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Enhanced optical generation and detection of acoustic nanowaves in microcavities
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The enhancement of the ultrafast coherent generation and detection of acoustic phonons in an optical

microcavity is experimentally studied. We report pump-probe terahertz ultrasonic experiments in an optical
microcavity as a function of laser energy and probe incidence angle. By tuning the laser wavelength to resonate
with the microcavity mode at normal incidence and simultaneously varying the incidence angle of the probe
beam we achieve a double optical enhancement. Under this condition both the coherent generation and detection
of acoustic nanowaves are strongly enhanced. We demonstrate the use of optical microcavities as a promising
tool to study acoustic phonons in reduced dimensions with increased sensitivity.
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An optical microcavity confines the electromagnetic field
both spectrally and spatially, inducing strong changes in the
light-matter interaction and giving rise to novel physical
phenomena and devices.'™ In the case of planar semicon-
ductor optical microcavities, two distributed Bragg reflectors
(DBRs) enclose an optical spacer.’ Optical microcavities
have been the subject of very active research during the
last 15 years, and have been used to study the modification
of the photonic lifetimes,® parametric oscillations,® cavity
polariton Bose-Einstein condensates,”® the polariton laser,”!°
and amplification of Raman scattering signals,''~"* among
others. Here we experimentally study the signal enhancement
in coherent phonon generation using optical microcavities.

The photonic confinement and amplification have been used
in these high-Q resonators to amplify the optical generation
of incoherent phonons through Raman processes and to prove
effects in the phonon physics and dynamics in semiconductor
nanostructures.''~!7 The optical resonances can be comple-
mented with electronic resonances giving rise to amplified
Raman cross sections of up to 107. On the contrary, the use
of optical confinement for the enhanced coherent generation
of acoustic phonons (in contrast with incoherent generation
by spontaneous Raman scattering) is a concept that has been
rarely treated up to now. The realization of a monochromatic,
coherent, and intense source of ultrahigh frequency acoustic
phonons'®2% is only one of its potential applications. In
coherent phonon generation experiments a femtosecond laser
pulse (pump) generates coherent subterahertz phonons in a
structure. These phonons modulate the optical properties of the
sample. Finally, a second, delayed, and less intense laser pulse
(probe) detects the time-dependent optical reflectivity.?! The
coherent generation of acoustic phonons using ultrafast lasers
is characterized by a low efficiency in the light-hypersound
transduction. In a previous work we demonstrated that planar
optical microcavities can be used in coherent generation
experiments;>> we showed indications of signal enhancement
as the optical resonance was approached and the modification
of the selection rules in the phonon generation-detection
process. Maris and co-workers®® proposed a similar scheme
using external microcavities to study systems with small
photoelastic constants, presenting an alternative tool to the
interferometric detection introduced by Perrin et al.?* The
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modulation of optical microcavity modes, on the other hand,
has been studied by the injection of hypersound pulses in
both the polaritonic and the optic regimes.>>” Similarly,
surface acoustic waves have been used to modulate optical
microcavities and to control cavity polaritons.?®? In this
work we present results of coherent phonon generation
experiments in an acoustic nanocavity embedded in an optical
microcavity under optical resonance conditions. It has been
theoretically shown that the maximum amplification of the
coherent generation and detection using microcavities cannot
be reached simultaneously when the pump and probe beams
have the same wavelength and angle of incidence.?! In fact,
when the laser is tuned with the cavity mode, although the
coherent phonon generation efficiency reaches its maximum,
the detection is an absolute zero.’? Taking advantage of the
light dispersion in microcavities, we introduce a strategy to
achieve simultaneously the maximum amplification of both
the generation and the detection of coherent acoustic phonons.
We analyze the dependence of the microcavity efficiency on
the laser wavelength and angle of incidence.

The studied sample consists of a planar semiconductor
optical microcavity grown on a 001 oriented GaAs substrate
by molecular beam epitaxy. A scheme of the sample can be
found in Fig. 1(a). The optical microcavity is composed of
two distributed Bragg reflectors (DBRs) enclosing a spacer.
The top (bottom) DBR is composed of 3 (10) periods of
GaggAlyrAs/AlAs 55.39/64.19 nm, corresponding to a (A;/4,
A;/4) multilayer. Here A; is the resonant wavelength of the
microcavity. We choose a different number of periods in
the DBRs to get a symmetric cavity mode by compensating
the difference between the indices of refraction of air and the
GaAs substrate. The Q factor of the optical microcavity is
around 60, allowing 80-fs light pulses to enter in the resonator
mode without being filtered. An acoustic nanocavity!'#!7:20:33
acts as the 2, spacer of the optical microcavity. The coherent
generation and detection of the phonons of the latter structure
will be the subject of the present study.

The acoustic nanocavity is formed by two phonon mirrors
(PM); each reflector is formed by 13 bilayers of GaAs/AlAs
5.75/2.27 nm, corresponding to (3Ayn/4, Apn/4) stacks.>* A
3Apn/2 GaAs layer constitutes the spacer between the two PMs.
Here Apy is the acoustic resonant wavelength. The electronic
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transitions of the GaAs quantum wells forming the mirrors
have higher energies than that of the acoustic spacer because
of electronic confinement effects.

Figure 1(b) shows the photoluminescence spectrum of the
microcavity measured at room temperature using an excitation
wavelength A = 647.5 nm. At this wavelength the optical
DBRs are transparent although the quantum wells in the
optical spacer absorb light. At 795 nm a broad peak can
be observed (labeled as CM) corresponding to the light
emission through the optical microcavity mode. At 810 and
853 nm the luminescence peaks associated with the exciton
transitions at the phonon mirrors (PM) and acoustic spacer
(Spacer) quantum wells can be identified. The sample was
grown with a thickness gradient, and thus the CM can be
displaced to shorter wavelengths by changing the spot on the
surface of the sample. The reported pump-probe experiments
were performed with this CM shifted to 758 nm to separate
optical from excitonic resonance effects. Note that the CM is
located at higher energies than the electronic transitions of the
quantum wells forming the acoustic nanocavity.® This results
in a reduced quality factor of the optical cavity as we will
discuss later.

We performed standard pump-probe coherent phonon
generation experiments on the optical microcavity.?! We used
a Ti-sapphire laser delivering 80 fs NIR light pulses, at a
repetition rate of 80 MHz. The pump beam was modulated
at 1 MHz in order to allow the synchronous detection with a
lock-in amplifier. Pump and probe beams are cross polarized
in order to allow a better filtering and improve the signal
to noise ratio. Typical powers of 60 mW (20 mW) for the
pump (probe) beam were used. We focused both beams onto
an approximately 60 um diameter spot. The collected time
traces were 700 ps long. In Fig. 1(c) the time resolved
reflectivity measured in the optical microcavity with the
laser tuned with the optical mode is presented. At 50 ps
the coincidence in time between the pump and probe pulses
can be identified by a strong change in the reflectivity due
to the electronic excitation of the sample. The coherent and
monochromatic character of the phonon-induced variations
in the reflectivity can be appreciated in the inset, where we

present a detail of the derivative of the signal between 80
and 160 ps after the application of a bandpass filter. By
Fourier transforming the time-dependent optical reflectivity,
it is possible to recover the spectrum of acoustic excitations
generated in the sample. Figure 1(d) shows the Fourier
transform of the time derivative of the signal presented in
Fig 1(c). An intense peak (indicated with a solid circle)
can be identified at 620 GHz, along with side oscillations.
This mode corresponds to confined acoustic phonons in the
spacer of the acoustic nanocavity.'* The spectrum shape is
robust and remains unmodified when the laser is tuned around
the CM.

The efficiency in the generation of coherent phonons using
an optical microcavity is maximum when the excitation laser
is tuned with the cavity mode, that is, when the electric
field presents its maximum amplification.?>*! The generated
phonons within the optical microcavity modulate the index of
refraction (or equivalently, the thickness) of the optical spacer,
changing the cavity mode energy. The detection is directly
related to a differential reflectivity measurement. Thus the
detection sensitivity presents two maxima that coincide with
the extremes of the derivative of the microcavity mode.??*!
By the same token, when the laser is perfectly tuned with
the cavity mode, where the norm of the derivative of the
reflectivity presents a minimum, the detection sensitivity is
exactly zero. Thus, in a standard pump-probe scheme—with
similar incidence angles and identical wavelengths for the two
beams—both enhancement conditions cannot be met at the
same time.*! In what follows we will introduce the experimen-
tal conditions that allow both processes to be simultaneously
enhanced. These conditions are based in the double optical
resonance previously used in Raman scattering.!'~'%!” The
aim is to have each of the beams in the spectral position
where the enhancement is maximum, that is, the pump tuned
with the cavity mode dip and the probe tuned with the edge
of the cavity mode. We will refer to this particular situation
as double optical enhancement (DOE). For a planar semicon-
ductor microcavity, the DOE can be accomplished by taking
advantage of the continuum of in-plane optical modes. If wq
is the frequency of the cavity mode along the growth direction
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and k| the photon in-plane wave vector, the mode dispersion is

given by
w(ky) =\ wf + (cky/ne)?, e

where ¢ and n.y are the speed of light and the effective
index of refraction of the microcavity spacer, respectively.
Thus, by increasing the angle of incidence or equivalently the
k) the cavity mode shifts toward higher energies. Figure 2
compares the standard (a) and the DOE (b) configurations.
Schematics of the experimental geometries are shown in the
top panels; the simulated optical reflectivities around the
microcavity mode for the pump and probe beams are plotted
in the lower panels. The curves were calculated using the
transfer matrix method. In both cases the pump is normal
to the surface and the CM is centered at 758 nm. In case (a)
the probe beam also forms a very small angle of incidence
that can be approximated to zero; in case (b) the angle
of incidence of the probe is larger and different from that
of the pump. In the standard configuration, the reflectivity
minimum for the pump (where the maximum enhancement
of the coherent generation of phonons takes place) does not
coincide with any of the extremes (maximum and minimum) of
the derivative of the probe reflectivity. The detection becomes
most efficient at these extremes. By changing the angle of
incidence of the probe, it is possible to shift the maximum of
the derivative to shorter wavelengths and make it coincident
with the cavity mode dip of the pump reaching the DOE
configuration [see Fig. 2(b)]. In this situation the genera-
tion and detection of coherent phonons are simultaneously
enhanced. We performed pump-probe experiments in these
two configurations.

In order to identify the relative position between laser
energy and the CM in the experiment, we measured together
with the coherent phonon signal the reflectivity of the laser
as a function of the wavelength. In Figs. 3(a) and 3(b) we
plot the optical reflectivities for the pump (orange squares)
and probe (green circles) between 735 and 785 nm. The CM
is located at 758 nm at normal incidence and is indicated
with arrows. The continuous thick lines (green and orange)
are Gaussian fits of the measurements. We also present the
numerical derivative of the fit corresponding to the probe
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beam (thin gray line). The optical microcavity mode can be
localized at ~758 nm for the pump beam, and at ~749 nm
for the probe in the DOE configuration [Fig. 3(b)]. Observe
that in the standard configuration [Fig. 3(a)] the energy of
the cavity mode is identical for both beams. From Fig. 3(b)
it is clear that the DOE condition is achieved [compare with
the calculated reflectivity in Fig. 2(b)]. The measured FWHM
of the cavity mode is ~23 nm. This value is larger than the
nominal FWHM of the mode (~13 nm). The mode is, however,
perfectly defined. At the studied wavelengths the cavity spacer
is not fully transparent, and the absorption leads to a decreasing
of the cavity quality factor.

In Fig. 3(c) we present the intensity of the acoustic-cavity
mode as a function of the laser wavelength, when the pump is
normal and the probe is almost normal to the sample surface.
The weight of the signal is concentrated in the region of
the optical mode and is weak outside. Two local maxima
can be identified near 752 and 765 nm, which coincide with
the greatest changes of the optical reflectivity as a function
of wavelength; a local minimum can be identified in the
cavity mode center. In addition, the signal drops to zero for
wavelengths shorter than 745 nm and larger than 775 nm.
When the angle of incidence of the probe beam is changed,
the sensed reflectivity results modified. In Fig. 3(d) we show
the intensity of the acoustic-cavity mode as a function of the
laser wavelength when the probe forms an angle of incidence
6 ~ 30°, that is, at DOE condition. In this case the CM for the
probe has shifted to 750 nm. The arrow indicates the position
of CM at normal incidence (pump) at 758 nm. We can identify
one intense and sharp peak at 758 nm; a secondary, weaker
peak at 747 nm can also be observed. The position of the main
peak coincides with the CM measured with the pump, and with
the maximum derivative of the reflectivity measured with the
probe. This configuration corresponds to the coherent phonon
generation and detection under DOE: the electric field reaches
its maximal amplification in the cavity spacer enhancing the
coherent phonon generation, while the probe angle senses a
reflectivity that shows the maximal derivative, and thus the
maximal sensitivity. The secondary peak can be related to the
lower energy maximum in the detection efficiency that does
not have an associated generation maximum. The signal is
qualitatively different from the one in Fig. 3(c) in which both
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FIG. 2. (Color online) Double optical en-
hancement. Top panels show the experimental
configuration setup. Lower panels present the
reflectivity curve corresponding to the pump
and probe beams (solid curves), and the deriva-
tive of the probe reflectivity (thin gray curve).
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FIG. 3. (Color online) Coherent acoustic
phonon generation. Top panels: optical re-
flectivity curves measured with the diode for
both the pump (orange/thick gray) and probe
(green/thin gray) beams. The thin light gray
curve corresponds to the derivative of the probe
reflectivity. Lower panels: acoustic cavity mode
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peaks present a comparable intensity and there is minimum at
the cavity mode dip. Additionally, the signal strongly drops
for wavelengths shorter than 735 nm and larger than 770 nm;
this implies that the whole weight of the signal was shifted
toward shorter wavelengths, following the probe reflectivity
curve. The curves in Figs. 3(c) and 3(d) were normalized to
have identical values at A = 763 nm, where the derivatives of
the probe reflectivity intersect and thus an identical sensitivity
is expected, while the pump efficiency remained identical in
both experiments. The amplitude under DOE is a factor 2.3
larger than at A = 763 nm. Note that this value is in good
agreement with the factor 2.1 obtained from simulations. In
the DOE condition the theoretical enhancement factor is 2400
with respect to a bare acoustic nanocavity sample (without
optical confinement).

We introduced a DOE condition based on the usual pump-
probe scheme in which a single laser (and hence wavelength) is
used, varying independently pump and probe incidence angles.
We presented experimental evidence on the modification of
the pump-probe efficiency using the latter approach. We fixed
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amplitude as a function of the laser wavelength.
Arrows indicate the position of the microcavity
mode center at normal incidence (pump beam).
(a) and (c) Standard configuration, pump at
(d) normal incidence and probe with a very small
angle of incidence. (b) and (d) Pump at normal
incidence, and probe with an incidence angle
9,’ ~ 30°.

the pump at normal incidence. We compared the wavelength
dependence of the signal intensity when the angle of incidence
of the probe varied from 0° to 30°, observing a clear change
in the general behavior. At an angle of incidence of the probe
of 30° we observed a sharp peak in the signal when the laser
wavelength was tuned with the cavity mode under normal
incidence. Note that in Raman scattering the optimum angle of
incidence is dependent on the energy of the studied phonons; in
coherent phonon generation the incidence angle only depends
on the Q factor of the microcavity, that is, it is a purely optical
property independent of the studied phonons. By increasing
the Q factor of the cavity, the probe incidence angle needs to
be reduced. The studied geometry and the achieved enhanced
signals open new possibilities toward the development of novel
coherent phonon sources, ultrafast optical modulation systems,
and the study of structures with small photoelastic coefficients.
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