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Semiconductor pillar microcavities have recently emerged as a promising optomechanical platform in
the unprecedented 20-GHz frequency range. Currently established models for the mechanical behavior of
micropillars, however, rely on complete numerical simulations or semianalytical approaches, which makes their
application to experiments notoriously difficult. Here we overcome this challenge with an effective model by
reducing the full, hybridized mechanical mode picture of a micropillar to an approach that captures the observed
global trends. We show experimentally the validity of this approach by studying the lateral size dependence
of the frequency, amplitude, and lifetime of the mechanical modes of square-section pillar microcavities, using
room-temperature pump-probe microscopy. General scaling rules for these quantities are found and explained
through simple phenomenological models of the physical phenomena involved. We show that the energy
shift �ωm of the modes due to confinement is dependent on the inverse of their frequency ω0 and lateral
size L (�ωm ∝ 1/ω0L

2) and that the mode lifetime τ is linear with pillar size and inversely proportional to
their frequency (τ ∝ L/ω0). The mode amplitude is in turn inversely proportional to the lateral size of the
considered resonators. This is related to the dependence of the optomechanical coupling rate (g0 ∝ 1/L) with
the spatial extent of the confined electromagnetic and mechanical fields. Using a numerical model based on the
finite-element method, we determine the magnitude and size dependence of g0 and, by combining the results
with the experimental data, we discuss the attainable single-photon cooperativity in these systems. The effective
models proposed and the scaling rules found constitute an important tool in micropillar optomechanics and in
the future development of more complex micropillar based devices.

DOI: 10.1103/PhysRevA.98.063810

I. MOTIVATION

A variety of optomechanical resonators able to reach in-
creasingly higher frequencies are at the center of intense
activity [1–3]. The underlying motivation is the development
of optomechanical platforms that could be easily prepared and
manipulated in their quantum-mechanical state of motion, at
higher experimental temperatures [4]. Additionally, the real-
ization of high-frequency optomechanical systems is highly
desirable for metrology applications [5] and for ultrafast in-
formation processing [6,7]. As part of this pursuit, micropillar
resonators operating at ultrahigh frequencies (greater than
10 GHz) and presenting strong optomechanical interactions
and state-of-the-art Q-frequency products have been reported
recently [8,9]. This frequency range, however, comes to-
gether with critical challenges. For instance, mechanical noise
spectral measurements, widely used in the context of cavity
optomechanics experiments, are here challenging to imple-
ment, due to the high frequency of the probed mechanical
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modes. Therefore, alternative techniques need to be devised to
study the vibrational spectra and dynamics with the required
bandwidth and resolution [10].

An optomechanical system can be described by several
parameters, related to both the optical and mechanical com-
ponents, as well as to the strength of their interaction [11].
Namely, for one such system to be efficient, high mechan-
ical and optical quality factors (Qm and Qopt), aside from
a high optomechanical coupling rate (g0), are required. A
high value of g0

κ
(with κ = ωopt

Qopt
the optical damping) is fa-

vorable for nonlinear quantum-optomechanical experiments
working with single photons and phonons [12,13]. The single-

photon cooperativity C0 = 4g2
0

κ�m
(with �m = ωm

Qm
the mechan-

ical damping), on the other hand, is relevant for phenom-
ena such as optomechanically induced transparency [14] and
to attain the strong-coupling regime [15]. It is the purpose
of this paper to study the mechanical frequencies, quality
factors, and the magnitude of the optomechanical coupling
of micropillar resonators and how these parameters vary as
a function of lateral confinement. Experimental results on
pump-probe spectroscopy are presented, together with model
calculations and a discussion of the physics involved. The
present limitations and prospects for improvement are also
addressed.
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(a)
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FIG. 1. (a) Optical cavity mode frequencies as a function of
pillar diameter D. (b) Acoustic cavity mode frequency as a function
of pillar diameter. In the inset we highlight the avoided-crossing
behavior of the mechanical modes. The dashed orange line is a
numerical fit using Eq. (2), with vs = 5285 m/s.

II. SIMPLIFIED MODEL

It has been shown recently that the vibrational dynamics
of distributed Bragg reflector (DBR) pillar resonators have a
certain degree of complexity due to the mixing of radial and
z-polarized breathing modes, which become coupled due to
the Poisson ratio [9]. This leads to strong variations of the
mechanical quality factor Qm and g0 depending on the relative
weight of the breathing (higher-Qm) and radial (lower-Qm)
components. Finite-element calculations were performed for
both the fundamental acoustic and optical cavity modes, vary-
ing the pillar size. The calculations were performed for a pillar
λ/2 bulk-GaAs cavity enclosed by two DBRs consisting of al-
ternating Ga0.9Al0.1As/Ga0.05Al0.95As λ/4 layers, 28 pairs at
the bottom and 24 on top. The resulting frequency dependence
is presented in Fig. 1. A cylindrical rather than a square geom-
etry was used in all cases, for computational efficiency. The
optical response [Fig. 1(a)] shows a smooth dependence with
diameter, while the mechanical response [Fig. 1(b)] presents a
complex avoided-crossing behavior, highlighted in the inset in
Fig. 1 [9]. Globally, however, it is observed that the diameter
dependence of the mechanical frequencies is quite similar to
that of the optical mode. Only upon close inspection are these
anticrossings revealed. Moreover, the spatial distribution of
a predominantly z-polarized acoustic mode, shown in Fig. 2,
resembles that expected for the optical case [16].

Based on the above considerations, the acoustic cavity
modes in a micropillar can be described in an approximate
way by considering zero displacement on the lateral surfaces
and neglecting the anticrossing behavior. As a result, within
this simplified approach, we obtain fully z-polarized modes
with a lateral distribution analogous to the case of a vibrating

FIG. 2. Finite-element simulation showing the absolute value of
the volumetric strain due to the first acoustic cavity mode (∼19 GHz)
for a 3-μm-diam micropillar.

membrane (drumlike modes). To do so, we start with the
general case of the angular dispersion of a mechanical cavity
mode in a planar sample

q2 = q2
0 + q2

‖ , ω2
m = ω2

0 + v2
s q

2
‖ , (1)

where q0 and q‖ are the phonons’ z and in-plane components
of the wave vector q, respectively, vs is an effective sound
speed of the sample, and ω0 is the angular frequency of the
q‖ = 0 mode. Replacing the in-plane wave vector with the
one associated with the confined modes of a circular section
pillar, the angular frequencies of the confined modes are
approximately given by [16]

ω2
m = ω2

0 +
(

2vs

D

)2

X2
bl, (2)

where D is the pillar diameter and Xbl the bth root of the
lth-order Bessel function. For a square-section pillar Eq. (1)
can be approximated by [17,18]

ω2
m = ω2

0 +
(

πvs

L

)2

[(ηx + 1)2 + (ηy + 1)2], (3)

with L the lateral size and ην ∈ N0. Essentially we are con-
sidering that the lateral wave vector q‖ can take some discrete
values, given by sinusoidal (Bessel) in-plane distributions for
square-section (circular-section) pillars. Using Eq. (2) to fit
the finite-element results shown in Fig. 1(b), we get vs =
5285 m/s, which is an intermediate value between the sound
speeds for Ga0.9Al0.1As (4800 m/s) and Ga0.05Al0.95As (5593
m/s), as expected for the structure under study. The fit of the
more complex finite-element results describes very well the
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FIG. 3. Typical time-resolved differential reflectivity trace. The black line corresponds to the as-measured trace, while the red one has been
Fourier filtered in order to leave only the oscillatory components, with frequencies ranging from 5 to 100 GHz.

general trend of the confined mechanical modes and thus will
be used as a basic phenomenological model in what follows.

III. LATERAL CONFINEMENT FREQUENCY SHIFT

The samples studied in this work consist of square-section
micropillars with lateral size ranging from 2 to 60 μm, which
were dry etched from a λ/2 bulk-GaAs planar cavity enclosed
by two DBRs, grown by molecular beam epitaxy. The DBRs
consist of alternating Ga0.9Al0.1As/Ga0.05Al0.95As λ/4 layers,
28 pairs at the bottom and 24 on top.

We implemented a time-resolved differential optical reflec-
tivity (pump-probe) measurement [19,20] with micrometer
lateral resolution. All the presented experiments were per-
formed at room temperature and with the laser wavelength set
around 882 nm. In these experiments, two pulses of different
intensity and orthogonal polarization are focused on the same
spot. The pump (5 mW) is used to impulsively generate a
coherent population of acoustic phonons in the sample (it
also generates an increase of the pillars mean temperature
of ∼1.5 K, which nonetheless does not seem to affect their
mechanical properties, within our experimental resolution),
while the probe (0.5 mW), delayed from the former, is used
to measure the phonon-induced perturbation in the optical
reflectivity. By changing the delay between pump and probe
pulses, the temporal evolution of the optical reflectivity can
be reconstructed. To do this, the reflected probe is separated
from the pump beam, using a polarizing beam splitter, and
is guided to a photodiode, where the differential reflectivity is
measured with a lock-in amplifier. A typical time-resolved dif-
ferential reflectivity trace is presented in Fig. 3. The black line
corresponds to the as-measured trace, while the red one has
been filtered in order to leave only the oscillatory components
ranging from 5 to 100 GHz. If a Fourier transform is applied to
this trace, a vibrational spectrum like the one shown in Fig. 4
is obtained. Two sharp peaks are distinguished, corresponding
to the first two acoustic cavity modes. The insets show a
close-up of the ∼19- and ∼57-GHz modes for four pillars of
different lateral size. The vertical dashed lines are guides to
the eye that mark the central frequency of each acoustic mode
for the larger pillar. A shift to higher frequencies is seen for
the 3- and 2-μm pillars, particularly for the ∼19-GHz mode.

The observed shift can be attributed to the lateral confinement
of the acoustic field. To address this, we will make a few
theoretical considerations first.

The dashed curves in the insets of Fig. 4 are the results
of simulating the spectra including for each pillar modes of
different in-plane order ην , using Eq. (3) to calculate the
frequencies, and using experimental values for the phonon
lifetimes. Note the excellent agreement between model and
experiments, concerning the modes frequencies. The lifetimes
were extracted directly from the temporal traces (like the one
shown in Fig. 3) by fitting the amplitude time dependence
of each acoustic mode with an exponential decay. The am-
plitudes used for the acoustic modes with different in-plane
order are obtained from the overlap integral between the field
associated with the fundamental optical mode and the strain
associated with each of these orders (see further below). A
difference in the FWHM for the bigger pillars is evident be-
tween the experimental and the simulated curves. The reason
for this difference comes from the fact that the experimental
Fourier transforms are resolution limited by the length of the

FIG. 4. Typical vibrational spectra showing the first two acoustic
cavity modes of the structure. The two insets show a close-up of the
modes of pillars with lateral size ranging from 2 to 5 μm. Measure-
ments are presented with solid lines and circles, while the theoretical
results are presented with dashed lines. The vertical orange dashed
lines are guides to the eye marking the center of the 5-μm pillar
modes.
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FIG. 5. Acoustic mode lifetime τ as a function of the lateral size
L. The dashed lines correspond to linear fits. The inset shows the
dependence of the corresponding mechanical quality factor Qm on
lateral size.

temporal scan, which for the bigger pillars is shorter than the
phonon lifetimes. For the 2-μm pillar, instead, the scan time
is relatively longer in comparison with the shorter lifetimes of
its acoustic modes; therefore, the agreement is better.

Note the marked difference in Fig. 4 between the shift due
to confinement of the ∼19-GHz mode versus the ∼57-GHz
one. It is evident that the former is larger than the latter. This
is well reproduced by the model and can be understood by
expanding Eq. (3) in a Taylor series

ωm ≈ ω0 + 1

2ω0

(
πvs

L

)2

[(ηx + 1)2 + (ηy + 1)2]. (4)

Here an inverse dependence of the shift with frequency and
with the square of the pillar lateral size is obtained (ωm −
ω0 = �ωm ∝ 1/ω0L

2). Therefore, modes corresponding to
higher order of confinement along z (with higher angular
frequency ω0) will be less affected by lateral confinement. In
fact, the experimental difference in shift between the ∼19-
and ∼57-GHz modes is ∼3, in agreement with this simple
prediction.

IV. MECHANICAL MODE LIFETIME

We address next the acoustic mode lifetimes τ . In Fig. 5
we present its dependence with lateral size for the ∼19-GHz
and ∼57-GHz mechanical cavity modes. As was already
mentioned, these values are obtained by fitting the temporal
dependence of the amplitude of the modes with exponential
decays. We have extracted the lifetimes only for pillars up to
7 μm because for larger pillars the photocarrier recombination
time is so long that the useful temporal window (i.e., not
affected by the carrier-induced cavity-mode dynamics) does
not allow a good fit (a more detailed discussion on the proce-
dure followed can be found in the Supplemental Material in
Ref. [8]). This is also the reason why the error in τ in Fig. 5
increases with increasing L. The experimental data show a
linear dependence of τ with L. The slope for the ∼19-GHz
mode is ∼2.9 times larger than that for the ∼57-GHz mode,
i.e., experimentally it is observed that τ ≈ α L

ω0
+ β. The inset

in Fig. 5 shows the estimated room-temperature mechanical
quality factor Qm = ωmτ

2 (the factor 2 appears because τ in
our case corresponds to the decay rate of the mechanical
mode amplitude, instead of the intensity) as a function of
pillar size. The values obtained for Qm are somewhat smaller
than the optical quality factor of these structures (Qopt ≈
10 000). Since the refractive index mismatch and the acoustic
impedance mismatch are almost identical in the AlxGa(x−1)As
alloys [21], optical and mechanical losses through the bottom
DBR and towards the substrate should be similar and thus the
nominal value of mechanical and optical Q factors should be
of the same order. The fact that they are not is an indication
that surface defects might be more relevant to mechanical than
to optical losses.

When decreasing the lateral size of a pillar, besides con-
fining the mechanical modes, the free surfaces start to play
an important role. In particular, these surfaces can present a
higher concentration of crystallographic defects (compared to
the interfaces defined by the molecular beam epitaxy growth)
due to the fabrication process or to superficial oxidation.
For high-frequency phonons, these defects act as preferential
scattering points.

Consider the case of a plane wave interacting with a rough
surface. Each wavefront is defined as a plane of constant
phase. After interaction with this surface, the reflected wave
will have a new distribution, which will deviate from the orig-
inal in proportion to the degree of roughness of the surface.
Since part of the wave will retain its former coherence, it is
possible to define an effective reflection coefficient, analogous
to the case of a plane wave interacting with a perfectly flat
surface [22–24]

r = e−4σ 2ω2
0/v

2
s , (5)

with σ the standard deviation of the roughness distribution of
the surface.

Let us now consider a wavefront inside a pillar of lateral
size L. This wavefront will have, as we already mentioned,
a nonzero in-plane wave-vector component. The coherent
acoustic waves created inside a pillar will be reflected on the
free surfaces N times after a given time t , with

N = v‖
L

t, (6)

where v‖ is the effective in-plane speed of the considered
mode of angular frequency ω0, given by v‖ = ∂ωm

∂q‖
. We have

already introduced an approximation to the dispersion relation
in Eq. (4). Rewriting it explicitly as a function of q‖, we get

ωm ≈ ω0 + v2
s

2ω0
q2

‖ . (7)

Thus, the effective in-plane speed of a wavefront correspond-
ing to a confined mechanical mode is inversely proportional

to the frequency, i.e., v‖ ≈ v2
s

ω0
q‖. Then we can rewrite Eq. (6)

as

N ≈ v2
s q‖

ω0L
t. (8)
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FIG. 6. Acoustic mode amplitude as a function of the inverse of
the lateral size 1/L for the first three cavity modes. The amplitudes
of the 19- and 57-GHz (95-GHz) modes are normalized by the am-
plitude corresponding to the 60-μm (20-μm) pillar and are vertically
shifted for clarity. The dashed lines correspond to linear fits.

The amplitude u of the wavefront will depend consequently
on time in the following way:

u(t ) = ux (t ) uy (t ) = u0 r2N = u0 e−8σ 2q‖(ω0/L)t . (9)

Thus, assuming an exponential dependence of u(t ) with a
certain lifetime τ , i.e., u(t ) = u0 e−t/τ , it follows that

τ ∝ L

ω0
. (10)

This consistently explains the linear dependence and the
different slopes observed in Fig. 5. Furthermore, using the
measured dependences for the lifetimes, it is possible to
estimate for the surface roughness a value of σ ≈ 16 nm. This
is consistent with the oxidation-induced damage of the Al-rich
layers of the structure.

V. MODE AMPLITUDE

In addition to the mechanical mode lifetime, the amplitude
of the vibrations also shows a strong dependence on pillar
size. In Fig. 6 we present the dependence of this amplitude
on the inverse of the lateral size for the first three me-
chanical modes. We observe that, for all the probed modes,
maximal optomechanical interaction strengths are obtained
for the micropillars with the smallest lateral dimensions. An
approximate linear dependence with similar slope is evident
for the ∼19- and ∼95-GHz modes, while the ∼57-GHz mode
shows a somewhat different behavior, with two distinct zones,
each one with a slope similar to the other modes. Since
photoelasticity is the dominant detection mechanism [21], we
can estimate the detection function D by the overlap integral
[25,26]

D ∝
∫

V

p12(z)
∂U (x, y, z)

∂z
|E(x, y, z)|2dV . (11)

Here p12(z) is the photoelastic constant in the different ma-
terials, E(x, y, z) the probe electric field distribution (scalar),
and U (x, y, z) the acoustic mode displacement field (scalar).
Equation (11) is taken in scalar form because, due to the
mainly z-polarized character of the vibrations, the component
of the photoelastic tensor that has the strongest influence

in these structures is p12 and the rest can therefore be ig-
nored [27]. This expression was already used to calculate
the mechanical spectra as expected from a pump and probe
experiment in Fig. 4. It allows us to estimate the influence
that each mechanical mode has on the optical response of
the microcavities. For the laser wavelength used we will
consider p12 �= 0 only in the spacer (of thickness d) since
it is known that the photoelastic tensor is strongly resonant
[27] and the laser wavelength is very close to the GaAs gap at
room temperature (∼870 nm) but far from those of the alloys
present in the DBRs (∼800 and ∼580 nm).

Let the fields have a spatial distribution given by

E(x, y, z) = E0e(x, y, z), (12)

U (x, y, z) = u0u(x, y, z), (13)

where E0 (u0) is the maximum electric (displacement) field
amplitude. Then the detection function can be rewritten as

D ∝ p12u0|E0|2
∫ L

0

∫ L

0

∫ d

0

∂u(x, y, z)

∂z
|e(x, y, z)|2dx dy dz,

(14a)

D ∝ p12u0|E0|2L2d

∫ 1

0

∫ 1

0

∫ 1

0

∂u(q, v,w)

∂w

× |e(q, v,w)|2dq dv dw. (14b)

The integrals in Eq. (14b) are adimensional, and since the
functional dependence of the distribution of the fields is
not dependent on the size, these integrals must be constant.
Therefore, we get

D ∝ u0|E0|2L2. (15)

Assuming optimal coupling in all cases so that the number
of photons in the cavity does not depend on the pillar size,
from energy considerations [28] the maximum amplitude of
the electromagnetic field E0 associated with the optical cavity
mode can be considered to depend on the volume V of the
sample as

E0 ∝ 1√
V

. (16)

The same energy-conservation arguments apply for the me-
chanical equations and we can thus consider that the acoustic
field amplitude depends on confinement in the same way as
the electromagnetic field

u0 ∝ 1√
V

. (17)

Summing up, we get

D ∝ L2

V 3/2
= 1

H
3/2
eff L

, (18)

with Heff the effective vertical confinement length of the pillar
cavity mode. Since Heff is constant with the lateral dimensions
of the considered structure, we get that D ∝ 1/L, coincident
with the experimental data presented in Fig. 6.

There is a detail, however, regarding the ∼57-GHz mode
that we are unable to describe with this model. It is evident
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in Fig. 6 that the ∼19- and ∼95-GHz modes fall almost
perfectly on the linear fit and have a similar slope, while the
∼57-GHz mode does not. There seems to be a progressive
change around L ≈ 6 μm, which shows that the data below
and above this point are similarly dependent on L like the two
other modes. Though we presently do not have a definitive
explanation for this behavior, we speculate that this mode
in particular may suffer a distributional change, related to
the anticrossings previously discussed, which could affect the
optomechanical coupling [9]. More experiments are required
to satisfactorily explain this particular feature.

VI. OPTOMECHANICAL COUPLING

Resuming the dependence of D on L obtained with the
simple model proposed, note that the integral in Eq. (11) rep-
resents the interaction strength between the confined optical
and mechanical modes, mediated by the photoelastic effect.
In fact, this same integral is related to the vacuum optome-
chanical photoelastic coupling factor g

ph
0 [21,29], which is

associated with the electrostrictive optical forces exerted by
the photons trapped inside the resonator. It is thus interesting
to calculate g

ph
0 as a function of the lateral size and compare it

with the experimental results. We do this next, based on finite-
element modeling (COMSOL). Also, for completeness, we will
compare the photoelastic coupling with the other mechanism
involved in the optomechanical response of the system studied
in this work. Such interaction is mediated by the motion
(associated with the confined acoustic mode displacement
field) of the boundaries between the different semiconductor
layers inside the micropillar resonator. The related coupling
constant is known as the geometric coupling factor g

geo
0 and

is related to the radiation pressure forces [21,29]. Overall, the
total optomechanical coupling factor of a given system reads

g0 = −dωopt

du
xZPF = −dωopt

du

√
h̄

2meffωm

, (19)

where dωopt

du
indicates the change in the optical resonance fre-

quency due to a differential mechanical displacement (which
takes into account both photoelastic and geometrical cou-
pling), xZPF is the zero-point motion of the oscillator, and
meff is its effective mass. The optomechanical coupling g0

measures the frequency shift of the optical mode ωopt imparted
by xZPF. The effective mass can be calculated by considering
that the potential energy of this parametrized oscillator has to
be equal to the potential energy stored inside the micropillar
resonator

1

2
ω2

m

∫
ρ(	r )| 	U (	r )|2d	r = 1

2
meffω

2
mu2

0, (20)

where ρ(	r ) is the mass density distribution. The confined
mode displacement field is represented by a vector field 	U (	r ).
For a unit-normalized mode displacement 	u(	r ), the motion
of the mode can be parametrized as 	U (	r ) → 	U (u0, 	r ) =
u0 	u(	r ), with u0 the maximum displacement present in the
sample. The chosen normalization implies the following defi-
nition of the effective mass:

meff =
∫

ρ(	r )|	u(	r )|2d	r. (21)

To understand the overall size dependence of the optome-
chanical coupling factors, we focus on the z-polarized modes,
avoiding the anticrossing regions illustrated in Fig. 1(b).

To compute the geometric contribution we follow the anal-
ysis by Johnson et al. [30]. In Refs. [1,29] this approach is
used to evaluate the optomechanical coupling in microdisk
resonators. In that system, there is just one interface between
dielectrics (between GaAs and air). For the DBR microcavi-
ties described here, we have to compute the contributions due
to the multiple boundaries, given by

g
geo
0 =ωopt

2

∑
i

∮
Ai

(	u · n̂)
[
�εi | 	E‖|2−�

(
ε−1
i

)| 	D⊥|2]dAi∫
ε| 	E|2dV

xZPF,

(22)

where 	u is the normalized displacement field, n̂ is the unitary
normal-surface vector corresponding to the interface, �εi =
εi,left − εi,right, �ε−1

i = ε−1
i,left − ε−1

i,right, 	E‖ is the electric field

component parallel to the interface surface, and 	D⊥ is the
displacement field component normal to the interface surface.
The index i runs over every distinct interface surface Ai and
	D = ε0εr

	E corresponds to the displacement field.
On the other hand, the photoelastic contribution to the

optomechanical coupling occurs due to the strain field (S)
modulation of the dielectric properties, i.e., �( 1

ε
)ij = pijklSkl

[29]. Only three different components for pijkl are nonzero,
due to the cubic symmetry [31]. Since the nondiagonal com-
ponents of the strain Skl for the pillars are nonzero, in principle
also p44 should be taken into account [32]. However, because
of the prevalent z-polarized character of the acoustic modes
[9], it turns out that the error induced by considering only the
p12 contribution to g

ph
0 is around 0.1%. Thus, we only consider

p12 ∼ 0.702 from Ref. [27], a value corresponding to room
temperature, and ∼880 nm. Again, we consider p12 to be
nonvanishing only in the GaAs spacer layer. The photoelastic
coupling contribution is then approximately given by

g
ph
0 = ωoptε0

2

∫
n4p12Sz| 	E|2dV∫

ε| 	E|2dV
xZPF, (23)

where n = n(	r ) is the refractive index and Sz = ∂Uz

∂z
. Note the

strong similarity of this expression to the pump and probe
detection efficiency given by Eq. (11).

For computational efficiency, all finite-element simulations
have been performed for a cylindrical symmetry, i.e., for
circular-section pillars. While the exact mode distribution
changes between a square and a cylindrical pillar geometry,
the overall dependence on lateral size should not change in
more than a constant, as evidenced in Eq. (14). In Fig. 7 we
present g

geo
0 (right scale) and g

ph
0 (left scale) as a function of

the diameter D. By reducing the diameter from 10 μm to 1
μm, g

geo
0 increases from ∼6 kHz to ∼40 kHz. Although the

dependence of g
ph
0 is similar to that of g

geo
0 , as expected for

GaAs [29,33], ∼10 nm below the resonance the magnitudes
are more than 10 times larger, reaching values from ∼80 to
∼550 kHz. In the inset of Fig. 7 we plot both contributions
as a function of 1/D. Note the linear dependence on the
inverse of the diameter, in agreement with the simpler con-
ceptual model prediction given by Eq. (18). Interestingly, the
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FIG. 7. Geometric (ggeo
0 , right scale) and photoelastic (gph

0 , left
scale) single-photon optomechanical coupling rates as a function of
pillar diameter D. The inset shows the 1/D dependence for both
contributions. Here g

ph
0 is more than an order of magnitude stronger

than g
geo
0 for all calculated diameters. The dashed lines in the inset

are linear fits.

results reported in Ref. [27] also imply that several order of
magnitude added enhancement in g

ph
0 should be accessible by

reducing the operating temperature of the device to a few K
[21]. This prediction, however, remains to be experimentally
demonstrated.

Our results show that maximal optomechanical interactions
are expected when the size of the micropillar is reduced. At the
same time, as we have demonstrated in Fig. 5, a reduction of
L can affect the mechanical (and also optical) performance of
the device. All these parameters are relevant to determine the
applicability of the pillars as cavity optomechanical devices.
Most studied cavity optomechanical systems operate with
values of g0

κ
between 10−6 and 10−3, while single-photon

cooperativities typically fall between 10−2 and 10−8 [11].
Under the conditions studied the micropillars fall at the

lower boundary of these ranges. The largest value we found
for the single-photon cooperativity C0 corresponds to the
3-μm pillar, with C0 ≈ 3.8 × 10−9. Also, for this particular
size g0

κ
≈ 1.3 × 10−6. The micropillars studied have optical

quality factors Qopt that range from ∼1.3 × 104 for pillars
with L � 5 μm to ∼5 × 103 for L = 2 μm. These values can
be pushed at least an order of magnitude, up to ∼105, with the
same fabrication technology [34]. On the other hand, the mea-
sured mechanical quality factors Qm fall in the range of 103

and could in principle be pushed up to ∼105 by addressing the
issue of the surface-induced decay evidenced by the results in
Fig. 5 and reducing the temperature (thus limiting anharmonic
decay). A noteworthy point regarding this issue is that, even
for close-to-ideal surfaces, it is known that surface dissipation
through two-level systems can be an important mechanism
that limits Qm [35]. In the case that the latter becomes the
dominant path for dissipation of mechanical vibrations, and
since it is based not on scattering but on absorption [35],
the dependence of the mechanical lifetimes on lateral size is
expected to deviate from that shown in Fig. 5.

Using both the calculated values for g0 and the optimized
values for Qm and Qopt, we expect that the maximum value for

these parameters in the pillars can reach g0

κ
� 10−5 and C0 �

10−6. Moreover, were it possible to increase g0, the attainable
values for both C0 and g0

κ
would be greatly improved. It will

be of great relevance, therefore, to experimentally confirm the
huge efficiencies predicted at low temperatures and at reso-
nance due to the resonant nature of photoelastic interactions
[21]. Also the role of potentially stronger thermoelastic and
optoelectronic forces should be investigated in the context of
optical resonant excitation close to the direct gap absorption in
these semiconductor materials. In any case, besides the men-
tioned optomechanical applications, it is clear that the main
assets of the micropillars are their high operation frequencies
and the possible integration with optoelectronic degrees of
freedom; for example, they are particularly fit for experiments
where one could link the vibrations to a single quantum dot,
which could in principle be all quantum at temperatures below
4 K. For such low-temperature applications, however, heating
of the sample due to laser excitation may become an issue
[36,37]. For the powers used in the experiments we report here
(5 mW for the pump pulses, 0.5 mW for the probe) an increase
of ∼1.5 K at room temperature has been estimated.

VII. CONCLUSION

We presented detailed differential microreflectivity exper-
iments and an effective model describing the mechanical
behavior of a micropillar cavity. We derived simple scaling
rules for the global mechanical and optomechanical trends
of the system, which reproduce the pump-probe experiments
performed over a series of different lateral sizes. With the
presented model, we have satisfactorily explained the lateral
confinement-induced mechanical mode frequency shift, the
change in the modes lifetimes, and the increase of the optome-
chanical coupling.

As expected from the optical domain [16], the resonance
frequencies of the confined acoustic modes depend on the
lateral dimensions of the micropillars. Namely, their values
increase when the size is reduced. We have shown, however,
that this trend is frequency dependent, i.e., higher-frequency
modes are less affected than the fundamental mechanical
resonance. It was also observed that the mechanical quality
factor increases with the lateral micropillar size, evidencing
the detrimental effect of the surface defects on the lifetime
of the cavity-confined phonons. Because of the frequency
dependence of the in-plane effective speed of these modes,
the effect turns out to be more critical for the lower-energy
vibrations.

The increase of the optomechanical coupling strongly
affects the detection efficiency in a differential reflectivity
experiment. The measurements show a clear increase in the
signal amplitude with decreasing lateral dimensions. By per-
forming finite-element simulations, we provided a quantita-
tive estimate of the photoelastic and geometric contributions
to the vacuum optomechanical coupling factor g0, accounting
in addition for the observed experimental trend.

We expect that the demonstrated general scaling properties
of the relevant parameters will allow for the optimized design
of micropillar resonators for optomechanical applications.
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