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Piezoelectric semiconductor acoustic cavities
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We describe semiconductor cavities based on strained GaggsIng5sAs/AlAs multilayers with permanent
built-in piezoelectric fields that confine acoustic phonons in the THz range. The possible role of piezoelectric
fields on the phonon lifetimes and on Raman scattering is discussed. Phonon mirrors and cavities grown along
[001] (non-piezoelectric) and along [311] (piezoelectric) are studied and compared using high-resolution Ra-
man spectra and photoelastic model calculations. The high quality of the grown [001]([311]) structures is
demonstrated by the observation of up to 7(5) orders of folded acoustic phonons and the excellent agreement
with theory. We observe a large broadening of the acoustic phonon peaks in the piezoelectric [311] structures
upon carrier injection with near-gap excitation. Such acoustic phonon lifetime reduction evidences a strongly
modified electron-acoustic phonon interaction in these structures.
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Planar acoustic cavities have been recently introduced as
resonant structures that confine acoustic vibrations in the
GHz-THz range.! Drawing a parallel with optical
microcavities,” one can foresee the possibility of using such
cavities to modify the way in which sound interacts with
light,3 with other phonons,4 and with electrons. They could,
in addition, provide the feedback mechanism required for
phonon “lasing” devices.> In this paper we will focus our
attention on the possibility of tailoring the electron-phonon
interaction in acoustic cavities. In fact, the amplified and
localized strain associated to the acoustic confined mode
should enhance this coupling. However, the deformation po-
tential interaction that couples acoustic phonons and elec-
trons is relatively small, and thus a sizable effect due to the
confinement is not to be expected unless large strains are
attained. On the other hand, the situation should be qualita-
tively different for piezoelectric materials in which strain
plays an essentially different role.®’ In these materials, be-
sides the deformation potential coupling, a potentially much
stronger Frohlich-like interaction with carriers is present. We
thus propose here acoustic cavities with built-in piezoelectric
fields as potential devices with an enhanced electron-acoustic
phonon coupling and, consequently, an amplified sound-light
interaction.

Exploiting the piezoelectric coupling between acoustic
phonons and photons in superlattices (SL’s), a new type of
polariton has been recently proposed to exist in ferroelectric
oxide multilayers due to the retarded interaction between
light and the transverse polarization accompanying longitu-
dinal acoustic waves in these materials.® Polar III-V semi-
conductors do not possess inversion symmetry and are intrin-
sically piezoelectric materials. When these materials are
grown in multilayers with lattice mismatch, the induced
strain may lead to permanent built-in electric fields along the
growth direction. In fact, it turns out that in structures grown
along [001] the existence of piezoelectric fields is forbidden
by symmetry.” On the other hand, the latter are present for
almost any other growth direction, and very large fields
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(larger than 10° V cm™!) have been observed in such cases in
a variety of III-V multilayers.” The presence of these perma-
nent strain-induced fields modifies the potential landscape
sensed by carriers, changing in a fundamental way the opti-
cal properties of these structures. What we want to empha-
size here is an aspect that has been, to the best of our knowl-
edge, largely overlooked. This is the modification introduced
by strain-induced piezoelectric fields on the coupling be-
tween acoustic phonons and electrons, and through it on the
phonon and electron dephasing, and on the inelastic scatter-
ing of acoustic phonons by light.

Let us first discuss the electron-acoustic phonon coupling
in SL’s from a qualitative point of view. We show in Fig. 1 a
scheme of the top and bottom of the valence and conduction
bands, respectively, of SL’s without (a) and with (b) built-in
piezoelectric fields, and their variation upon deformation by
acoustic phonon induced strain. In the standard case (a), by
deforming the structure the phonons modify the energy lev-
els of the quantum wells, leading to the relatively weak so-
called deformation potential interaction.'® This mechanism
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FIG. 1. The scheme of SL electronic bands (solid lines) without
(a) and with (b) built-in piezoelectric fields. The dashed and dashed-
dotted lines represent their variation upon deformation by acoustic
phonon induced strain. The solid and empty circles indicate light-
generated electron-hole pairs.
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adds to the bulk-like deformation potential coupling also
present in SL’s.'! When a piezoelectric field is present (b), an
acoustic phonon of the appropriate wavelength will modulate
the strain in such a way that the spatial periodicity of the
modulated component of the built-in field (typically in the
GHz-THz range) will match the periodic distribution of the
permanent one. This modulation of polarization fields leads
to an additional interaction mechanism between the acoustic-
phonons and the electrons that is similar to the Frohlich cou-
pling between the latter and longitudinal optic (LO)
phonons." In principle, if this coupling is with carriers it can
lead to an additional dephasing mechanism.'>!3 On the other
hand, if the phonon modulation affects virfual electronic lev-
els that are intermediate states for a light-matter interaction,
an amplified high-frequency modulation of the dielectric
function and consequently of the inelastically (Raman) scat-
tered light is to be expected. The electric-field-induced Ra-
man cross section is even on the electric field E, and thus
proportional to E2.'* Thus, we can infer that in a piezoelec-
tric SL a new contribution to the Raman signal should exist
that is proportional to E, E,,, where E,. and JF, are, re-
spectively, the permanent piezoelectric field along the growth
direction z and its modulation by the acoustic phonon strain.
In view of the huge fields present in semiconductor SL’s
(10°>-10% V cm™), a strongly modified Raman interaction
should exist. We note that Raman processes have a counter-
part in the time domain corresponding to coherent phonon
generation. This corresponds to the impulsive generation of
in-phase vibrations after a short and intense laser pulse (typi-
cally in the ps and fs range). Interestingly, huge coherent
phonon generation efficiency in GalnN/GaN piezoelectric
SL’s has been reported.®” The proposed mechanism, i.e., the
screening of the piezoelectric built-in field by photoexcited
carriers, is one of the aspects of the modified electron-
acoustic-phonon interaction we are addressing here.®’

It is the purpose of this paper to investigate these effects
in strained phonon mirrors and cavities with and without
induced permanent piezoelectric fields. For this purpose we
have chosen to work with Gag gsIn, 15As/AlAs SL’s for three
reasons. Firstly, these materials have been largely studied
and the sample growth with molecular beam epitaxy (MBE)
techniques is well managed with atomic layer control. Sec-
ondly, they are known to display piezoelectric fields in ex-
cess of 10° V ecm™' with In concentrations around 15% for
which good epitaxial growth is achieved.” And, thirdly, AlAs
barriers allow for the confinement of electronic states, thus
enabling the resonant excitation of carriers specifically in the
Gao'gsan.lsAS wells.

Phonon mirrors are basically SL’s made of two materials
with contrasting acoustic impedance.!®> Such structures re-
flect sound only within limited regions around a wavelength
N\ (and frequencies that are multiple of v/2\, with v an ef-
fective sound velocity), which is set by design. These high
reflectance regions are called “stop-bands.” At the center of
the Brillouin zone the lowest energy phonon stop-band is
optimized by using (\/4,3\/4) stacks,>'® that is, a period
equal to an acoustic phonon wavelength. This stop-band cor-
responds to the first minigap at the Brillouin zone center in
an acoustic folded-phonon scheme.'® Two such mirrors en-
closing a spacer of thickness equal to an integer number of
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FIG. 2. The phonon mirror (SL) and cavity (CAV) room tem-
perature Raman spectra taken with incident and scattered polariza-
tions parallel to a [110] axis ([001] growth direction) and a [233]
axis ([311]), using 514.5 nm excitation and the spectrometer in sub-
tractive mode. Both the folded acoustic (FA) phonon (0—130 cm™)
and optic phonon (250—500 cm™!) spectral regions are shown. LO,
TO, IF, and LO; stand for longitudinal, transverse, interface, and
confined optic phonon modes, respectively.

half-wavelengths defines a planar cavity.> The phonon ve-
locities and Raman selection rules for [311] GaAs/AlAs SL’s
have been worked out in detail as a function of the corre-
sponding elastic constants and densities by Popovic and
co-workers.!”!® Those for [001] structures are, on the other
hand, well established. For the latter case two degenerate
transverse acoustic (TA, Raman forbidden in backscattering
configuration) and one longitudinal acoustic (LA, Raman al-
lowed in backscattering) branches exist. For [311] grown
structures three nondegenerate bands exist, being one purely
transverse (TA), another quasi-transverse (QTA), and the
third quasi-longitudinal (QLA). All three modes are Raman
allowed (though with different selection rules) in back-
scattering (BS) geometry.!”

We report data on four different samples: two phonon
mirrors (grown along [001], SLOO1, and along [311], SL311)
and two phonon cavities (grown along [001], CAV001, and
along [311], CAV311). The 24-period mirrors are designed to
have an optimized first minigap stop-band and reflectivity
(R~0.997).3 The first Brillouin zone-center minigap and the
cavity modes were nominally set at ~18 cm™!. The cavities,
on the other hand, consist of two 12-period mirrors enclosing
a N/2 spacer (nominal finesse ~330). Thus, the latter can be
basically understood as a phononic defect in an otherwise
periodic SL identical to the phonon mirrors. The layer thick-
nesses of the Gay gsIng ;sAs/AlAs [001]([311]) mirrors were
21 A/78 A(23 A/84 A),  while  the  [001]([311])
GaggsIng ;sAs cavity spacer was 42(46) A thick. The re-
ported Raman experiments were collected at room tempera-
ture and at 80 K using as exciting radiation different visible
lines of an Ar-Kr ion laser focussed on a 20 um spot. The
collected spectra were dispersed using both subtractive
(lower resolution) and additive (higher resolution) configu-
rations of a Jobin-Yvon triple spectrometer and detected with
a liquid N,-cooled charge coupled device (CCD).*

Figure 2 displays room temperature Raman spectra, taken

with incident and scattered polarizations parallel to a [233]
axis, for the [311] structures, and parallel to [110] for the
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FIG. 3. The room temperature acoustic phonon Raman spectra
obtained with an additive high-resolution configuration (thick solid
curves). The thin solid curves correspond to spectra calculated with
a photoelastic model. LA and QTA label longitudinal and quasi-
transverse acoustic modes, respectively. The numbers indicate the
successive orders of the LA folded phonon pairs. Inset: acoustic
reflectivity calculated for the [311] cavity using the structural pa-
rameters deduced from the Raman scattering data. Note the high-Q
cavity mode with zero reflectivity within the acoustic stop-band.

[001] grown samples. For these experiments we used 30 mW
of 514.5 nm excitation and the spectrometer in subtractive
mode. Both the folded acoustic (FA) phonon (0—130 cm™)
and optic phonon (250-500 cm™') spectral regions are
shown. The latter is characterized by two separate series of
peaks. Those at 250—300 cm™' correspond to GaAs-like vi-
brations of the GajgsIngsAs layers, while the peaks at
350—400 cm™! are the AlAs vibrations of the barriers. The
spectra agree well with the Raman selection rules for [001]
and [311] grown SL’s, which predict respectively the obser-
vation of only LO, and both LO and TO (transverse optic)
modes.'”® Besides these characteristic peaks, intense
interface-like (IF) and GaAs confined phonon (LO3) modes
are also observed. As regards the FA spectral region, note the
unusually large number of replicas (up to seven for [001] and
up to five for [311]). This reflects the excellent quality of the
structures. In agreement with theory, only LA modes are ob-
served along [001], while both QLA and QTA modes appear
for polarized backscattering along [311].17

The acoustic and optic phonon spectra presented above
clearly distinguish between [001] and [311] grown struc-
tures. However, within the standard resolution of the subtrac-
tive mode of the triple Raman setup no difference can be
identified between the phonon mirrors (SL’s) and the cavity
structures. The situation is completely different when an ad-
ditive higher resolution configuration is used, as shown for
the acoustic modes with thick solid curves in Fig. 3. In this
figure also Raman spectra calculated with a photoelastic
model* are displayed with thin solid curves. The phonon dis-
placements were calculated using a matrix method imple-
mentation of a continuum model that includes zero-strain
boundary conditions at the SL-air interface. In addition, the
curves were Gaussian convoluted to take into account the
experimental resolution. The experimental curves, on the
other hand, were corrected for the Bose factor. Several fea-
tures should be highlighted from these spectra. (i) There is an
excellent agreement with theory. The only adjusted param-
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eters were the exact SL’s period (which differed from the
nominal values in <3%), the cavity-spacer thickness (which
was increased by ~2%), and the intensity ratio between
QLA and QTA modes for the [311] structures. (ii) The SL
spectra display the usual symmetric peaks corresponding ei-
ther to LA modes ([001]) or to QLA and QTA modes ([311]).
The shoulder of the +1 component of the first FA pair in
SL311 corresponds to the second-order (+2) component of
the QTA mode. (iii) The cavity spectra, on the other hand,
display splittings of the FA pairs that are quite precisely
taken into account in the model calculations.'® This splitting
shows up as a high energy shoulder in the first-order compo-
nent, and as a clear almost symmetric doubling for the
second-order pair. In fact, the line shape is quite sensitive to
the cavity spacer thickness, and can be used to characterize
the phonon resonator even if the cavity confined mode is not
observable in BS geometry.* The direct observation of the
cavity mode requires, on the other hand, access to a forward
scattering geometry.1

The excellent agreement between experiment and theory
in Fig. 3 can be taken as an experimental demonstration of a
high-quality piezoelectric cavity based on strained III-V
semiconductors grown on high-index substrates. An example
of the acoustic reflectivity calculated for the [311] cavity
using the parameters deduced from the above presented Ra-
man data is shown as an inset on Fig. 3. According to our
calculations, for the reported [311] cavity the elastic dis-
placement at the spacer is enhanced by a factor of ~6, im-
plying an increase of ~40 in the deformation energy reso-
nant in the cavity as compared to a standard SL without
acoustic confinement. These numbers increase to ~20 and
~400, respectively, by using 20-period mirrors instead of 12.
What needs then to be determined is the role of the piezo-
electric fields in the coupling between acoustic phonons and
electrons or light in these structures. Effects of piezoelectric
fields on Raman scattering by optic phonons in
Gay gsIng ;5As/AlAs SL’s have been previously reported by
Sela and co-workers.?’ These experiments display selection
rule modifications and LO phonon scattering enhancement
upon resonant excitation with the spin-orbit-split Ey+A,
band. For our samples with relatively thin Gagslng 5As
quantum wells (21 A) and strong AlAs barrier confinement,
resonant experiments tuned to the Ey+A, band or to the
Ga gsIng ;5As quantum well confined states would require
tunable dye lasers in the 1.7-2.1 eV (~590—720 nm) range.
Photoluminescence measurements show that at 80 K the E,
gap of the phonon mirror SL’s falls around 720 nm
(~1.727 eV), while the Ey+4, is estimated to be at
~590 nm (~2.09 eV).

In Fig. 4 we report Raman data, excited with 5 mW of the
red 647.1 nm line of our Ar-Kr ion laser. These show that, in
fact, significant changes occur when the Raman acoustic
phonon peaks of the [311] grown structures are excited close
to resonance. Note that the [001] sample spectra are essen-
tially equivalent to those in Fig. 2, taken with the green
514.5 nm laser line. On the other hand, the peaks for the
piezoelectric [311] structures strongly broaden (at least a fac-
tor of 3 at 647.1 nm) and shift with respect to the [001]
structures. This contrasting behavior becomes more evident
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FIG. 4. The Raman spectra of SU’s and cavity (CAV) structures
grown both along [001] and [311], and excited at 80 K with 5 mW
of the red 647.1 nm line of an Ar—XKr ion laser. Note the large
broadening and shift of the acoustic phonon peaks of the [311]
structures. The vertical dashed lines are only guides to the eye.

when Raman spectra for the [001] and [311] structures taken
with different discrete wavelengths from the Ar-Kr laser are
compared. This is shown for the [001] and [311] SL’s in Fig.
5. The Raman intensities have been corrected for the grating
and detector response of the spectrometer. In addition, for
ease of comparison the spectra have been scaled to similar
amplitudes by multiplication with the number shown be-
tween brackets. Narrow folded phonon doublets are observed
for all wavelengths in the [001] SL. The scattered intensity
increases towards the red because of the expected resonant
enhancement of the spectra.!' The only relevant feature that
calls the attention is the appearance at 676 nm (close to reso-
nance with the E, gap) of other peak and dip-like features
(note, e.g., the dip-like feature observed at ~28 cm™'). The
latter could be due to scattering of acoustic phonons at the
Brillouin zone edge due to wave vector nonconservation as
described in detail for resonant Raman scattering by T. Ruf
and co-workers.?! To more clearly display the folded phonon
peaks for 676 nm in Fig. 5 a strong background that could
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FIG. 5. (Color online) The Raman spectra of SL structures
grown both along [001] (left) and [311] (right), excited at 80 K with
5 mW of various laser lines of an Ar-Kr ion laser. The Raman
intensities have been corrected for the grating and detector response
of the spectrometer. In addition, the spectra have been scaled by
multiplication with the number between brackets. Note the acoustic
folded phonon line broadening and amplitude reduction in the case
of near-resonant (red) excitation for the [311] SL. See text for
details.

PHYSICAL REVIEW B 72, 035331 (2005)

also have the same origin (as explained in Ref. 21) was sub-
tracted from the data. On the other hand, for the [311] SL
striking effects occur when the laser excitation is in the red
region of the spectra, either with 632.8, 647.1, or 676 nm. In
these cases, and contrasting with the higher energy spectra,
the folded-phonon peaks clearly broaden and reduce their
amplitude. This is particularly noteworthy for 632.8 nm,
which is close to the Eg+A, Gaygslng ;sAs well gap, and at
676 nm, which is close to the E, gap. In the latter case, an
approximately tenfold amplitude reduction is observed with
respect to the [001] SL spectra taken under identical condi-
tions. Raman investigations with a tunable laser would be
desirable to fully characterize the resonant behavior. In any
case, what is clearly and systematically observed for near-
resonant excitation is a relative broadening and amplitude
reduction of the folded acoustic phonon peaks for the [311]
structures with built-in piezoelectric fields.

To the best of our knowledge, little theoretical work has
been reported describing the acoustic phonons, their
Frohlich-like interaction with electrons, and their scattering
with light in piezoelectric strained SL’s. Sanders er al. and
Chern et al.?? have presented a thorough analysis of the co-
herent phonon generation process due to ultra-fast laser im-
pulsions in SL’s with piezoelectric fields. Nevertheless, we
are not aware of any theoretical work addressing the Raman
scattering by acoustic phonons in similar structures. On the
other hand, very recently it has been pointed out the exis-
tence of an electron-acoustic-phonon coupling mechanism
associated with the dependence of crystal dielectric permit-
tivity on the strain (the so-called Pekar mechanism),'>!3
which could play a major role in electron relaxation in nano-
structures characterized by strong confining electric fields.?
We believe that a theory incorporating such kind of electron-
phonon coupling could provide a formal framework to un-
derstand the phenomena we report here. In fact, the pre-
sented results can be understood at least qualitatively as due
to a strong coupling between the electron-hole pairs excited
close to resonance with the red laser light, and the polariza-
tion carrying piezoelectric acoustic phonons. The picture is
similar to what is well known to occur between LO phonons
and electrons or electron-hole pairs in polar doped or photo-
excited semiconductors, respectively.?*?3 In this case, the LO
phonon is strongly screened upon carrier injection, leading to
line broadenings and energy shifts. Depending on the excita-
tions dispersion and damping, this coupling can lead in ad-
dition to coupled plasmon-phonon modes. As significant line
broadening and amplitude reduction only occur for [311]
samples we conclude that for the experiments we report in
Figs. 4 and 5 the phenomena is mainly governed by an ad-
ditional carrier-induced acoustic phonon dephasing (and
hence a line-broadening) that involves the piezoelectric
fields. The details of this strongly enhanced interaction
should become clearer with complete resonant experiments
as those performed for optic phonons by Sela and
co-workers.?? In addition, we believe that strong insight
could be attained by time-dependent transmission measure-
ments using femtosecond pump and probe setups as reported
for GaInN/GaN SL’s in Ref. 6. In such experiments both
the photoexcitation screening of the piezoelectric fields and
the strong phonon confinement should lead to efficient
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monoenergetic coherent phonon generation.

In conclusion, we have discussed the role of strain-
induced piezoelectric fields in SL’s on the coupling between
acoustic phonons and charge. We have proposed piezoelec-
tric acoustic cavities with built-in electric fields designed to
have an enhanced electron-phonon and photon-phonon cou-
pling. These structures exploit the added effect of a Frohlich-
like interaction of polarization modulating acoustic phonons
and their confinement in a resonating structure. These con-
cepts have been demonstrated in structures of excellent qual-
ity based on strained Gay gsIn, ;5As/AlAs multilayers grown
along [311]. High-resolution Raman scattering results clearly
evidence the acoustic phonons of phonon mirror and cavity
structures. These results compare excellently with photoelas-
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tic model calculations of the Raman efficiency, providing a
precise tool for the characterization of these acoustic devices.
Upon almost resonant excitation of carriers in the
Gay gsIng ;5As quantum wells we observe a large broadening
of the acoustic phonon peaks as compared to similar non-
piezoelectric [001] Gag ¢sIng sAs/ AlAs structures. These re-
sults evidence the existence of a strong electron-acoustic
phonon coupling in the piezoelectric mirrors and cavities,
similar to that existent for LO phonons in polar materials.
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