
HAL Id: hal-02096499
https://hal.science/hal-02096499

Submitted on 24 Nov 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

High spectral resolution of GaAs/AlAs phononic cavities
by subharmonic resonant pump-probe excitation

Camille Lagoin, Bernard Perrin, Paola Atkinson, Daniel Garcia-Sanchez

To cite this version:
Camille Lagoin, Bernard Perrin, Paola Atkinson, Daniel Garcia-Sanchez. High spectral resolution
of GaAs/AlAs phononic cavities by subharmonic resonant pump-probe excitation. Physical Review
B: Condensed Matter and Materials Physics (1998-2015), 2019, 99 (6), pp.060101(R). �10.1103/Phys-
RevB.99.060101�. �hal-02096499�

https://hal.science/hal-02096499
https://hal.archives-ouvertes.fr


High spectral resolution of GaAs/AlAs phononic cavities by subharmonic resonant
pump-probe excitation

Camille Lagoin,1 Bernard Perrin,1 Paola Atkinson,1 and Daniel Garcia-Sanchez1, ∗

1Sorbonne Universités, UPMC Univ. Paris 06, CNRS-UMR 7588,
Institut des NanoSciences de Paris, F-75005, Paris, France
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We present here precise measurements of the resonance frequency, lifetime, and shape of confined
acoustic modes in the tens of GHz regime in GaAs/AlAs superlattice planar and micropillar cav-
ities at low temperatures (∼ 20 K). The subharmonic resonant pump-probe technique, where the
repetition rate of the pump laser is tuned to a subharmonic of the cavity resonance to maximize the
amplitude of the acoustic resonance, has been used in combination with a Sagnac interferometer
technique for high sensitivity (∼ 10 fm) to the surface displacement. The cavity fundamental mode
at ∼ 20 GHz and the higher order cavity harmonics up to ∼ 180 GHz have been clearly resolved.
Mechanical Q-values up to 2.7 × 104 have been measured in a planar superlattice, and the direct
spatial mapping of confined acoustic modes in a superlattice micropillar cavity has been demon-
strated. The Q-frequency product obtained is ∼ 5 × 1014, demonstrating the suitability of these
superlattice cavities for optomechanical applications.

PACS numbers: 78.20.Pa, 42.50.Wk, 78.47.J-, 78.66.Fd

The field of optomechanics studies the interaction of
an optical cavity with a mechanical resonator. Recently
optomechanical devices have attracted great interest for
their potential in non-linear optics [1] and for the demon-
stration of macroscopic quantum mechanics [2–4].

Superlattice micropillars have emerged as a promis-
ing choice for optomechanical experiments because they
exhibit high acoustic resonance frequencies and large op-
tomechanical coupling factors [5, 6] which are a require-
ment for non-linear optomechanics. In addition, super-
lattice micropillar cavities have been used to prepare sin-
gle photon sources [7, 8] and to demonstrate polariton
lasing [9]. The optical properties of the micropillars have
been extensively studied; high-quality-factor optical cavi-
ties have been fabricated [10, 11] and optical modeshapes
have been imaged [12].

Although preliminary theoretical [6, 13] and experi-
mental [5, 14] studies of the acoustic modes have been
realized, the full phononic characterization of confined
modes in micropillars in the GHz regime poses signifi-
cant experimental challenges, and standard optomechan-
ical measurement techniques such as homodyne interfer-
ometry have not yet been successful.

Conversely, the pump-probe technique is very well
suited for the detection of high frequency acoustic phe-
nomena, ranging from a few GHz up to 10 THz [5, 15–19].
Recently this technique has been used to study micropil-
lar cavities with a fundamental frequency ∼ 19 GHz and
quality factor ∼ 1000 at room temperature [5, 14].

In this Rapid Communication we have carried out
pump-probe measurements of the acoustic transmission
coefficient of planar and micropillar GaAs/AlAs super-
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lattice cavities at low temperature (20 K). In contrast
to room-temperature measurements, where the phonon-
phonon interaction considerably reduces the mechanical
quality factor, at low temperature the quality factor of
the superlattice cavities is not limited by phonon absorp-
tion of the bulk material [20]. An improvement of the
phonon lifetime of crystalline materials such as GaAs by
several orders of magnitude at low temperature has been
observed [20–23].

However, the spectral resolution of standard pump
probe experiments is limited by the repetition rate of
the pulsed laser oscillator and/or the delay line and is
insufficient to measure high intrinsic quality factors. We
have overcome this frequency resolution limit by using a
subharmonic excitation technique [24] where the repeti-
tion rate of the laser pulse is tuned through resonance
with a subharmonic of the acoustic mode.

The technique presented here is a passive characteri-
zation of the acoustic cavity. Opaque 60 nm Al films de-
posited on the bottom and top surfaces of the samples,
[see Fig. 1(a)], provide an effective transfer mechanism for
acoustic excitation and detection [17] and suppress any
photoelastic interaction between the optical beams and
the superlattice cavity. In addition, the transmission con-
figuration used here suppresses any cross-talk between
the pump and probe.

A femtosecond pulse train excitation is generated by a
mode-locked Ti:sapphire laser with a tunable repetition
rate 79.6 < frep < 80.2 MHz driven by a rf frequency
generator. The pump pulse is focused on the back side of
the sample which generates a broad-band acoustic pulse
that propagates through the substrate and the acoustic
superlattice cavity. The pulse can be reflected several
times by the back side and the front side of the sam-
ple, giving rise to a series of echoes. The travel time can
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FIG. 1. (a) Device and measurement scheme. (b) Scanning
electron microscopy picture of a 16µm diameter micropillar
cavity. (c) Time trace of a 16µm diameter micropillar cav-
ity obtained by pump-probe measurement. The second echo
arrives before the first echo due to folding. (d) Correspond-
ing acoustic spectrum. The schematic band structure can be
found in the top part of the figure. The band gaps around the
first, third, fifth, seventh and ninth harmonics can be seen in
the measurement.

be defined as the time that an echo takes to complete a
round trip. When the acoustic pulse reaches the front
side surface it generates a displacement that is probed
using a Sagnac interferometer [25] [see Fig. 1(a)] which
has higher sensitivity than the reflectometric technique
in the 16 − 20 GHz low frequency range [15]. The two
probe pulses of the interferometer reach the sample sur-
face with a time difference built to be equal to one half of
the acoustic mode period 1/2fm; this doubles the signal
at the phononic resonance frequency. The pump is mod-
ulated at fmod ≈ 1 MHz and a lock-in amplifier is used
to improve the signal-to-noise ratio.

The superlattice cavities discussed here are formed by
two distributed bragg reflector (DBR) mirrors consisting
of 15, 20, or 25 repeats of GaAs/AlAs bilayers on either
side of a λ/2 GaAs cavity that has been grown on a nom-
inally 370µm thick GaAs (100) wafer by molecular beam
epitaxy (MBE). The micropillars have been etched by
inductively coupled plasma etching [see Fig. 1(b)]. This
etching process results in very smooth and straight side-

name
GaAs/AlAs

f th
m (GHz) Qth τth (ns)

(nm)

P15: planar 59.7/71.3 19.9 2.3 · 103 37

M20: micropillars 75.1/88.7 15.9 1.5 · 104 300

P25: planar 60.0/70.1 20.4 105 104

TABLE I. Characteristics of the samples: thicknesses of the
GaAs and AlAs mirror layers. Expected theoretical proper-
ties: resonance frequency f th

m , quality factor Qth, and ampli-
tude lifetime τth.

walls [10]. The GaAs/AlAs layer thicknesses, and theo-
retically expected values of the cavity frequency, quality
factor and amplitude lifetime of the three samples dis-
cussed here are given in Table I.

Fig. 1(c) shows the time trace of the acoustic displace-
ment, measured by the Sagnac interferometer, of a 16µm
diameter micropillar from sample M20. The second echo
(at 3 ns) arrives before the first echo (9 ns) because of
the time trace fold inside the measurement window. This
time arrival difference and the repetition rate can be used
to determine the pulse travel time with great accuracy.

The Fourier transform of the time trace gives the cor-
responding acoustic spectrum [see Fig. 1(d)]. Our pump-
probe experimental setup allows all the phononic gaps of
the superlattice from 16 GHz up to 180 GHz to be un-
equivocally identified. These correspond to the theoreti-
cal Brillouin zone boundary gaps shown in the top part
of Fig. 1(d). In our experiments, the spectral resolution
is limited to 87 MHz by the 11.5 ns delay line. As a re-
sult, our pump-probe technique, if the laser repetition
rate is fixed, does not allow a resonance at 20 GHz with
a quality factor higher than 100 to be resolved.

To extract the quality factor by varying the laser rep-
etition rate, we have to take into account the cumulative
effect of the pump pulse train excitation [26] in the pump-
probe scheme. The quadrature in-phase and out-of-phase
outputs of the synchronous detection are given by X(τ)
and Y (τ), where τ is the probe to pump delay time. The
complex output signals s±(τ) = X(τ)± iY (τ) are given
by

s±(τ) =

+∞∑
p=0

ϕ(τ + p/frep)e±i2πfmod(τ+p/frep) (1)

where ϕ(τ) is the displacement due to a single pump
pulse. When the frequency is close to the acoustic reso-
nance of the cavity the displacement ϕ(τ) can be mod-
eled by a damped harmonic oscillator motion ϕ(τ > 0) ∝
e−τ/τm cos(2πfmτ), where fm is the acoustic resonance
frequency and τm the acoustic amplitude lifetime. Then
Eq. (1) becomes:

s±(τ) ∝ e−τ/τme2iπf
±τ

1− e−1/(τmfrep)e2iπf±/frep
(2)
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where f± ≡ (fm ± fmod).
The power spectrum |S±|2(f) shows a maximum at

f± corresponding to the cavity acoustic resonance. The
amplitude of |S±|2(f±) depends on the repetition rate
and has a lorentzian shape centered around fnrep = (fm±
fmod)/n with n, a positive integer. The subharmonic ex-
citation is resonant when f±/frep = n and anti-resonant
when f±/frep = n ± 1/2. The full width at half maxi-
mum (FWHM) of the Lorentzian resonance is given by
∆f = 1

πnτm
and can be used to calculate the lifetime τm

and the quality factor Q = πfmτm of the acoustic cavity.
The lifetime of the acoustic resonance cavities that we

have studied is larger than the laser repetition period
∼ 1/80MHz. As a result, the acoustic resonance is not
observed unless a specific repetition rate is chosen [see
Fig. 2(a)].

If the repetition rate is fm/frep ≈ 245 + 1/2 the spec-
trum amplitude at resonance is completely suppressed
because the pulse train excitation is antiresonant with
the phononic cavity [upper panel of Fig. 2(a)]. On the
other hand if the repetition rate is fm/frep ≈ 245, as
in the lower panel of Fig. 2(a) the resonance amplitude
is maximum because the pulse train excitation is reso-
nant with the phononic cavity: this is the subharmonic
resonant excitation condition.

Figure 2(b) shows the amplitude of the cavity mode of
the planar sample P15 versus the laser repetition rate.
A series of narrow peaks is superimposed over a broader
peak. This is due to the fact that the sample effectively
consists of two coupled cavities: the superlattice cavity
and the substrate which is itself an acoustic Fabry-Perot
cavity. The series of sharp peaks corresponds to the sub-
strate cavity and the spacing between these peaks de-
pends on the substrate thickness which is proportional
to the echo travel time (for this device 158 ns). The en-
velope of the peaks corresponds to the superlattice cav-
ity resonance and the width is inversely proportional to
the cavity quality factor. The transmission factor of the
coupled cavities has been calculated using a 1d transfer
matrix method [27]; diffraction losses in the substrate, ac-
counting for the anisotropy of GaAs have been included
in the calculation.

In order to test the high sensitivity of the subharmonic
technique the laser repetition rate was set at 80.100 MHz,
corresponding to the maximum of a sharp peak related
to the substrate echo [see Fig. 2(b)], and the sample was
moved over a distance of 0.5 mm. Since the substrate
thickness is not homogeneous across the wafer the echoes
travel time depends on the position on the sample and
as a result the series of sharp peaks from Fig. 2(b) shifts
in repetition rate.

The effect of varying the thickness of the substrate cav-
ity on the vibrational displacement amplitude at a fixed
repetition rate is shown in Fig. 2(c). The two curves
correspond to the two signals resonant at f±. As the
sharp echo peak width (1.3 MHz) is smaller than twice
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FIG. 2. (a) Zoom in of the acoustic spectrum around the
fundamental cavity mode. The upper curve corresponds
to a anti-resonant excitation with frep = 79.990 MHz and
f+/frep ' 245 + 1/2. The lower curve corresponds to a res-
onant excitation with frep = 80.130 MHz and f+/frep ' 245.
(b) Acoustic resonance amplitude as a function of the laser
repetition rate. Measurement in upper curve and fit in lower
curve. (c) Acoustic resonance amplitude as a function of the
substrate thickness (proportional to the travel time). The ex-
perimental data (dots) and fit (line) are shown for the two
signals resonant at fm + fmod in black and fm − fmod in red.

the modulation frequency (3.2 MHz), we can resolve the
two resonances and observe that here the f− peak is max-
imum while the f+ is minimum.

This shows that if the superlattice cavity resonance is
broad, acoustic echoes can have a significant effect on
the acoustic mode response and care should be taken if
measurements are carried out at a fixed repetition rate
at different positions on a sample. To reduce the mag-
nitude of the acoustic echoes we focus the pump beam
more tightly on the sample back side to ensure that the
acoustic wave diffracts more when propagating back and
forth inside the sample. The echo peaks also play less of
a role when studying higher quality factor cavities and
in small diameter pillars.

Fig. 3(a) shows the spectrum of a 25 bilayers DBR
planar superlattice cavity from sample P25. We measure
the waist of the probe and pump optical beams which
are respectively 2µm and 4.8µm. From the optical waist
of the pump focalized on the back side, we can evaluate
the waist of the acoustic excitation incident on the su-
perlattice cavity taking into account the diffraction dur-
ing the propagation inside the substrate and the GaAs
anisotropy around the (100) axis. We find a waist of
14.3µm at 20 GHz.

The linewidth of the 25 repeat superlattice cavity is in



4

A
m

p
lit

ud
e 

(a
.u

)

4

0

79.84

Rep. rate (MHz)

A
m

p
lit

ud
e 

(a
.u

.)
1

0

(b)

(a)

79.83

2

80.1

Rep. rate (MHz)
79.979.7

f
m

3 f
m

5 f
m

7 f
m

FIG. 3. (a) Acoustic resonance amplitude as a function of the
laser repetition rate for a 25 bilayer planar device. (b) Mea-
sured amplitude and fit of the fundamental acoustic mode of a
16µm diameter pillar, fm (16.0 GHz) and its odd harmonics,
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the same order of magnitude as the free spectral range
of the substrate cavity; as a result we do not observe the
series of sharp peaks that we observed in Fig. 2(b).

This allows the quality factor of the superlattice cav-
ity to be measured with good precision Qmeas = 27 200
(corresponding to a lifetime τm = 413 ns) which is ap-
proximately four times smaller than the theoretical qual-
ity factor Qth = 105. At 20 K, the intrinsic damping of
GaAs cannot explain this difference [20]. The reduction
in Q is instead likely to be due to random thickness fluc-
tuations of the MBE-grown DBR mirrors [16]. We would
like to note that we have observed as well a reduction in
the optical Q of these superlattice cavities.

Fig. 3(b) shows the fundamental mode, the third, the
fifth and the seventh harmonics resonance amplitudes of
a 16µm diameter micropillar from the sample M20 ver-
sus the laser repetition rate. The waist of the acoustic
excitation at 16 GHz incident on the superlattice cavity
is estimated to be 17µm. Owing to the tunability of the
repetition rate of our laser and its stability (10 Hz), this
technique allows the detection and study of acoustic reso-
nances with frequencies in the range 10-100 GHz. Indeed,
in Fig. 3(b) for the fundamental mode curve, we can see
two peaks which correspond to resonant excitation of two
different subharmonics and we observe as expected more
subharmonic resonances for the higher order modes. We
extracted a quality factor of Qth = 7 000 (τm = 135 ns)
for the fundamental 16 GHz mode which is roughly two

(a)

0

0

1

A
m

p.
 (a

.u
)

Ph
as

e 
(r

ad
)

π
2

0
0

1

A
m

p.
 (a

.u
)

Ph
as

e 
(r

ad
)

π

(c)

(d)

x (μm)
0 30

(b)

-30
x (μm)

0 30-30

FIG. 4. Mode profile of a 32µm diameter micropillar: (a)
amplitude and (b) phase. Mode profile of a 64µm diameter
micropillar: (c) amplitude and (d) phase.

times smaller than the theoretical quality factor, again
probably due to fluctuations in the mirror layer thick-
nesses.

Our technique also allows the mode profile of the mi-
cropillars to be investigated. We scanned the micropillar
surface by moving the probe beam along one direction of
the micropillar. Figures 4a and 4b show the amplitude
and the phase of the resonance of a 32µm diameter mi-
cropillar. As expected for a longitudinal acoustic mode,
the amplitude and the phase are axisymmetric. We have
also investigated the acoustic mode profile of a 64µm mi-
cropillar cavity [see Figs. 4c and 4d], We observed several
amplitude maxima which could be due to a hybrid mode
and will be thoroughly studied in future works.

In conclusion, we have demonstrated that the subhar-
monic resonant technique allows the frequency resolution
limit of the standard pump probe measurement to be
overcome and allows cavity mode lifetimes much larger
than the time interval between two laser pulses to be
measured. We were able to measure a quality factor in
the order of 2.7 · 104 for a mode frequency as high as
20 GHz which gives a Q− f product of 5.0 · 1014 at 20 K,
comparable to state-of-the-art optomechanical photonic
crystals [28] which have recently been used to verify the
nonclassical nature of a phonon state [3] and to demon-
strate quantum entanglement between two micromechan-
ical oscillators [2]. It should be noted that the Q factors
measured here were not limited by the measurement reso-
lution and that the technique presented here should allow
Q − f products as large as 2 · 1016 to be measured. In
addition, the measurement resolution of ∼ 5 kHz permit-
ted shifts in the resonance frequency of different pillars
to be clearly resolved - corresponding to a sensitivity to
small changes in the cavity thickness of 0.3 nm due to
a gradient in the growth thickness across the substrate.
Finally, we have demonstrated that this high resolution
technique allows the mode profile of the acoustic mode
to be imaged, opening up the possibility of testing theo-
retical models and tailoring acoustic modes to maximize
the optomechanical coupling of superlattice micropillars
in the future.
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