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We present an ultrahigh resolution Raman study of the lifetime of 1 THz acoustic phonons confined in
nanocavities. We demonstrate that the cavity Q factor can be controlled by design. Anharmonicity
contributes only marginally to limit the cavity phonon lifetime, even at room temperature, while thickness
fluctuations in the scale of 1/10 of a unit cell are the main limitation for the performance of THz phonon

cavities.
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Phonons in the THz range have great importance both in
basic research and in applications, for example, in opto-
electronics or nanoscopy [1-3]. One important device in
this area is the phonon cavity [4]. Being a monochromatic
source for large strains, its potential applications include
studies of crystal dynamics above the elastic regime [5]
and sources for coherent phonon generation [2,6] and
control [7]. However, several fundamental limitations to
the performance of these THz cavities that are intrinsic to
acoustic phonons, and become critical at the interesting
room-temperature, high-frequency, and nanometer-
wavelength regime, have not been tested so far. By means
of a newly developed ultrahigh resolution Raman scatter-
ing technique, we show that we can control by design the
intrinsic lifetime of 1 THz phonon cavities. The effects of
anharmonicity and thickness fluctuations are addressed
through temperature-dependent measurements and
Raman scattering simulations.

The phonon cavity is the acoustic equivalent of the
photon cavity [8]. It consists of a spacer of width n%
enclosed between two superlattices (SL). Because of the
acoustic impedance mismatch between the materials, the
latter act as interference acoustic mirrors [9,10] for the
wavelength A. Like its photonic counterpart, phonon cav-
ities are characterized by a highly monochromatic and
amplified acoustic mode, with sound wavelengths of the
order of a few nanometers [4]. The quality of the cavity is
given by its Q factor Q = A/AA, where AA is the full-
width at half-maximum (FWHM) of the cavity mode. The
theoretical Q factor can be controlled through the reflec-
tivity of the acoustic mirrors, being larger for higher re-
flectivities. It is also closely related to the lifetime of the
cavity phonons, which live longer in the cavity region as
the reflectivity of the mirrors increases. For example, for a
1 THz phonon (A ~ 5 nm in GaAs), a Q factor of 10*
implies a lifetime of ~3 ns, which should be compared to
the ~2 ps it takes a nonconfined vibration to go through
the cavity spacer. Such lifetime can be achieved in princi-
ple with mirrors of only 20 GaAs/AlAs bilayers.
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However, in spite of their many similarities, there are
two crucial differences between photonic and acoustic
cavities. First, photons are intrinsically harmonic: they do
not decay unless they interact with a nonlinear material.
Phonons, in contrast, are intrinsically anharmonic [11,12].
A phonon will always decay into two or more phonons or
will collide with a phonon present in the thermal bath, their
lifetime being a direct consequence of the nonparabolicity
of the lattice atomic potential [12,13]. Second, while mir-
rors with surface qualities of )\,ight/ 200 for light in the
visible and near-infrared can be obtained, the equivalent
quality for phonons of A ~5 nm would be challenging
even for the best state-of-the-art MBE, leading to a pos-
sible strong interaction of phonons with surface imperfec-
tions in most of the structures. Several experimental and
theoretical reports in the area of thermal conductivity of
nanostructures show that both the bulk phonon lifetime and
the scattering at interfaces and defects should be taken into
account to properly approach the problem [14,15]. The
practical limitations to the lifetime and consequently to
the minimum linewidth and maximum amplification that
can be achieved in these cavities are important matters for
device applications. In addition, the anharmonic phonon
decay is in itself a challenging fundamental issue, both
experimentally and theoretically [16—18]. The lifetime of
propagating THz acoustic phonons both in bulk and in
nanostructures, which are at the heart of the current devel-
opments in picosecond acoustics, remains an open problem
that can be addressed by the method reported here.

Four acoustic cavities [4] with a mode frequency of
1 THz were grown by MBE on top of an optical mirror
[Fig. 1(a)], so that the full sample acts as an optical micro-
cavity [19]. Each acoustic cavity is formed by a top 20-
period GaAs/AlAs (3.5/1.5 nm) SL, a 3} GaAs spacer
(7 nm), and a bottom SL mirror with N =4, 8, 12, or 16
similar periods depending on the sample. This introduces a
variation in the reflectivity of the bottom mirror (from 36%
to 98.5%) that, in turn, modifies the Q factor of the acoustic
cavity (from 63 to 2400). The optical mirror is an
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FIG. 1 (color online).
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Scheme of the samples (a) and experimental setup (b). AS and SL (OS and DBR) stand for acoustic (optic)

spacer and mirror. Panel (c) shows how the Raman spectrum (full line) compares to the CCD pixel size (delimited by vertical dotted
lines in ¢ and e) in a typical experimental condition. Panels (d)—(f) represent the different stages in the reconstruction of the Raman
spectrum (see the text for details). The two full-line spectra correspond to two different gas pressures, and each shaded area correspond
to one point in the final spectrum. The four panels have the same full bottom scale of 1.7 cm™!.

AlAs/Aly33Gag¢7As DBR centered at 750 nm. A sample
dependent Alj33;Gage;As layer was grown between this
mirror and the bottom of the acoustic SL to produce a Ajyge,
optical spacer between the air and the DBR, and to assure
that the acoustic cavity spacer is at a maximum of the
amplified electric field independently of N. The presence
of the optical microcavity has a twofold purpose: increas-
ing the Raman signal, and enabling the detection in a back-
scattering geometry of the cavity peak, otherwise acces-
sible only in a forward-scattering configuration [4,20].
Both the AlGaAs layer and the DBR (but not the acoustic
nanocavity) were grown with a ~15% wedge to allow for
the tuning of the optical cavity to the electronic resonance
of the SL, further increasing the Raman signal. Room-
temperature photoluminescence shows that all the samples
have their SL fundamental emission between 751 and
754 nm, and that the DBRs do not absorb at wavelengths
larger than 670 nm.

The mentioned Q factors mean that the cavity mode
tunnels through the bottom SL to the substrate at lifetimes
that vary from 20 to 790 ps for the 4- and 16-period
samples, respectively. To test these nominal values, we
use the close relationship between the lifetime of the cavity
mode and the linewidth of the Raman scattering peak. If
the former is 7, then the latter will be FWHM = 27/7. The
expected Raman linewidths for the cavity mode vary then
from 0.52 to 0.014 cm™!. This sets the resolution needed
for Raman experiments on these samples well below the
capabilities of a high resolution triple Raman spectrometer
in the additive configuration (~ 0.2 cm™! in the near-
infrared, NIR). On the other hand, a Fabry-Pérot (FP)-
spectrometer tandem with monochannel acquisition [21]
could provide the required resolution but with acquisition
times that would be prohibitive in the present samples. In
order to overcome these difficulties, we have developed a
novel Fabry-Pérot—triple additive spectrometer tandem
with multichannel acquisition [Fig. 1(b)]. In this setup,
the light coming from the experiment [1(c)] goes through
a single-pass FP interferometer (97% NIR dielectric
mirrors) and gets multiplied by its transmission function

[1(d)]. This function consists of a series of narrow trans-
mission peaks equally spaced (being this distance the free
spectral range, FSR) that can be tuned by changing the
pressure and, consequently, the index of refraction of the
gas in the interior of the FP. This filtered light is collected
later into a Dilor XY800 triple spectrometer in additive
configuration and acquired with a liquid nitrogen-cooled
CCD. As the resolution of the spectrometer is better than
the FSR of the FP but not enough to resolve the width of the
transmission peaks, the acquired spectrum consists of sev-
eral broad resolution-limited peaks of which the relevant
information is their integrated intensity [1(e)]. Repeating
this procedure as a function of the gas pressure, we recon-
struct the Raman profile [I(f)]. This configuration
allows to acquire a full 10 cm™! Raman spectrum with
the ultrahigh resolution characteristic of a FP interferome-
ter (0.01 cm™!) in only one simultaneous parallel
measurement.

The experiments were performed in backscattering, with
1 mW power focused in an 80 wm spot and with the laser
energy 10 meV below the SL gap. The optical microcavity
mode was tuned by displacing the sample to obtain maxi-
mum Raman signal. The laser was a tunable Ti:Saph with a
measured linewidth of 0.013 cm™!' (390 MHz, Fig. 2).
Typical acquisition time for one spectrum was 1-3 hours.

Room-temperature Raman measurements are presented
in Fig. 2. Vertical arrows identify the acoustic cavity peak.
The g =0 (“forward”-scattering, FS) and ¢ =2k
(“back’-scattering, BS) modes of the SLs, where g (k) is
the phonon (photon) wave vector, are also identified. As
expected from the design, all samples have the cavity mode
around 33 cm ™! ( ~ 1 THz), and it is in all cases less than
0.1 cm™! away from the predicted position based on x-ray
data for the layers widths. Calculations of Raman scatter-
ing spectra [22] were performed to compare the experi-
mental linewidths with those expected for samples without
any additional broadening [Fig. 2(b)]. While the theoretical
linewidth (full line) decreases exponentially with the num-
ber of periods of the bottom SL, the experimental linewidth
(full circles) saturates towards a value of ~0.1 cm™!
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FIG. 2 (color online). (a) Room-temperature ultrahigh resolu-
tion Raman spectra of the four samples, identified by the number
of periods of the bottom SL. Vertical arrows mark the acoustic
cavity mode. Panels (b), (c) show a comparison of experimental
(full circles) and calculated nominal (full line), Lorentzian con-
voluted (dashed line), thickness fluctuations (empty squares and
dotted line), and thickness fluctuations with wave vector relaxa-
tion (dash-dotted line) linewidths and profiles of the acoustic
cavity mode Raman peak. Both Lorentzian convolution and
thickness fluctuations are also convoluted with the experimental
resolution. In panel (c), the three theoretical spectra are shifted
+0.07 cm™! to match the experimental position of the peak.
Laser profile (thin full line) is also shown.

(which would correspond, if it were homogeneous, to a
110 ps lifetime). Several resolution limits are also plotted
for reference. For the 16-period sample, we compare in
Fig. 2(c) the room-temperature experimental (full circles)
and theoretical (full line) Raman spectra, the former being
8 times broader. The measured laser line (thin full line) is
presented as well as a reference of the resolution of the

tandem. A Lorentzian convolution of FWHM = 0.1 cm™!

of the theoretical spectra matches very well the general
behavior seen in Fig. 2(b) (dashed line). The dependence of
the FWHM with the size of the bottom SL shows that,
through a proper design of the sample, it is possible to
modify the Q factor and lifetime of the acoustic cavity.
For the lowest Q 4-period acoustic cavity, the experi-
mental linewidth is consistent with that expected from
theory. However, it is clear from the other samples that
an additional broadening mechanism is present. As we
mentioned earlier, phonons are subject to anharmonic de-
cay. This mechanism strongly depends on temperature and
energy because high-energy phonons have more chances to
decay into lower-energy phonons, and thermally-excited
populations can stimulate this decay [12,13]. To identify
the relative contribution of this mechanism, we have per-
formed temperature-dependent Raman scattering experi-
ments, shown in Fig. 3 for the 16-period sample. The
experimental linewidth of the cavity peak does not change
significantly when we reduce the temperature from 293 to
135 K. The anharmonic decay rate is proportional to the
phonon population at the final states [11,12]. At relatively
high temperatures, i.e., when 7w < kT < kTpepye, phonon
population is proportional to the temperature 7', and an-
harmonic lifetime can be approximated as 7.} = I'w?T,
hw being the energy of the initial phonon and I" a constant
that depends on the anharmonicity of the interatomic
forces, if only three-phonon Herring processes are taken
into account [12,13]. For reference, phonon frequencies
around 1 THz are equivalent to ~50 K, and Tpepye =
344 K for GaAs. If anharmonic decay were the main
contribution to the broadening, this should lead to a two-
fold reduction of the linewidth, which is clearly not the
case. The experimental reduction in this temperature range
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FIG. 3 (color online). Temperature dependence of the acoustic
cavity mode Raman peak for the sample with 16 periods in the
bottom superlattice. The inset shows the FWHM of this peak
(full circles) fitted by a linear temperature dependence (full line).
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is (0.019 + 0.008) cm™! and amounts only to 15% of the
total linewidth. We can estimate I" proposing that the
Raman line profile is the convolution of a temperature
independent peak of width W, and the anharmonic broad-
ening W, = 2h/7,,,. Fitting this temperature dependence
with w/(27) = v.,, = 1 THz to the experimental points
results in I’ = (3.6 = 1.0) X 107!° K~! s (solid line in the
inset). In order to obtain a theoretical estimation of this
parameter, we can write I' = 2vA’, where v = 4950 m/s
is the effective sound velocity in the system and A’ is the
parameter defined in equation (10) of Ref. [13], calculated
to be 1.1 X 1072 ¢cm™ ! s> K™! for bulk GaAs in the same
reference. Thissets ' = 1.1 X 107! K~ s, in good agree-
ment with our experimental value, and supports the pre-
diction by Chen et al. [13] that Herring scattering should
dominate over the relaxation process for frequencies above
500 GHz. The existent discrepancy in the values can have
several origins: (i) bulk momentum conservation is modi-
fied in a SL by the folding of the dispersion relationship,
opening new channels for umklapp processes [14]; (i) we
are dealing here with a localized mode, for which momen-
tum conservation is relaxed [23].

Excluded anharmonic decay as the main contribution,
the other possible sources of broadening for phonons in
nanostructures are deviations from the ideal system,
namely, scattering on roughness at interfaces and material
mixing. As they are produced by fixed properties of the
structure, these factors should be temperature independent.
Besides, thickness fluctuations can have large consequen-
ces. Even if small variations in the layers widths do not
affect significantly the linewidth of the cavity mode, the
small energy shift produced by the different local parame-
ters at each point of the sample can cause an inhomoge-
neous broadening of the Raman peak. To test the latter, we
have performed Raman scattering calculations introducing
a random variation in the position of the interfaces. Using
an exponential random distribution with probability
p(8) = exp(—lgl)/(Za) for the deviation & from the ex-
pected position of each interface, we have concluded that
fluctuations of 1/9 of a unit cell (« = 0.06 nm) can re-
produce the experimental results for all the samples [empty
squares in Fig. 2(b)]. As an example, we plot in Fig. 2(c)
the average spectrum for 3000 random samples (dotted
line) simulated with this « parameter and taking & as
deviations from the x-ray values. « in this 1D simulation
can be seen as an average sensed by the phonon of the short
range roughness typical of the GaAs-over-AlAs interfaces
[24]. The observed slight peak asymmetry with a high-
energy tail can be accounted for by including momentum
relaxation as described in Ref. [25], in addition to the
symmetric broadening just mentioned. Using the same a
parameter and taking into account the in-plane parabolic
energy dispersion of the cavity mode, a good description of
the data (dash-dotted line) can be obtained assuming a

typical lateral size of the thickness fluctuations of
~50 nm, which is probably related to the AlAs-over-
GaAs interfaces [24]. We have also performed photolumi-
nescence experiments at 8 K and measured the FWHM of
the acoustic cavity fundamental electronic transition to be
(3.0 = 0.4) meV. From calculations in the envelope func-
tion approximation, the value of « required to produce this
FWHM is 0.05 nm, in very good agreement with the one
obtained from Raman scattering.

To summarize, we have shown that the Q factor of THz
acoustic cavities can be tailored by design, and that the
main present limitation is related to submonolayer thick-
ness fluctuations. Once this extrinsic factors are addressed,
these results imply that acoustic cavities with a Q factor as
high as 1000 can be grown with MBE technology in the
0.1-1 THz range. We have also found a linear temperature
dependence of anharmonic decay, opening the way to
fundamental studies of phonon properties in the relevant
THz and room-temperature regime.
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