier work, the elasto-optic mechathe d=0.67,1.1,1.2%m ZnSe layers. In the vicinity of 80
nism dominates the scattering cross section in ZnSe leadinGHz the harmonics superpose and ride upon the peak asso-
to significant changes to the BLS profile. The present papetiated with the substrate LA mode. As shown in Fig. 2 simi-
provides previously unexplored results detailing importantiar data were obtained &=0° from the other films where
aspects of the scattering intensities. This includes a completée arrows identify the standing wave sequence of each film
analysis of the Brillouin scattering intensities that concomi-recorded at a different free spectra ran@SR) to better
tantly considers contributions from elasto-optie-o and  resolve the peaks. From Figs. 1 and 2 it is clear that the
surfacefinterface ripple channels in the film and substrateStanding wave harmonics are clearly observed only beyond
These simulations, the first for standing wave modes in a thi#® GHz in the BLS spectra and are conspicuously suppressed
film, provide direct insight into many unusual aspects of theé?€low that frequency.
spectra including replicating the conspicuous presence of
standing wave harmonics only beyonrd5 GHz in the spec-
tra from ZnSe films and their weakness below 40 GHz. The The basic physics underlying the observation of standing
relative importance of the different light scattering channelsvave modes follows from a simple physical analysis of an

THEORY AND DISCUSSION
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. I . . FIG. 2. BLS spectra between 45 and 90 GHz for the 0.67, 1.1,
FIG. 1. Typical Brillouin spectra recorded in ba_lck-s_catterlng and 1.25um thick films recorded at a scattering angle 0°. Ar-
from the d=0.67,m ZnSe sample along thed01] direction at rows identify sequence of standing wave excitations from each film.

Sg?“e””g ant?les oz:bo ’ :345 g?_'d ‘;’0 6;”(1)% distinct Sd(_et Of Peri- pashed curves are calculated total scattering cross sections. The
odic peaks observed beyo z forf=0° are standing wave symbol ~ indicates a change of scale.

acoustic excitations. The modes labeled LA, TA, LR, and R are,
respectively, the longitudinal acoustic, transverse acoustic, longitu- d%c
dinal resonance, and Rayleigh modes. Spectrum recorded at a lower

free spectral range is also illustrated #+ 40°. dodQ

“2 IDL g+ DS+ Caug(K @ X3 =d)

+Caus(ky, @) ,X3=0)|?, (1)

acoustic analog. The atomic vibrations at the upper and

. : ; ; here indexj represents the normal modes of the system.
lower film surfaces, respectively, approximate an antlnod%yhe first an(Jj sepcond terms, respectively, represent >'Zhe e-0

and a node corres'pondmg clqsely to the acoustics assoc".”‘tggattering contributions from the film and substrate. The last
within a closed pipe. For this case the resonant standing, terms represent surface ripple contributions from the
wave mode frequencies are given By=(2m+1)V/4d,  corrygated air-znSe interfaces=d) and ZnSe—GaAs in-
whereV is the speed of the waved,the pipe length or film  terface ,=0), and are proportional to the phonon displace-
thickness, andn an integer. The frequency spacid@j be-  ment componenti; along the normal to the film.

tween neighboring modes is thus given I8§y=0.5Vv/d. The calculated total scattering cross section based on Eq.
While this simple intuitive model accounts for the occur- (1) is illustrated(dashed curvein Fig. 2 in comparison to the
rence of the multitude of near equally spaced modes, sever@kperimental spectra. Known values for the dielectric
important aspects such as the mode spacing and unustE@nstants’ elasto-optic Cogff'c'enjfé’l?_(Kij)’ elastic con-
asymmetry in the intensity profile on either side of the LA Stants €;;), and densit}'” were utilized. As illustrated
mode (~45 GH2 do not follow from this description. In in Fig. 2 the agreement between the experimental spectra

order to examine the reasons for these unexpected res onsand the evaluated total cross section is good. In par-
. . : P P ﬁéular, the calculations accurately reflect the strong scatter-
the scattering cross section that includes both volume elast

. ) o i (?r'lg in the vicinity of the LA peak of the film and sub-
optic and surface ripple contributions from the film and SUb'strate, the periodicity of standing modes and their strong

strate and the projected local density of staleSOS) are  (weak cross section beyontbelow) the LA frequency of
calculated. ZnSe. Consistent with the relatively large elasto-optic coef-
For p-polarized incident light the total elasto-optic and ficients for ZnSe films, the e-o channel dominates the scat-
ripple mediated light scattering cross section from a thin suptering. As illustrated in ¢2) of Fig. 2 for the d=0.67
ported film is proportional t6" um film, the ripple contribution is two orders of
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magnitude weaker. Further, the good fits confirm that the
calculations also reveal the mode spaci&j)(to be about
twice the value expected from the simple organ-pipe analog
as discussed earlier.

Changes in scattering cross-section at the LA mode frequency

For the #=0° backscattering experiment&(=0), the
normal modes separate into purely longitudinal or transverse
excitations. Numerical simulations indicate the normal mode
that predominantly determines the BLS intensity profile is
dominantly longitudinal in character. Of the six partial waves
within the film associated with this normal mode, only the
two longitudinal components have significant amplitudés
(n=1,2) with the related amplitudes for the four transverse
components(A>™9 being two orders lower in magnitude.

LS
Thus the corresponding mode displacement can be written a:g
[}
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and = indicates mode propagation in opposite directions.

Since the e-o channel dominates scatteliRiy. 2), the Frequency Shift (GHz)
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FIG. 3. Calculated Brillouin backscattering intensity &t
=0.1° for a ZnSe film of thicknesd=0.69m supported on a
GaAs substrate. Calculations based on the elasto-optic channel that
dominates the scattering. Top panel illustrates total intensity as well
as contributions from the film and substrate. Lower panel shows the
phase difference between e-o scattering amplitudes from film and
substrate.

~35 GH2, or partially out-of phasée.g., at~37 GH2. The
ensuing interference results in the weak BLS intensities of
the standing wave harmonics below 40 GHz.

We thus conclude that the observed BLS intensities are
largely derived by elasto-optic coupling from both ZnSe and

photon wave vector. The BLS intensities in the range of thehe substrate. The phase change of the e-o amplitudes around
film LA mode (42—48 GHz are largely controlled by the the LA frequency of the film results in the marked presence
first term in Eq.(2) when total wave vector is conserved, i.e., of standing wave harmonics only beyond5 GHz and their
2n¢ko~k$¥ . Similarly around the GaAs substrate LA mode Weakness below 40 GHz. On the other hand, spectra from
(~79 GH2), the third term in Eq(2) dominates. Away from silicon oxynitride films also on GaAs were foundo be
these special frequencies all four terms in E2).generally ~ Strong only below the film LA frequency with no discernible
contribute to the total intensity with the sign of each termharmonics observed beyond it. This contrasting response is
depending on the frequency. In particular, the denominator offaced to the weaker e-o coefficients and dominance of sur-
the first term changes sign at the ZnSe LA frequency and@ce corrugation mediated scattering in silicon oxynitride.

thus characteristically different behavior occurs in the scatMoreover, the e-o contribution from the substrate is also
tered intensity centered at45 GHz. weaker for silicon oxynitride on GaAs due to the smaller

Figure 3 illustrates the elasto-optic contributions to themagnitude of ;he incide_nt photon field reaching the substrate.
total BLS intensity from the film and substratépple chan- Thus 'ghe relatllve effectiveness of tht_a two scattering chgnnels
nel negligible at frequencies of intergstith the lower panel ~associated with(1) surface corrugations an®) dielectric
showing the phase difference between them. The dotted lind4!ctuations induced by the standing waves, account for the
(beyond LA modg at 53, 59, and 65 GHz indicate where Very different BLS response _opseryed from the GaAs sup-
these two contributions are in phase. At 50 and 56 GHz ofPorted ZnSe and silicon oxynitride films.
the other hand they are out of phase fyresulting in the
disappearance of modes at these frequencies from the spec-
tra. In contrast, below the LA frequency of ZnSe, the change
in sign of the first term in Eq(2) leads to the e-o contribu-
tions from film and substrate being out-of-phageg., at

Suppression of scattering intensities from alternate
standing modes

In Fig. 3, a special casedE0.69um) is depicted where
the ZnSe elasto-optic channel shows an almost complete
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ing on the sign of the phase factor exp@n;k,d), suppres-
sion of alternate modes can occur. From Fig. 4 it is observed
. that for thicknessl=0.65um, the two contributing terms in
Intenely Eq. (3) at ~56, 62, 68 GHz, where the LDOS are in fact
Local Density of States maximum, destructively interfere leading to suppression of
the BLS peaks. Agl increasegfor instanced=0.66 in Fig.
4 andd=0.67um in Fig. 2, minima in the BLS intensity
still occur, although they do not necessarily coincide with
extrema in the local density of states. While the calculated
BLS peak lineshape defined by the neighboring minima pro-
vides information about the proximity of peaks in the LDOS,
the experimental resolution was inadequate to resolve their
separate contributions. As a consequence, the two neighbor
ing peaks will be evident as a single broadened BLS peak
that once again effectively leads to the extinction of alternate
modes. Whemnl increases further to 0.69m as in Fig. 4, the
analysis analogous to the case discussed abode (
=0.65um) recurs and the behavior repeats periodically with
thickness. We note that while the e-o contribution from the
GaAs substrate is not negligible, contributions from alternate
substrate modes are out-of-phase with those from the film
(Fig. 3). Thus the total BLS intensities from the entire struc-
35 40 45 50 55 60 65 70 ture (film+ substrate) reveal only alternate standing harmon-
ics with the peak spacing being twice that predicted by the
relation 5f =0.5v/d or the calculated LDO%Fig. 4).

Frequency Shift (GHz)
FIG. 4. Dashed curves show variation of the local mode densi-
tiesD4 calculated as a function of frequency for various film thick- SUMMARY
nesses around=0.67um at #=0.1°. Solid curves represent cal- . . .
culated total Brillouin scattering cross sections. In conclusion, an extended series of high frequency lon-

gitudinal standing acoustic excitations, similar to the har-

suppression of alternate standing harmonics. This is evideffionics in an organ pipe have been observed in ZnSe thin
in more detail in Fig. 4, where the calculated LDA®,, at  films through Brillouin scattering. The light scattering cross
the free film surface X;=d) for a scattering angle of §ections were considered in de.tail takjng into account the
=0.1° is displayed(dashed curvésin comparison to the fipple and elasto-optic channels in the film and substrate. We
total e-o scattering intensitigsolid curves for several film ~ Show that the strong e-o channel in ZnSe and interference
thickness. The LDOS is calculated according to previou€tween film and substrate contributions to the scattering
approachés® such as those given by EGA18) in Ref. 6.  amplitude lead to the observed BLS asymmetry below and
Estimates oD, reveal a series of equally spaced peaks repabove the film LA frequency. Moreover, in agreement with
resenting excitations in the film that have oy, wave experiments, the suppression of Brillouin intensities of alter-
vector componentsk,=0), with the frequency spacing be- Nate standing wave harmonics is accounted for in the calcu-
ing in a good agreement with estimates deduced from th&tons.
simple organ pipe analogy.

From Eq.(2) it follows that the scattering amplitude from
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