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Semiconductor microresonators embedding quantum wells can host tightly confined and mutually
interacting excitonic, optical, and mechanical modes at once. We theoretically investigate the case where
the system operates in the strong exciton-photon coupling regime, while the optical and excitonic
resonances are parametrically modulated by the interaction with a mechanical mode. Owing to the large
exciton-phonon coupling at play in semiconductors, we predict an enhancement of polariton-phonon
interactions by 2 orders of magnitude with respect to mere optomechanical coupling: a near-unity single-
polariton quantum cooperativity is within reach for current semiconductor resonator platforms. We further
analyze how polariton nonlinearities affect dynamical backaction, modifying the capability to cool or
amplify the mechanical motion.
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Optomechanical interactions represent an essential
resource for augmented sensing techniques [1–3], in non-
linear optics [4–7], and to investigate quantum phenomena
in macroscopic systems [8–11]. Furthermore, coherent
phonon scattering is an appealing route to implement
microwave-to-optical transducers [12–14], necessary to
interface distant superconducting quantum hardware
[15–18]. To these ends, a key figure of merit is the
single-photon quantum cooperativity Cq ¼ C0=nth, where
C0 is the single-photon cooperativity and nth is the
mechanical mode thermal occupation. It gauges the ability
to coherently control the mechanical state with a single
intracavity photon before environment-induced dephasing
sets in [19]. Maximizing C0 ¼ 4g20=κΓ requires small
optical (κ) and mechanical (Γ) dissipation rates and large
single-photon optomechanical couplings (g0), while nth can
be reduced using high-frequency mechanical resonators
[20–22] and operating them at cryogenic temperatures
[23,24]. Recent works achieved a large cooperativity by
engineering resonators with ultralow mechanical and opti-
cal losses [22,25]. A complementary approach is to devise
solutions to enhance optomechanical interactions while
working with modest optical and mechanical quality
factors. Less stringent bandwidth limitations in optome-
chanical conversion are thereby imposed [26], while
suppressing optical heating and added noise [22].
In direct-band-gap semiconductors, photoelastic effects

typically dominate optomechanical coupling [27] and are
greatly enhanced near electronic resonances of the material
[28]. Moreover, in micromechanical resonators hosting
quantum wells (QWs), electronic transitions can be tailored
to boost carrier-mediated mechanical effects [29]. In both
cases, an increase of optical absorption affects the cavity
finesse and favors photothermal effects, while mechanical

dephasing can be activated through photogenerated carriers
[30,31]. In this context, GaAs-based resonators engineered
to simultaneously confine photons, phonons, and QW
excitons offer an intriguing opportunity [32–34]: in the
strong exciton-photon coupling regime the system hosts
hybrid quasiparticles, or polaritons, that share properties of
both of their constituents [35]. Polariton modes are spec-
trally separated from the exciton-induced absorption peak,
enabling large optical quality factors, while their excitonic
component is extremely sensitive to strain fields owing to
the large GaAs deformation potential [36–38], thus pro-
specting strong optomechanical interactions. Polaritons are
bosonic quasiparticles which can form nonequilibrium
condensates [39,40], while strong exciton-mediated non-
linearities enable the occurrence of superfluid behaviors
[41,42], dissipative phase transitions [43,44], and para-
metric processes [45,46]. Optomechanical interactions
offer an additional degree of freedom for quantum fluids
of light foreshadowing new possibilities. Recent experi-
ments showing mechanical lasing driven by a polariton
condensate [47], the electrical actuation of polariton-
phonon interactions [48], and giant polariton-induced bulk
photoelastic effects [49,50], support this intuition, and call
for the development of an unifying theoretical framework.
Early works that established the foundations of polariton
optomechanics, either focused on static effects and
neglected the role of exciton-phonon and exciton-exciton
interactions [51], or studied a two-level atom strongly
coupled to an optomechanical cavity [52,53].
Here, we model the tripartite interaction of light, QW

excitons, and sound in semiconductor microresonators.
In the strong exciton-photon coupling regime, we show
that such interaction generates a radiation-pressure type
Hamiltonian, with photons replaced by polaritons, and with
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an effective optomechanical coupling given by the
weighted sum of the photon-phonon and exciton-phonon
couplings. We provide analytical derivations of the effec-
tive optomechanical coupling for three resonator architec-
tures: when considering parameters complying with current
GaAs technologies, because of the giant exciton-phonon
contribution, we show that a near-unity cooperativity can
be obtained for a single polariton excitation. Finally, we
investigate how polariton nonlinearities modify dynamical
backaction via squeezing.
Model.—We consider the coupled dynamics of three

bosonic fields describing the optical cavity mode, QW
excitons, and a mechanical degree of freedom. We restrict
ourselves to a single-mode scenario, leaving the generali-
zation to the multimode case to forthcoming works. Notice
that the exciton bosonization implies that we neglect
electronic phase-space filling effects [35]. The large exciton
effective mass in GaAs enables us to neglect its dispersion
for all in-plane optical wave vectors [54]. The bare system
Hamiltonian reads (ℏ ¼ 1)

Ĥ0 ¼ ωcâ†âþ ωxd̂
†d̂þ gxx

2
d̂†d̂†d̂ d̂þΩmb̂

†b̂; ð1Þ

where ωc, ωx, and Ωm denote the cavity (C), exciton (X),
and mechanical (M) resonance frequencies associated with
the bosonic ladder operators â, d̂, and b̂, while the
anharmonic term proportional to gxx takes into account
exciton exchange interactions [55]. The couplings among
the three modes are captured by

ĤI ¼ gcxðâ†d̂þ d̂†âÞ− gcmâ†âðb̂þ b̂†Þ− gxmd̂
†d̂ðb̂þ b̂†Þ:

ð2Þ

The first term describes dipole photon-exciton interactions
(ωc ≈ ωx ≫ gcx), while the other two describe the para-
metric modulation of the C and X resonances actuated by
the mechanical field (gcm;xm ≪ ωc;x) [19]. The coupling
gcm contains both geometric-deformation and photoelastic
effects [27], while gxm accounts for the exciton-phonon
interaction via the deformation potential [37], see Fig. 1(a).
We denote the C, (nonradiative) X, and M decay rates κc,
κx, and Γ. In the strong C-X coupling regime (gcx ≫ κc;x),
the normal modes of the light-matter Hamiltonian in the
single-excitation subspace form the relevant basis. The
bare X and C modes hybridize yielding the lower (L) and
upper (U) polariton resonances 2ωl;u ¼ ðωc þ ωxÞ ∓ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ2cx þ 4g2cx

p
, with δcx ¼ ðωc − ωxÞ. Polaritons are

described by ladder operators ðû; l̂ÞT ¼ R½θcx�ðd̂; âÞT
where R½θcx� is a rotation with mixing angle θcx satisfying
cos 2θcx ¼ −δcx=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ2cx þ 4g2cx

p
. As a result, phonons effec-

tively couple to L via glm ¼ ðgxmsin2θcx þ gcmcos2θcxÞ,
and to U via gum ¼ ðgxmcos2θcx þ gcmsin2θcxÞ. In the
polariton basis Ĥ0 þ ĤI ¼ Ĥl þ Ĥu þ Ĥm þ Ĥlu, where

Ĥj¼ðl;uÞ ¼
�
ωj þ

χj
2
ðn̂j − 1Þ − gjmðb̂þ b̂†Þ

�
n̂j ð3Þ

describes interacting polaritons in the L and U branches
that are parametrically coupled to a mechanical mode.
Here, n̂j denote number operators, χl ¼ gxx sin4 θcx, χu ¼
gxxcos4θcx, Ĥm ¼ Ωmb̂

†b̂, and Ĥlu ¼ −gluðb̂þ b̂†Þðl̂†ûþ
û†l̂Þ is a mechanically assisted coupling between the L and
U polariton branches, with glu ¼ sinð2θcxÞðgxm − gcmÞ=2.
We sketch the energy levels for the coupledCXM system in
Fig. 1(b). Interestingly, Ĥlu describes a coherent three wave
mixing among the polariton branches mediated by pho-
nons, becoming resonant as the mechanical frequency
matches the normal mode splitting Ωm ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ2cx þ 4g2cx

p
,

enabling a coherent population transfer [56]. Hereafter, we
consider driving coherently C using a narrow-band laser of
frequency ω, see Fig. 1(a).
Electromechanical coupling.—Exciton-phonon coupling

stems from the strain-induced perturbation of the semi-
conductor band structure [37]. The resulting exciton energy
shift is given by Uðre; rhÞ ¼ aeΣnðreÞ − ahΣnðrhÞ [38],
where ae;h are the electron and hole deformation potentials
and ΣnðrÞ ¼ ∇ · unðrÞ denotes the volumetric strain at the
position r imputable to a phonon in the mode n associated
with the displacement field unðrÞ. Upon tracingUðre; rhÞ in
the exciton and phonon basis, as the exciton Bohr radius is
much smaller than the phonon wavelength in the QW plane
(cf. [57]), the electromechanical coupling reduces to

gðn;mÞ
xm ≈ ðah − aeÞ

Z
S
dRjEmðRÞj2ΣnðR; zQWÞ; ð4Þ

where R is the vector spanning the QW plane over the
horizontal cross section S of the resonator, zQW is the

FIG. 1. (a) A resonator supports optical and mechanical modes
with respective frequencies ωc and Ωm. It also embeds a quantum
well (QW) with excitonic resonance at ωx ≈ ωc. The cavity is
driven by a laser with frequency ω. We denote gij the pairwise
couplings among the modes. (b) Energy level diagram. Strong
exciton-photon coupling results in a Rabi splitting ΩR ≈ 2gcx
between the upper (U) and lower (L) polariton normal modes.
The mechanical mode modulates the polariton resonances
through the effective couplings glm and gum, producing Stokes
(s) and anti-Stokes (as) sidebands.
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position of the QWalong the vertical axis, and EmðRÞ is the
electric field distribution for the mth optical mode at the
QW plane. In the strong coupling regime the optical mode
enters the overlap integral as the exciton density is dictated
by the cavity field profile [54]. We now evaluate Eq. (4)
for the three microresonator geometries presented in
Fig. 2: disk (a), ring (b), and pillar (c) microresonators.
For each architecture, Fig. 2 shows representative profiles
of the optical and strain fields presenting a near-optimal
overlap. We could find analytical expressions for the mode

envelopes and recast Eq. (4) as ℏgðn;mÞ
xm ¼ ðae − ahÞ

ðxZPFkmÞIgηS where xZPF is the zero-point fluctuation
amplitude, km is the phonon wave vector, Ig is a geometric
overlap integral, and ηS is the ratio between the peak value
of the strain in the QW plane and its maximum (hence
ηS < 1). As jae − ahj ≈ 9.7 eV for GaAs [38], we expect
gxm to be larger than gcm, sharing a similar expression but a
prefactor proportional to ℏωc [27,85].
In [57], we compute Ig for any radial breathing mode

(RBM) and any whispering gallery mode (WGM) for
resonators (a), (b), while for the fundamental optical and
longitudinal breathing mode of (c) we find

Ig ≈ β0 exp ðΔn=2neffÞ=πJ1ðα01Þ: ð5Þ

Here, β0 ≈ 1.18, JnðrÞ is the Bessel function of first kind,
α01 is the first zero of J0, neff ¼ 3.2 is the effective
refractive index of the heterostructure; Δn ¼ 0.6 and λ0
are the index contrast and central wavelength of the DBRs,
and km ¼ 2πneff=λ0. Figure 2 lists gxm for the modes
indicated in the density maps. The values of gcm were
extracted adapting [27,85], while gcx can be calculated as in
[54,86] (cf. [57]). For the near-optimal Ig values here
considered, we notice that the ratio gxm=Ωm ∼ 10−3 is
independent of the resonator geometry. Indeed, higher
Ωm values lead to shorter phonon wavelengths, and larger
displacement gradients efficiently activate the deformation
potential. As pillars here support the highest phonon
frequencies, they present the largest optomechanical cou-
pling ratio gxm=gcm ∼ 102. Related findings for disk and
ring resonators are discussed in [57], as a function of the C
and M mode indices, showing overall that polaritons
experience strongly enhanced optomechanical interactions.
As an example, we compute the single polariton coop-

erativity (C0 ¼ 4g2lm=κlΓ) for the resonator in Fig. 2(c) as a
function of the pillar radius Rp. Deriving the scaling of xZPF
with Rp, and adapting the value of gcm provided in [85],
yields glmðRpÞ. The optical decay rate of the heterostruc-
ture, including residual absorption at 4 K [87], reaches
κc=2π ≈ 7.2 GHz for 25 DBR pairs (i.e., a quality factor
Qc ∼ 5 × 104). We also consider a nonradiative exciton
decay rate κx=2π ¼ 4.8 GHz [88], and recall that κl ¼
cos2 θcxκc þ sin2 θcxκx [86]. Because of the co-localization
of C and M modes one expects Qm ≈Qc; several mech-
anisms can degrade Qm [31,57]: we take Γ=2π ¼
0.65 MHz (Qm ≈Qc=2). Given the moderate Q factors
at play, we neglect fabrication-induced surface losses.
Figure 3(a) shows the cooperativity as a function of the
pillar radius and exciton fraction. Interestingly, we observe
a region where C0 ∼ 1. Nevertheless, such a regime is
accessible only for large X fractions where detrimental
effects related to the matter component become siz-
able [89,90]. In particular, the X transition always presents
some inhomogeneous broadening. Using the theory devel-
oped in [91] we show in Fig. 3(b) to which extent this
affects C0, while Fig. 3(c) present the polariton inhomo-
geneous-broadening Γinh normalized to the mechanical
damping Γ. We have considered a Gaussian broadening
with full width at half maximum (FWHM) of 0.5–1.5 meV
and Rp ¼ 0.7 μm. Coherent control of M requires negli-
gible added phase noise in the L mode, thus desirably
Γinh=Γ < 1 [92]. Remarkably, Figs. 3(b) and 3(c) indicate
that state-of-the-art QWs with a broadening below 0.5 meV
[93], allow coherent control with C0 ∼ 1 (Cq ∼ 0.3 at 4 K)
for resonators complying with current fabrication technol-
ogies. Quantum cavity optomechanics experiments would
thus become feasible using few photons [94–96] while
piezoeffects [97] may be harnessed to operate such reso-
nators as transducers [12–14].

FIG. 2. Sketch of a disk (a), ring (b), and pillar (c) micro-
resonator. Here, (a), (b) are 0.2 μm thick with an outer radius
Rd ¼ 2 μm; in (b) the inner radius is 1.5 μm. (c) is 2.6 μm in
diameter and defined by two GaAs/AlAs distributed Bragg
reflectors (DBRs) and λ=2 GaAs spacer. All structures are
adjusted to yield optical resonances near Ex ¼ 1.463 eV (for a
8 nm thick In0.05Ga0.95As QW [57]). Normalized intensity
profiles of a cavity mode (jEj2) and strain field (jΣj) are shown
for in-plane and orthogonal cuts. The QW positions are high-
lighted with solid lines: in (a), (b) two QWs are displaced
by �15 nm from the cavity field antinode (ηS ≈ 1), whereas in
(c) 4 QWs displaced by �ð15; 39Þ nm from the center of the
spacer ηS ¼ ð0.93; 0.62Þ. The calculated M frequency (Ωm=2π)
and coupling rates (gij=2π) are listed for the selected modes. We
list gcm=2π for a cavity mode detuning of 40–10 nm from the
GaAs band gap. Information on the optical and mechanical decay
rates can be found in [57].
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Dynamics.—Finally, we study how polariton nonlinear-
ities modify dynamical backaction. We consider
gcx=Ωm ≫ 1, then Ĥlu is off resonant and the dynamics
of the two polariton branches decouples. For a laser
detuning δ ¼ ðω − ωlÞ ≪ gcx, we effectively obtain the
Hamiltonian of a Kerr resonator coupled to a mechanical
mode. In [57], we derive the quantum Langevin equations
(QLEs) ruling the dynamics, calculate the steady-state
observables and the regions of dynamical stability in
parameter space. Provided single-polariton nonlinearities
are weak (χl=κl ≪ 1), one can follow the standard lineari-
zation approach to study the dynamics of small fluctuations
[98–100]. Because of the nonlinear term in Eq. (3), the L
fluctuations ðδα̂; δα̂†Þ are dynamically coupled. Following
[101], we introduce squeezed displacement operators
ŝ ¼ coshðrÞðα̃�δα̂Þ þ sinhðrÞðα̃δα̂†Þ where α̃ ¼ hl̂i, 2r ¼
arctanhð−χñ=δ̃Þ, ñ ¼ jα̃j2, δ̃ ¼ ðω − ωl − 2χ̃ ñÞ, and χ̃ ¼
ðχl − 2g2lm=ΩmÞ. The squeezing transformation reduces the
QLEs to those of an equivalent harmonic resonator, with a
rescaled detuning δs ¼ δ̃ coshð2rÞ þ χlñ sinhð2rÞ, optome-
chanical coupling gs ¼ glme−r and subject to a squeezed
optical bath [57]. Accordingly, the modified mechanical
susceptibility adopts the usual expression [19] upon intro-
ducing ðδs; gsÞ, while the displacement spectrum S̄qqðωÞ
includes corrections due to correlations in the optical
bath [57].
As an example, in Fig. 4 we employ this formalism to

describe optomechanical amplification and cooling for the
pillar indicated by the marker in Fig. 3(a). According to our
previous results, we have κl=2π ¼ 6.5 GHz, Ωm=κl ¼ 3,
Γ=κl ¼ 10−4, glm=κl ¼ 0.002, and χl=κl ¼ 0.03 (cf. [57]),
yielding a cooperativity C0 ¼ 0.15. We consider the system
to be precooled to 4 K. Figure 4(a) presents the opto-
mechanical damping rate Γopt as a function of the effective
laser detuning from the L resonance (δ̃), and of the
polariton occupation; regions of single-mode instability

are shaded in gray. The optomechanical self-oscillation
threshold (OMO) is indicated with a dashed red line. We
can observe two main differences with respect to the
harmonic resonator case (χ ¼ 0). First, the sideband
positions δ̃� depend on the polariton density as δ̃� ≈
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ω2

m þ χ̃2ñ2
p

(assuming Ωm=κl ≫ 1). Second, the
extremal values of the optomechanical damping, denoted
Γ�
opt are asymmetric: for repulsive χ > 0 (attractive χ < 0)

nonlinearities the Stokes sideband is suppressed (enhanced)
with respect to its value in the absence of nonlinearities; the
opposite holds for the anti-Stokes sideband. Repulsive
interactions boost the optomechanical gain, resulting in
efficient ultralow threshold OMOs (here as low as ñ ≈ 7).
Quantitatively, assuming ΓoptðωÞ ≈ ΓoptðΩmÞ, yields the
sideband enhancement factor η� ¼ ð1þ χñ=δ̃�Þ1=2=
ð1þ χñ=δ̃∓Þ1=2, traced with solid lines in Fig. 4(b) versus
cavity occupation for χl > 0; markers indicate the results
obtained by exact diagonalization of the QLEs [57].
Concerning the cooling performance, we start by notic-

ing that the mean effective phonon occupation in the system
(neff ) is related to the internal energy of the oscillator
Ωmðneff þ 1=2Þ ¼ R ðdω=4πÞm̃ðΩ2 þ ω2ÞS̄qqðωÞ [99]. In
Fig. 4(c) we trace neff as a function of laser detuning for
ñ ¼ 50, both for the case of repulsive (solid markers) and
equal but attractive (hollow markers) nonlinearities. In both
cases occupations below unity can be achieved. As the
Stokes sideband is reduced (enhanced) when χ > 0 (χ < 0)
with respect to the linear case (χ ¼ 0), one would expect

FIG. 4. (a) Optomechanical damping rate Γopt versus detuning
(δ̃), and photon occupation (ñ) for repulsive interactions (χ > 0).
Dashed black (red) lines trace the sideband detuning δ̃� (the
mechanical-oscillation threshold, OMO); unstable regions are
shaded in gray. (b) Enhancement of Γ�

opt at the sidebands δ̃�
relative to its value for χ ¼ 0 as a function of the cavity
occupation. (c) Mean phonon occupation neff versus detuning
for ñ ¼ 50. Dashed lines indicate the thermal population and the
lowest neff for χ ¼ 0. (d) Minimal neff versus the cavity
occupation. In (b)–(d) markers denote numerical solutions while
lines show the analytical results [57].

FIG. 3. (a) Single-polariton cooperativity versus exciton fraction
and pillar radius (Rp). (b) Cut through panel (a) for Rp ¼ 0.7 μm
showing the effect of inhomogeneous X broadening (Gaussian
linewidth indicated in the inset). (c) Polariton inhomogeneous-
broadening Γinh, relative to the mechanical damping Γ.
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cooling protocols to be more efficient for χ < 0. In Fig. 4(e)
we trace the minimum achievable neff versus cavity
occupation for the three cases, showing this is not generally
true. For large interaction energies χ̃ ñ∼κ, even if the
sideband enhancement factor η− becomes large, the side-
band peak detunes from Ωm (unaffected by optical
nonlinearities) thus suppressing the scattering rate by
∼κ2l ½4ðΩm − δ̃−Þ2 þ κ2l �−1. For the specific resonator con-
sidered in Fig. 4, these two opposing effects result in a finite
yet modest improvement of the cooling performance.
Nevertheless, our analytic results indicate that the cooling
enhancement becomes large in the bad cavity limit, see
[57,100,102]. Furthermore, to ease the comparison with
the linear case, we kept gxm constant. In practice,
without excitons, χl ¼ gxm ¼ 0 and a ðglm=gcmÞ2 ∼ 103

higher cavity occupation is required to reach neff ∼ 1, see
Fig. 4(d). Finally, we notice that for large cavity occupa-
tions (ñ ∼ 103), one enters the strong optomechanical
coupling regime [57,103,104], characterized by hybrid
M-C-X quasiparticles, or phonoritons, akin to those pre-
dicted for cavities embedding h-BN flakes [105], or two-
level atoms [53].
Outlook.—Our results demonstrate the potential of har-

nessing QW exciton polaritons to enhance optomechanical
interactions and indicate that a near-unity single-polariton
cooperativity can be achieved in state-of-the-art resonators.
Contextually, we adapted the theory of dynamical back-
action to include polariton interactions and showed that
sideband cooling at 4 K is sufficient for ground-state
preparation. We foresee that stronger nonlinearities
[89,90] could be exploited to stabilize nonclassical
mechanical states [11]. Our analysis can be readily
extended to multimode scenarios, naturally emerging in
coupled microresonator arrays, where a simultaneous
engineering of the polariton and phonon dispersion would
disclose a variety of applications [106–108].
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Cargèse, Corsica, 3–15 August 1998, edited by H. Benisty,
C. Weisbuch, É. Polytechnique, J.-M. Gérard, R. Houdré,
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