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Resonant Raman scattering of nanocavity-confined acoustic phonons
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A structure that is a resonator for photons and acoustic phonons and can be furthermore tuned to an exciton
resonance is investigated. We present Raman-scattering experiments under double optical resonance, and we
study the possibility of further enhancing the photon-phonon interaction by resonantly exciting an electronic
state confined in the acoustic nanocavity spacer. We show that through this electronic resonance the confined
acoustic mode can be amplified. In addition, we report the presence of features corresponding to the Brillouin
zone edge and oscillations related to finite-size effects. A comparison with photoelastic model simulations is
presented, showing a good agreement with the observed spectral features.

DOI: 10.1103/PhysRevB.79.035404

I. MOTIVATION

Semiconductor optical microcavities are structures that
enable the spatial and spectral confinement and amplification
of light.!?> They work in a similar way to a Fabry-Perot reso-
nator, where two mirrors are separated by a spacer. In the
case of semiconductor microcavities, two distributed Bragg
reflectors (DBRs) enclose the optical spacer. The amplifica-
tion and confinement characteristics are determined by the
selection of materials, thicknesses, and number of periods of
each DBR.? They have been used in different experiments,
including the modification of photon lifetimes,’ parametric
oscillations,! polaritonic Bose-Einstein condensation,*> po-
lariton laser,” and Raman signal amplification’ to name a
few. Acoustic nanocavities are the elastic equivalent of the
photonic devices.®~!' The optical DBRs are replaced by
acoustic Bragg mirrors (BRs). The contrast in the acoustic
impedance, i.e., the product of the mass density and the
sound velocity, is a relevant parameter to determine the re-
flecting and confinement characteristics. Nanocavities can
confine acoustic phonons in the technologically important
terahertz range, concentrating and amplifying the strain in
the central spacer. A cavity for light and sound (CLS) is a
double resonator that combines an acoustic nanocavity and
an optical microcavity in a single monolithic structure.'®!?
In this device, the acoustic resonator is the optical spacer of
the microcavity. The electromagnetic field intensity corre-
sponding to the energy of the optical mode presents a maxi-
mum in the center of the optical spacer. Under these circum-
stances, a maximum of the electromagnetic field can be
matched with the center of the acoustic cavity, where the
strain also presents a maximum, leading to an amplification
of the Raman signal.

In Raman experiments in optical microcavities, due to the
standing-wave character of the photons within the structure,
features normally observed in both backscattering (BS) and
forward-scattering (FS) geometries become simultaneously
observable. Acoustic confined modes have been detected and
studied in Raman-scattering experiments performed in
CLS.'%! The confinement effects of light pulses in coherent
phonon generation experiments performed on CLS have also
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been recently studied, showing similar selection rules and
enhancement behavior as observed in Raman experiments.'?

Besides the described optical confinement, the standard
way to enhance a Raman signal is through electronic reso-
nances. Such resonant Raman scattering by acoustic phonons
was previously studied in great detail in semiconductor
superlattices.'>"'® A continuous emission background and
peaks and dips related to the folded phonon-dispersion gaps
were observed. In these cases, the distribution of electronic
confinement energies due to random variations in layer thick-
nesses allows Raman processes strongly resonant with indi-
vidual quantum wells, causing a partial breakdown of the
crystal momentum selection rules. In such situations, g, is
not a good quantum number and is not conserved. Finite-size
effects also introduce a relaxation of the selection rules, and
Raman scattering from forbidden modes can become
observable.'”?! Resonant Raman scattering by confined
phonons in acoustic cavities was introduced in Ref. 22.

The acoustic, optical, and electronic characteristics of the
CLS can be engineered to obtain a fully optimized structure
where the acoustic and optical cavity mode energies are con-
veniently set and the electronic transitions are fixed at de-
sired values. In this work, we study the possibility of further
enhancing the photon-phonon interaction in a CLS by reso-
nantly exciting an electronic state confined in the acoustic
nanocavity spacer. This gives rise to the enhancement of sev-
eral spectral features, particularly, of the acoustic cavity
mode. We investigate the effects of the artificially introduced
acoustic modulation when the acoustic spacer is resonantly
excited. A simple theoretical model based on photoelastic
interactions is introduced to explain the observed features.
This paper is organized as follows. Section II briefly de-
scribes the sample design; double optical resonance (DOR)
experiments are described in Sec. III. In Sec. IV we present
the results on resonant Raman scattering from CLS. Finally,
conclusions are presented in Sec. V.

II. CAVITIES FOR LIGHT AND SOUND

The studied sample consists of an acoustic nanocavity
embedded in an optical microcavity. The sample was grown
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FIG. 1. (Color online) Top panel: calculated reflectivity of the
acoustic nanocavity. Bottom panel: measured Raman-scattering
spectra varying the spot position on the sample taken at room tem-
perature with an incidence angle of ~15° and a laser wavelength of
815 nm (see text for details). Continuous lines indicate the acoustic
band-gap positions; the dotted line is a guide to the eyes for the
optical mode spectral position. CM, ZC[2], and ZC[3] stand for
cavity mode in the first minigap at the Brillouin zone center, and
second and third folded acoustic phonons at the Brillouin zone cen-
ter, respectively.

on a (001) GaAs substrate by molecular-beam epitaxy. The
acoustic nanocavity is formed by two 12 period of 82/23 A
AlAs/GaAs (Ref. 23) superlattices (SLs) enclosing a \/2
(46 A) GaAs spacer, where \, is the acoustic wavelength of
the confined cavity mode. The chosen thickness relation
(~3N\,/4, ~\,/4) maximizes the first minigap at the Bril-
louin zone center. The nominal energy of the confined acous-
tic mode is ~18 cm™'. The upper panel of Fig. 1 shows the
reflectivity of the acoustic nanocavity. Six high-reflectivity
bands can be observed corresponding to acoustic minigaps in
the dispersion relation. ZE[n] (ZC[n]) stands for nth folded
acoustic modes at the Brillouin zone edge (center). In ZC[ 1]
and ZC[3] there is a confined mode centered in the high-
reflectivity bands; while in the rest of the minigaps the con-
fined modes are not centered. The second minigap at Bril-
louin zone center (ZC[2] at ~35 cm™!) is closed; thus there
is no associated high-reflectivity band, and no confined mode
appears.

The acoustic nanocavity constitutes, as a whole, a \; op-
tical spacer, where A; is the optical wavelength of the con-
fined microcavity mode. The optical DBRs are formed by
628/728 A Aly,GaygAs/AlAs (Ref. 23) bilayers. The top
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(bottom) DBR is 10 (14) periods thick. An asymmetric num-
ber of DBR pairs is chosen in order to compensate the dif-
ference of the air/sample and sample/substrate reflectivities.
The sample presents a gradient in the thickness in order to
allow the tuning of both the incident laser and the scattered
light with the optical cavity mode by changing the spot po-
sition. The optical resonance can be furthermore tuned by
varying the laser energy and the incidence angle.>*?

Due to confinement effects, the electronic transitions in
the GaAs layers that form the acoustic BRs are higher in
energy than that corresponding to the acoustic spacer. The
electronic transition of the acoustic spacer is at 732 nm, de-
termined by photoluminescence (PL) experiments performed
at 80 K. This value was confirmed using envelope function
model calculations. We estimate the transition of the GaAs
layers in the BRs to be at ~650 nm using the same model.

By changing the position of the spot on the sample, it is
possible to change the relative energy difference between the
cavity mode and the electronic transition of the acoustic
spacer. The optical cavity mode is more sensitive to the spot
position than the electronic levels (determined mainly by the
bulk energy gap) and the acoustic cavity mode energy (the
involved energies are much smaller and the variation in the
30 cm™! phonon across the sample is less than 1.5 cm™).

III. DOUBLE OPTICAL RESONANCE

We measured Raman-scattering spectra in backscattering
geometry using a tunable Ti-sapphire laser. The collected
spectra were dispersed using a triple T64000 Jobin-Yvon Ra-
man spectrometer equipped with a liquid-N, cooled charge-
coupled device (CCD). To perform the Raman-scattering ex-
periments from the CLS, we collected the scattered light in
the normal direction. Since the sample was grown with a
gradient in the thickness, the energy of the optical mode
changes with the spot position. When the energy of the scat-
tered photons coincides with the energy of the optical cavity
mode, we are in the standard (outgoing) simple optical reso-
nance. In the lower panel of Fig. 1 we show the measured
Raman-scattering spectra at room temperature (RT) for dif-
ferent spot positions for a fixed incidence angle of ~15° and
a laser energy of 1.521 eV (815 nm). The electronic transi-
tion of the acoustic spacer is estimated to be at 1.594 eV
(778 nm) at RT, which was determined by the PL measure-
ments at 80 K and gap evolution with temperature. Features
in the Raman spectra between 8 and 50 cm™' are clearly
observable in a single measurement due to the relatively low
finesse of the optical cavity (~300). Continuous lines at
~17.3, 34.5, and 53.0 cm™! indicate the positions of the
folded acoustic phonons at the Brillouin zone center (ZC[1],
ZC[2], and ZC[3], respectively). The dotted line is a guide to
the eyes for the spectral position of the optical mode, which
changes between 10 and 60 cm™!. Note that the selective
amplification of the emission of phonons is accomplished
when the optical mode passes through them, in particular, the
peaks at ~17.3 (corresponding to ZC[1]) and 34.5 cm™!
(ZC[2]) present a maximum. Note also the presence of oscil-
lations between minigaps.
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FIG. 2. (Color online) Panel (a): experimental (E) and simulated
(S) Raman spectra. The experimental curves correspond to two dif-
ferent double optical resonance conditions (different incidence
angles) taken at room temperature and an excitation laser of 815
nm. The simulated spectrum was Gaussian convoluted to account
for the experimental resolution (0.40 cm™') and arbitrarily scaled to
match the experimental intensity. Panels (b) and (c) show detail of
the first and second zone-center band-gap regions measured with a
resolution of 0.15 cm™ (see text for details).

We can take advantage of the in-plane photon mode dis-
persion of the optical microcavity to enhance the scattering.
By changing the spot position on the sample, it is possible to
achieve the scattered photon resonance; while changing the
incidence angle it is possible to tune the incoming photon
resonance. This condition is called DOR.!'?*?> The thick
curve in Fig. 1(b) corresponds to the DOR condition which
maximizes the peak at 17.3 cm™', corresponding to the con-
fined acoustic cavity phonons in the first minigap at the
Brillouin-zone-center CM [incidence angle of ~15° and la-
ser energy at 1.521 eV (815 nm)]. Observe how the CM peak
is amplified when the DOR condition is achieved, presenting
a maximum.

The maximum at 34.5 cm™' in Fig. 1(b) does not repre-
sent a DOR condition; it is the result of a balance between
the single optical resonance (outgoing photons) and the op-
tical cavity mode at 15° that is detuned from the laser energy.
In other words, moving the spot on the sample improves the
single outgoing optical resonance for this energy, while the
incoming photons are more detuned from the optical cavity
mode. However, the incidence angle and spot position can be
chosen in such a way that the DOR condition is achieved to
maximize different spectral features, in particular, the ZC[2]
modes.?*?

1
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In panel (a) of Fig. 2 we present experimental and simu-
lated Raman spectra taken at RT and a laser energy of 1.521
eV (815 nm). The experimental curves correspond to two
different DOR conditions, maximizing the signal at ZC[1]
and ZC[3], respectively. The simulations were performed us-
ing a photoelastic model, considering a nominal structure
and assuming that both incident and scattered electromag-
netic fields have the same (resonant) spatial distribution. The
simulated spectrum was Gaussian convoluted to account for
the experimental resolution (0.4 cm™). Observe that fea-
tures related to ZE[1], ZC[1], ZE[2], ZC[2], and ZC[3] can
be clearly observed. Panels (b) and (c) in Fig. 2 present a
detailed high-resolution (0.15 cm™') spectrum of the ZC[1]
[Fig. 2(b)] and ZC[2] [Fig. 2(c)] energy regions. In the spec-
trum shown in Fig. 2(b) we can identify an intense acoustic
CM and side oscillations (Osc.) related to finite-size effects.
Peaks between Osc and CM arise from contributions from
the whole acoustic cavity structure and are a mixture of
modes normally observable in backscattering and forward-
scattering geometries with no optical confinement. It must be
noted that these modes do not have a defined symmetry. The
spectrum shown in Fig. 2(c) presents four principal peaks
and side oscillations. Of these four principal peaks, the two
external peaks are normally observable in BS geometry with-
out optical confinement, while the two central peaks corre-
spond to the peak normally observable in FS geometry, split
by the interference between the two acoustic mirrors.?? As
previously stated, at ZC[2] there is no confined mode. The
strain associated to the observed acoustic modes in this en-
ergy band is odd in the acoustic spacer layer, so all the con-
tributions to the Raman signal come from the SLs. In this
way, CM is mainly sensitive to the electron-phonon interac-
tion within the acoustic spacer, while modes at ZC[2] are
only sensitive to interactions within the BRs.

The observation of ZE peaks and side oscillations in Fig.
2(a) is attributed to an excitonic resonance. In what follows
we will address the analysis of the amplification of the CM
and other features due to this excitonic resonance, while
maintaining the DOR condition.

IV. EXCITONIC RESONANT RAMAN SCATTERING

To study the excitonic resonance effects we performed
Raman-scattering experiments, changing the excitation laser
wavelength between 765 and 800 nm, conserving always the
DOR condition, and below any absorption in the acoustic
nanocavity. The 765 nm limit of the optical cavity mode is
set by the sample edge. In order to have a low enough pho-
toluminescence background (coming from the acoustic
spacer) as compared to the resonant Raman signal, all the
experiments were performed at 80 K. In the first series of
experiments, the DOR condition is tuned to maximize CM
[as in Fig. 2(b)]. Panel (b) of Fig. 3 shows the measured
Raman spectra (narrow features on top of a luminescence
background coming from the GaAs substrate filtered by the
optical cavity mode) as a function of the incident laser wave-
length. This photoluminescence background is indicated
for a single spectrum in gray. Each spectrum is taken at a
different spot on the sample in order to tune the cavity mode
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FIG. 3. (Color online) Panel (a): cavity mode (black squares)
and second zone-center peak (circles) intensity as a function of
excitation laser wavelength derived from the spectra in panels (b)
and (c). Panels (b) and (c): Raman-scattering spectra as a function
of the excitation laser under double optical resonant condition for
the CM and ZC[2] features, respectively (taken at 80 K). Gray
zones indicate the photoluminescence background. Insets show a
spectrum with and without the photoluminescence background
subtracted.

with the Raman-scattered photons. Note that as the laser
approaches the acoustic spacer electronic transition
(~735 nm), the Raman spectra increase in intensity. The
second series of experiments was performed by localizing
the DOR on ZC[2] [panel (c) of Fig. 3]. Contrary to the CM
behavior, ZC[2] features present an almost constant intensity.
This agrees with the fact that these modes are independent of
the resonant condition in the spacer. The insets of Fig. 3(c)
present a single Raman spectrum as measured (left), with the
substrate photoluminescence background indicated in gray,
and the Raman spectrum after the background subtraction
(right). Panel (a) of Fig. 3 plots the intensities of the CM
(squares) and the ZC[2] modes at ~35 cm™' (empty circles)
as a function of the laser wavelength. It is clear that the CM
is selectively amplified with respect to the ZC[2] modes. The
slowly varying intensity of the ZC[2] features can be attrib-
uted to the weak resonant behavior of the electronic transi-
tion of the SLs layers (at ~650 nm).

Figure 4 shows the detailed measured Raman spectra for
different laser wavelengths (indicated on the left), for the
DOR condition centered at the CM (top panel) and ZC[2]
(bottom panel). In the top panel it can be observed how the
cavity mode is amplified as the laser approaches the exci-
tonic resonance. In addition to this amplification of the CM,
two additional features must be pointed out. On one hand, on
the left side of the cavity mode (lower Raman shift), finite-
size-like oscillations are also resonantly amplified (Osc in
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FIG. 4. Measured Raman spectra as a function of the laser
wavelength for the CM (top panel) and the ZC[2] modes (bottom
panel) taken at 80 K. ZE, CM, and ZC stand for zone edge, cavity
mode, and zone-center modes, respectively.

Fig. 2); on the other hand, Brillouin-zone-edge features lo-
cated at 9.3 and 26.8 cm™! (ZE[1] and ZE[2]) appear as the
laser approaches the electronic energy level of the acoustic
cavity spacer. As we will show next, the amplification of the
CM peak with respect to ZC[2], along with the observation
of the rest of the features, is a clear manifestation of the
modulation of the elastic properties in the structure, com-
bined with a resonant excitation selectively localized at the
cavity spacer. The ZC[2] spectra shown in the bottom panel
are characterized by the presence of four peaks with an in-
tensity that is independent of wavelength. Weak side oscilla-
tions can also be noticed on the lower-energy side of the
spectra.

In order to describe the behavior of the spectra as the
resonant condition is approached, we performed simulations
based on a photoelastic model. The expression for the Raman
efficiency is given by!'l1%26-28

auz) |2

f dEQEPD S| ()

o(w) « i[n(a)) +1]

where n(w) is the Bose-Einstein statistical factor, p(z) is the
material-dependent photoelastic constant (assumed constant
in each layer), u(z) is the atomic displacement within the
structure, and E; and Eg are the incident and scattered elec-
tric fields, respectively. The electric fields are calculated us-
ing a standard matrix method implementation with appropri-
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FIG. 5. Simulated Raman spectra as a function of the photoelas-
tic constant of the acoustic cavity spacer. On the left, the numbers
indicate the factor by which the nominal photoelastic value is mul-
tiplied. ZE, CM, and ZC[2] stand for zone edge, cavity mode, and
second folded phonons at zone center, respectively.

ate boundary conditions. To simplify the calculation, we
consider that the incoming and scattered fields have the same
spatial distribution. The phonon displacements are obtained
using a matrix method implementation of a continuum
theory that includes zero-strain boundary conditions at the
sample-air interface. We simulate the resonant experiment by
changing the photoelastic constant value of the layer that is
being resonantly excited. In our case, we use a constant value
for all the GaAs layers except for the acoustic cavity spacer
which is multiplied by a factor n.

Figure 5 presents the simulated Raman spectra as a func-
tion of the photoelastic constant of the acoustic cavity spacer.
On the left, the value of the factor n is indicated. In the top
(bottom) panel we plot the behavior of CM (ZC[2]) under
DOR. From the simulations the following results must be
noted. (1) The intensity of the confined cavity mode peak
increases as the factor n is increased; its relative height to
close features also grows. (2) The general spectral shape
changes; on one hand peaks at 7.0 and 26.0 cm™' (ZE[1] and
ZE[2]) become observable; on the other hand, strong oscil-
lations between minigaps appear. (3) The intensity of the
Z(C[2] features is almost constant as the factor n is changed.
This is clear when comparing the behavior of the ZE[2] and
ZE[3] with ZC[2] peaks in the lower panel of Fig. 5. As
commented before, this latter feature can be understood
through these simulations due to the fact that the du(z)/dz is
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odd for ZC[2] in the central acoustic cavity layer. On the
contrary, the CM has an even du(z)/dz distribution through
the structure, which furthermore is strongly localized at the
resonantly excited acoustic cavity layer.

The resonant excitation, or equivalently, the increase in
the photoelastic contribution of the localized acoustic spacer
produces a mode selective excitation. This spatially localized
excitation allowed the observation of peaks at ZE[n], which
are not observable under nonresonant excitation. In addition,
the oscillations related to finite-size effects'® are also ampli-
fied; their number and relative intensity are given by the
number of periods and materials in the acoustic mirrors, re-
spectively. In the simulation shown in Fig. 2 a factor of n
=4.0 was used in the photoelastic constant corresponding to
the acoustic cavity spacer. The agreement between experi-
ments and simulations is remarkable, and the main features
of the spectra are reproduced: side oscillations, zone-edge
features, cavity mode, side modes, and ZC[2] features. How-
ever, oscillations on the high-energy side of the CM observ-
able in the simulations have not been observed in the experi-
ments at low temperatures (see Fig. 4); at RT (Fig. 2)
oscillations at both sides of the CM are present and equally
intense, which is in agreement with the model calculations.

V. CONCLUSIONS

The presented results demonstrate that it is possible to
perform a selective excitation of acoustic confined cavity
phonons in Raman-scattering experiments by tuning the laser
with an exciton confined in the cavity spacer. The use of an
optical cavity allows the detection of light scattered by
phonons with g=0 and amplifies the electromagnetic field
enhancing the Raman cross section of the system. A proper
selection of thicknesses determines the electronic transitions
in the layers that form the acoustic cavity in such a way that
is possible to excite only one of them, in particular, the cav-
ity spacer.

As previously demonstrated for SLs, the resonant excita-
tion of a single layer gives rise to strong modifications of the
measured spectra. The modification of the phonon density of
states activates additional peaks generated by phonons in
minigaps at the Brillouin zone edge. These modes are not
normally observable under a nonresonant condition. The de-
scribed engineering of acoustic phonons, and of the photonic
and electronic states, provides interesting alternatives for the
study and the generation and control of coherent terahertz
hypersound with light.
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