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Optical cavity cooling of mechanical modes of a
semiconductor nanomembrane
K. Usami1 , A. Naesby1 , T. Bagci1 , B. Melholt Nielsen1 , J. Liu1,2 , S. Stobbe1 , P. Lodahl1 and E. S. Polzik1 *
Mechanical oscillators can be optically cooled using a technique known as optical-cavity back-action. Cooling of composite
metal–semiconductor mirrors, dielectric mirrors and dielectric membranes has been demonstrated. Here we report cavity
cooling of mechanical modes in a high-quality-factor and optically active semiconductor nanomembrane. The cooling is a
result of electron–hole generation by cavity photons. Consequently, the cooling factor depends on the optical wavelength,
varies drastically in the vicinity of the semiconductor bandgap, and follows the excitonic absorption behaviour. The resultant
photo-induced rigidity is large and a mode temperature cooled from room temperature down to 4 K is realized with 50 µW of
light and a cavity finesse of just 10. Thermal stress due to non-radiative relaxation of the electron–hole pairs is the primary
cause of the cooling. We also analyse an alternative cooling mechanism that is a result of electronic stress via the deformation
potential, and outline future directions for cavity optomechanics with optically active semiconductors.

T

he first experimental demonstration of cavity back-action
cooling of mechanical modes used photothermal (bolometric) force with a low-finesse cavity made of a gold-coated
silicon microlever and a fibre surface1,2 . Radiation pressure on
dielectric mirrors3–6 and membranes7,8 has recently become the
mainstream approach9–11 for cooling mechanical modes and culminated in reaching the quantum ground state12,13 .
Applying the cavity cooling method to optically active
semiconductors14–17 offers interesting prospects because the internal semiconductor bandgap and the externally introduced cavity
resonance are intertwined. For instance, the strong deformation
potential coupling between the mechanical and electronic degrees
of freedom in semiconductors18 could be exploited for cavity optomechanics. Investigation of cavity cooling with semiconductors
could also shed new light on the optical refrigeration scheme
to be realized with semiconductors19 . Semiconductor devices
with engineered electronic and photonic band structures have
enabled, for example, strongly enhanced light–matter interactions
for quantum photonics applications20,21 . Studying the interaction
between the laser-cooled mechanical modes and the engineered
internal degrees of freedom could provide new insights into
electronics, photonics and optoelectronics applications.
Driven by these prospects we have manufactured a 160-nm-thick
crystalline gallium arsenide (GaAs) membrane22 . Here we report the
first experimental realization of cavity cooling of mechanical modes
in the semiconductor nanomembrane with the cooling mechanism
involving both the internal electronic degrees of freedom and the
externally tunable cavity resonance. The experimental set-up and
the structure of the fabricated GaAs membrane are shown in Fig. 1.
A detailed account of the fabrication process of the nanomembranes
and their mechanical properties can be found in ref. 22.
With the set-up shown in Fig. 1a the Brownian motion of the
membrane can be measured23 either by looking at the cavity field
transmission or by using an external probe light using a beam
deflection method. Figure 2a shows the calibrated power spectra of
the Brownian peak for the mechanical resonances (the (2, 1)-mode)
taken by the cavity transmission for different cavity input powers

where the wavelength of the laser is 870 nm. The area of the
peak, which is proportional to the effective mode temperature
Teff (refs 1,2), clearly becomes smaller as the cavity input power
increases, showing the cooling effect. Figure 2b shows the results
of a mechanical ringdown taken by the beam deflection method,
demonstrating that the damping rate is enhanced by the cavity field
and is proportional to the cavity input power, as is expected from
the optomechanically modified damping model1,2 . Also shown is
the frequency shift as a result of the cavity field. The cooling can be
observed only when the frequency of the cavity resonance C /2π
is detuned to the red from the frequency of the laser L /2π, that
is, C < L , as opposed to the case of cavity cooling via radiation
pressure9–11 . The optomechanical instability9–11 sets in (that is, the
mechanical decay rate becomes negative) when C > L , even for
the cavity input power as low as 5 µW.
The optomechanically modified mechanical resonance frequency ωeff /2π and the effective damping rate Γeff are expressed
as functions of a photo-induced force Fph and a relevant time
2
lag τ (refs 1,2), that is, ωeff
= ω02 (1 − (1/(1 + ω02 τ 2 ))(∇Fph /mω02 ))
and Γeff = Γ0 (1 + Q0 (ω0 τ /(1 + ω02 τ 2 ))(∇Fph /mω02 )), respectively,
with the motional mass m, the intrinsic mechanical decay rate Γ0 ,
frequency ω0 /2π and quality factor Q0 ≡ ω0 /Γ0 . ∇Fph (z) is the
photo-induced rigidity, that is, the spatial derivative of Fph . The
effective temperature can then be defined as Teff = T /(Γeff /Γ0 )
(ref. 2). The ratio of the highest effective damping rate Γeff to the
extrapolated intrinsic damping rate Γ0 thus gives the maximum
cooling factor Γeff /Γ0 . In our setting Γeff is limited by the onset
of an instability of the system caused by the static photothermal
deformation of the membrane (see Supplementary Information),
which can be observed when the cavity input power exceeds around
50 µW on the cooling side (C < L ).
In Fig. 2c we compare the calibrated spectra with the ringdown
results performed under the same conditions. For comparison both
results are converted into a temperature scale, where the mode
overlap between the cavity beam and the mechanical mode24 is
taken into account in converting the displacement results into
the mode temperature. For the ringdown the mode temperature
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in the absence of the cavity field is assumed to be 300 K. The
mode temperatures obtained with these two methods agree well
with each other. The heating of the nanomembrane due to photoabsorption is thus not significant for the range of cavity input
power we could examine (≤50 µW). For the (2, 1)-mode, from
the slope in Fig. 2b, the cooling factor for 50-µW cavity input is
found to be about 10. For the (4, 3)-mode, which has the highest
mechanical Q0 of 2.3 × 106 (ref. 22), the cooling factor is about
75 (see Supplementary Information), meaning that the effective
temperature of this particular mode is reduced down to 4 K from
room temperature (when assuming the heating is insignificant
for this mode as well).
A special feature of the cooling is the dependence of the cooling
factor on the photon energy (wavelength) of the cavity field. The
measured cooling factors for a cavity input power of 50 µW with
photon energy in the range from E = 1.53 eV (810 nm) down to
1.40 eV (884 nm) across the bandgap Eg = 1.424 eV (870.8 nm)
are shown in Fig. 3. The cooling factor is essentially constant
from E  Eg to E ∼ Eg , then varies drastically and ceases
to have an effect when E < Eg − kB T (kB is the Boltzmann
constant and kB T ∼ 26 meV at room temperature), which basically
follows the excitonic absorption spectrum25 . A sharper excitonic
absorption edge can be expected at lower temperature, which
is interesting from the viewpoint of the proposed single-mirror
Doppler optomechanics26 . The origin of the small bump(s) in the
cooling factor around the bandgap Eg is unknown at present and
requires further investigation.
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Figure 1 | Experimental set-up and structure of the fabricated GaAs
membrane. a, Sketch of the experimental set-up. A dielectric concave
mirror with a reflectivity of 96% and a membrane with a reflectivity of
roughly 62% form a hemispherical cavity with a measured finesse of about
10 (essentially constant in the range of laser wavelength from 810 nm to
884 nm). The cavity is placed in a vacuum chamber maintained at 10−5 Pa.
The cavity length (∼29 mm) can be varied by means of a piezoelectric
transducer (PZT) attached to the end mirror. A Ti:sapphire laser
(810 nm–880 nm) is used as a cavity input for both cooling and inducing
mechanical oscillations (the beam spot radius at the membrane is about
80 µm) by modulating its intensity by means of an acousto-optic
modulator (AOM). A diode laser (975 nm) is used to probe the membrane
oscillations using a beam deflection method with a two-segment
photodiode. b, Cross-section of the 160-nm-thick suspended GaAs
membrane (not to scale). The membrane is intrinsically bent slightly
(about 0.1% of the lateral size); the bending shown in the figure is grossly
exaggerated. c, Lateral dimensions of the membrane. The mechanical mode
shown is the (2, 1)-mode.
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Figure 2 | Cooling results. a, Calibrated power spectra (resolution
bandwidth: 10 Hz) of the Brownian peaks ((2, 1)-mode) for different cavity
input powers (the wavelength of the laser is 870 nm). b, Results of the
mechanical ringdown. Red and blue diamonds represent the measured
damping rate and the frequency, respectively. Each point is the average of
five identical measurements and the error bars correspond to one standard
deviation; the lines are their least-square linear fits. c, A comparison of the
mode temperatures deduced from the calibrated power spectrum (purple
points) and those from ringdown results performed under the same
conditions (red points). Each point is the average of five identical
measurements and the error bars correspond to one standard deviation;
the red line is produced by the least-square linear fit to the inverse of the
ringdown time.

The second special feature of the cooling is its dependence
on the cavity detuning (Fig. 4). Because of the finite thickness
of the membrane (l = 160 nm) the system consisting of the
semi-transparent membrane and the mirror should be treated
as a coupled two-cavity system formed by the two surfaces of
the membrane and the end mirror (Supplementary Information).
Figure 4a shows the calculated power transmission, reflection and
absorption probabilities of the coupled cavity for an photon
of wavelength 870 nm. The reflection and absorption exhibit
shifted asymmetric resonances with respect to the cavity detuning
because of interference effects inside the membrane. The maximum
probability of the absorption reaches more than 50% even though
the single-pass absorption probability is just 8%. The intramembrane photon number nmem shows the same behaviour as the
absorption (see the red solid line in Fig. 4b). The photo-induced
force Fph (z) is presumably proportional to the number of photons
in the membrane, nmem . This coupled cavity picture (Supplementary
Information) explains the observed abnormal dependence of the
cooling factor on the cavity detuning as Γeff /Γ0 −1 ∝ ∇Fph ∝ ∇nmem ,
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Figure 3 | Dependence of the cooling factor on the photon energy
(wavelength) of the cavity field. Each point corresponds to an average
cooling factor Γeff /Γ0 from five identical ringdown measurements and the
error bars correspond to one standard deviation. The black dotted vertical
line indicates the GaAs bandgap energy Eg = 1.424 eV (870.8 nm) and the
black dotted horizontal line represents a cooling factor equal to one, that is,
no cooling.

where ∇nmem is the spatial derivative of nmem with respect to the
membrane displacement, as shown in Fig. 4b.
The mechanical resonance frequency ωeff /2π shown in Fig. 4c,
on the other hand, shows a different behaviour from the model
of dynamic optomechanical back-action1,2 . In the model1,2 , the
frequency shift stems only from the dynamic contribution of the
photo-induced force, but in general the static part of Fph not
only leads to a static displacement of the membrane (which is
indeed responsible for the aforementioned instability of the system
(Supplementary Information)) but also to a static spring constant
change due to the change of the tensile stress of the membrane
σT (this is especially true for low tensile stress membranes). This
frequency shift is induced by the local temperature rise δT at the
membrane due to the photon absorption, which is proportional to
the intra-membrane photon number nmem . This nmem -dependence
of ωeff (instead of a ∇nmem -dependence) is shown in Fig. 4c.
Several mechanisms could be responsible for this efficient
cooling. The radiation pressure mechanism3–6 can be ruled out by
the wavelength dependence (Fig. 3) and by the fact that its effect is
negligible with our low cavity finesse. The wavelength dependence
in Fig. 3 suggests that electron–hole pair excitation is responsible
for the optomechanical force. The electron–hole pair excitation
and relaxation can induce both electronic and thermal pressure
on the membrane27,28 . The membrane is intrinsically bent slightly
(about 0.1% of the lateral size) towards the end mirror, from which
the membrane oscillates with a lesser amplitude (such a bending
is probably generic for large membranes; the direction of the
bending may change from sample to sample). The growth of carriers
inside the membrane (which is proportional to the intra-membrane
photon number) due to the membrane motion (which is coupled
to the cavity length) leads to further membrane deformation due to
the electronic and thermal stress towards the end mirror, shrinking
the cavity length. This provides the optomechanical coupling and
explains why the cavity detuning corresponding to cooling in the
present case is opposite to that for radiation pressure cooling.
The strengths of the electronic stress and the thermal stress
can be compared in the following way27,28 . The electronic stress
per electron–hole pair is given by σel = −B(dEg /dp) ∼ 8 eV per
unit volume (where −B(dEg /dp) is the hydrostatic deformation
potential denoting the bandgap change due to the longitudinal
strain (−p/B), with p being the hydrostatic electronic pressure
and B the bulk modulus) and short-lived, limited by the carrier
lifetime. On the other hand, the thermal stress is given by
σth = −3Bβ(ηE/C) ∼ 0.8ηE eV per unit volume, where β and C
denote the thermal expansion coefficient and the heat capacity,
respectively. The parameter η represents the conversion efficiency
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Figure 4 | Cavity detuning dependences. a, Calculated power
transmission, reflection and absorption probabilities for the coupled cavity
for an input photon with a wavelength of 870 nm. b, Dependence of the
cooling factor Γeff /Γ0 on cavity detuning. c, Dependence of the mechanical
resonance frequency ωeff /2π on cavity detuning. Both data are for the
(2,1)-mode, where each point is the average of five identical
measurements for an input power of 20 µW and the error bars correspond
to one standard deviation. The cavity detuning is normalized to the cavity
bandwidth κ. In Fig. 4a (Fig. 4b) the solid red (blue) line shows the best fits
assuming Γeff /Γ0 (ωeff /2π) follows nmem ; the dashed lines show those fits
assuming they follow ∇nmem . The black dotted horizontal line in b
represents a cooling factor equal to one, that is, no cooling. The black solid
horizontal line in c represents the estimated intrinsic mechanical frequency
ω0 /2π = 22.594 kHz.

from the absorbed photon energy E to heat (phonons) and
runs from its maximum value of 1 (all photon energy E is
converted into heat via non-radiative decay) to its minimum
value (E − Eg )/E (perfect radiative decay). From the mechanical
resonance frequency change shown in Fig. 4c we could estimate that
η ∼ 0.9 for our sample.
Although σel > σth , the dominant of these two contributions is
determined by the number of excited pairs and by their relaxation
mechanism. To figure out the nature of the cooling mechanism
we performed two complementary experiments (Supplementary
Information) and confirmed that the thermal stress due to the
non-radiative relaxation of the electron–hole pairs is the main
mechanism of the cooling. The contribution of the electronic
pressure to the cooling is negligibly small. From the formula for the
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effective damping rate Γeff with the time lag τ equal to the thermal
diffusion time τth ∼ 10 ms (see Supplementary Information) we
arrive at a very large photo-induced rigidity ∇Fph ∼ 0.5 N m−1 for
the (2, 1)-mode, where we use mω02 ∼ 11 N m−1 with the motional
mass of the membrane m = 520 ng. As ∇Fph scales linearly in cavity
input power and quadratically in cavity finesse we can estimate ∇Fph
for the other systems on the same footing. For the photothermal
cooling with a metal-coated microlever in ref. 1, for instance,
∇Fph ∼ 0.007 N m−1 ; a factor 70 times smaller. For the radiation
pressure cooling the corresponding ∇Fph is significantly smaller (for
example, ∇Fph = 0.5×10−4 N m−1 ; ref. 6).
To reach even lower temperatures we need to deal with the
static photothermal deformation of the membrane (Supplementary
Information), which limits the cooling at present. It is thus
beneficial to exploit the electronic stress instead of the thermal
stress. With the photon number absorbed per unit time being
δnmem the total electronic stress σel δnmem τel is smaller than the
total thermal stress σth δnmem τth when the lifetime of the electronic
pressure τel is substantially shorter than that of the thermal
stress τth . This is the reason why the thermal stress at present
overwhelms the electronic stress (τel /τth ≤ 5×10−9 in our situation).
A quantum-well structure, for instance, could minimize the nonradiative surface recombination (thus minimize η) and maximize
the radiative decay probability. If η ∼ (E − Eg )/E, the ratio of
electronic to thermal stress, σel /σth , can be as large as 320 with the
photon energy E = 1.46 eV (852 nm) and further grows for smaller
E; for E ∼ Eg it diverges. Note that even in the worst case scenario,
η ∼ 1, the ratio σel /σth is still around 7 for E ∼ Eg .
The characteristic delay time τ can be also engineered to realize
electronic-stress-based cavity cooling. One promising way is to
employ the so-called membrane-in-the-middle approach7,8 , where
a GaAs membrane is inside a cavity of higher finesse than the current
one, for which the wavelength of the laser is optimized to reduce
absorptive loss due to the membrane for the cavity, but to keep the
finite absorption for electron–hole pair generation. By doing so τ
could be governed by the cavity lifetime τcav = 1/κ instead of the
generally short carrier lifetime τel < 1 ns, because the cascade nature
of the decay processes leads to τ = τcav + τel ∼ τcav . Under these
conditions an intriguing interplay between electronic stress cooling
and radiation pressure cooling can be explored.
It is interesting to note that the thermal expansion coefficient
β for GaAs vanishes at 12 K and 50 K (refs 29,30). At these temperatures the photothermal force in principle diminishes16,17 . The
instability due to the thermal deformation could thus be eliminated
and the electronic force can play a major role in the cooling.
The thermoelastic damping31 can also be minimized and Q0 can
be maximized in this regard30 . This temperature flexibility is in
stark contrast to the standard photothermal approach that explicitly
exploits β and for which the optimal operating temperature is fixed
at the Debye peak of the thermoelastic damping31 .
By the membrane-in-the-middle approach, when starting from
the ‘magic’ temperature 12 K, an estimate (Supplementary Information) suggests that the cooling with the electronic stress has a slightly
better performance than that with the radiation pressure and that
cooling close to the ground state can be feasible with a critically
coupled cavity with a finesse of 3,000 and the cavity input power of
10 µW. The issue of whether the dissipative cooling approach could
really lead to the ground-state cooling remains to be investigated, although there are relevant analyses on the photothermal cooling32,33 .
The cavity back-action cooling with optically active semiconductors proved to exhibit very rich physics because of their internal
electronic degrees of freedom, which may open up a new panorama
for cavity optomechanics. Conversely, the intricate quantum process involving electrons, phonons and photons in semiconductors
could be explored by means of the strong optomechanical coupling
described in this work.
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