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Optomechanics is the study of the interaction between nano-objects and light fields through radiation pressure. Recent
sophisticated optomechanical systems consist of strongly coupled mechanical and optical resonators and are made
using semiconductor nanofabrication techniques. Although the optomechanical systems have exhibited their powerful
capability of controlling photons, they are scarcely used to control the solid-state artificial atoms that emit photons.
The main reason is that an efficient coupling mechanism remains unexplored. Here, we hybridize a silicon-integrated
optomechanical resonator with two-level atom-like emitters to demonstrate an optomechanical cavity quantum electro-
dynamic (cQED) effect. With this system and the effect, we realize the dynamic modulation of the spontaneous emission
rate. We choose copper dopants in silicon as the emitters for its narrow linewidth (0.3 nm) and long lifetime (∼30 ns).
Our judiciously designed coupled-nanobeam optomechanical resonator achieves a strong Purcell effect and high
cavity-modulation performances. The optical cavity of the optomechanical resonator is dynamically coupled to the
emission line and, as a result, on-demand sharp pulses (up to 9.5-fold intensity enhancement and 3.5 ns in duration,
which is one ninth of the emission lifetime) appear along the photoluminescence decay. These experimental results
are exactly explained with an analytical model that combines optomechanical and cQED theories. Considering that
dopants in silicon are highly competitive qubits, we believe that our optomechanical cQED technology will find impor-
tant applications in the quantum era. © 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing
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1. INTRODUCTION

Mechanical systems ranging in size from the macroscale
(e.g., Advanced LIGO) to the microscale (e.g., micro-electro-
mechanical projectors [1]) are tools that are widely used to control
optical systems. With the development of nanophotonic devices,
a new field of nanoscale optomechanics has blossomed [2,3].
One of the most important aspects of this field is the study of the
interaction between optical cavities and mechanical oscillators.
Relevant theories have been examined [4] and many applications
have been proposed [5–8]. However, the photonic devices have
been coupled with solid-state atom-like emitters (for example,
quantum dots (QDs) and crystal defects) through cavity quantum
electrodynamic (cQED) effects [9,10], but the optomechanical
systems have not been developed in this direction. We can expect
that, by combining the optomechanical and cQED effects, one
can dynamically modulate the optical transitions of the two-level
emitters due to dynamic emitter-cavity coupling (see a pioneering
proposal in Ref. [11]). This hybrid effect may find applications in

photonic integrated circuits and photonic quantum technologies,
such as ultralong photon memories and time-division readout of
spin states.

Spontaneous emission (SE) is the process of atoms (or artificial
atoms) transiting from an excited energy level to a lower energy
level and emitting photons. The energy levels of the solid-state
atom-like emitters can couple to the strain fields surrounding the
emitters. Thus, on the one hand, the mechanical deformation
modifying the strain fields are employed to tune the energy levels
and in turn the photon wavelengths [12–14]. On the other hand,
because of the emitter’s state-dependent strain, the optical transi-
tion between the states induces strain difference (namely force) and
thus can drive the mechanical resonator [15]. Besides the transition
frequencies, the transition rates (namely the SE rates) can also be
tuned by strains, but the tuning ranges are limited (for example, a
reduction of up to 50% in the carrier lifetimes [16]). In contrast,
the Purcell effect [17], a typical cQED effect, can significantly
enhance the SE rates through cavity environments (one order of
magnitude larger than the strain-controlled enhancements) [18].
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Fig. 1. Hybrid optomechanical cavity quantum electrodynamics (cQED) system. (a) The schematic diagram of the mechanized cQED system. The
optical cavity is movable, so its resonance is optomechanically tunable. A pump laser is used to excite the photoluminescence (PL) of the two-level emitters
embedded in the cavity and to simultaneously drive the movable part of the cavity (momentum-exchange-induced optical force). (b) The spectral illustra-
tion of the dynamics of the hybrid system. The cavity resonance is optomechanically modulated to periodically cross the spontaneous emission (SE) line,
so the SE intensity is dynamically enhanced via the Purcell effect. (c) The design of the optomechanical cavity: double-coupled photonic-crystal (PhC)
nanobeam cavities. Desired mechanical and optical resonance modes, simulated by finite element method (FEM), are depicted. (d) The scanning electron
microscope (SEM) image of a fabricated silicon device, where Si:Cu emitters are embedded. Inset: illustration of the focused pump laser (a pulsed laser with
a wavelength of 375 nm and a pulse duration of 90 ps) for the photoexcitation of the PL in the cavity region. (e) The PL spectra of two immovable devices
with slightly different cavity lengths (L) (A1 with the emission line on the cavity resonance and A2 with that off the cavity resonance). (f ) The time-resolved
PL decay curves of the emission lines in the A1, the A2, and a bare region of the same sample, respectively. Solid curves: mono-exponential fits. Condition of
the pump laser: a pulse energy of 7.3 pJ and a repetition rate of 14 MHz.

Therefore, the dynamic modulation of the Purcell effect becomes
a promising way to dynamically modulate the SE rates. Recently,
reshaped photoluminescence (PL) decay has been experimen-
tally demonstrated in several cQED systems, and the underlying
mechanism has proved to be the modulated Purcell effect and thus
the modulated SE rates within the emission lifetimes [19–21].
These experiments were realized with different methods, such as
laser-pulse-induced carrier injection [19], the Stark effect [20], and
surface acoustic waves [21]. Although these methods were effective
to some extent, they were unable to achieve the transient bursts
of the SE rate (that is, the pulses along the PL decay) because the
modulation speeds and the Purcell enhancements are insufficient.
In addition, all these methods inevitably changed the energy levels
of the emitters, which is undesirable for the applications requiring
stable Jaynes–Cummings ladders [22].

In this study, we experimentally realize the optomechanical
modulation of the Purcell effect, which is the first silicon-
integrated optomechanical resonator working on a cQED. The
experimental results will show a sizeable leap of the modulation
performances from the previous methods. In our system, the mod-
ulated PL intensity is enhanced by about one order of magnitude,
the modulation speed is almost one order of magnitude faster
than the intrinsic SE rate of the emitters, and the strain effect on
the emission wavelength (that is, the emitters’ energy levels) is
negligible.

The schematic diagram of our system is shown in Fig. 1(a), and
its spectral dynamics is illustrated in Fig. 1(b). Two-level emitters
are embedded in a high-quality (Q) optical cavity, enabling the
Purcell effect, and the cavity resonance is modulated by mechanical
oscillation via optomechanical coupling. Because the modulated
cavity dynamically couples with the emitters (a dynamic Purcell
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effect), the SE rate and thus the emission intensity are dynamically
modulated. To achieve the emission bursts along the PL decay, the
cavity mode should cross the emission line rapidly with a strong
Purcell effect. Thus, three factors are crucial: the emitters with a
narrow emission linewidth and a long lifetime, the optomechan-
ical configuration with a fast-moving mechanical oscillator and
a strong optomechanical coupling, and the significant Purcell
factor. Here, we employ copper dopants in silicon (Si:Cu) as the
two-level emitters for three reasons. First, dopants in silicon feature
their sharp emission lines and long lifetimes [23,24]. Our Si:Cu
ensemble shows an emission linewidth of 0.3 nm (comparable to
those of single QDs in III–V semiconductors [20,21]) and a PL
decay time of ∼30 ns [much longer than those of QDs (∼1 ns)].
In addition, we have observed the strong Purcell effect for our
Si:Cu ensemble in a photonic crystal (PhC) cavity [25]. Second,
the dopants in silicon have been considered as highly competitive
qubits [22], which indicates that our study has broad implications
for the development of quantum technologies. Third, silicon is a
superior material for both mechanical and optical resonators, and
its nanofabrication techniques are mature and low-cost.

We employ double-coupled PhC nanobeam cavities as the
optomechanical configuration. The double-nanobeam cavity
has strong optomechanical coupling and large displacement
amplitudes [3,26,27], so the cavity resonance can be mechanically
modulated in a wide spectral range. Although optomechanical
crystal structures [28] exhibit gigahertz vibration frequencies, the
displacement amplitude is too small (picometer scale or less) to
tune the cavity resonance across the emission line. With our device,
the wavelength of the cavity resonance is modulated to as wide as
6.6 nm (22 times larger than the Si:Cu emission linewidth) and
crosses the emission line in 3.5 ns (one ninth of the PL decay time).
Hence, we selected the most appropriate platform for realizing the
dynamic optomechanical modulation of the SE rates proposed in
Figs. 1(a) and 1(b).

2. PURCELL EFFECT IN IMMOVABLE CAVITY

Our optomechanical cavity system is shown in Fig. 1(c). Each opti-
cal cavity of the pair is formed by a PhC defect in the central region
of the nanobeam, which is specially designed to keep a sufficiently
large space for the Si:Cu emitters (see Supplement 1, Section 1 for
the optical design). The devices [see Fig. 1(d)] are fabricated in
two steps [25]. First, the emitters are formed in the silicon device
layer of a silicon-on-insulator (SOI) wafer by Cu-ion implanta-
tion and rapid thermal annealing. Second, the nanostructures are
fabricated by electron beam lithography, reactive ion etching, and
hydrofluoric vapor etch release.

As a prerequisite, we verified the Purcell effect of our cavity for
the Si:Cu emitters by employing the same optical design but with
mechanically immovable cavities [anchors were set between the
nanobeams. See Supplement 1, Fig. S4(a)]. Figure 1(e) shows the
PL spectra of two immovable devices (A1 and A2) with slightly dif-
ferent cavity lengths. Odd and even cavity modes were identified by
performing finite element method (FEM) simulations. Hereafter,
we are interested in the even mode because it has a much stronger
optomechanical coupling than the odd one [26,27]. Note that the
even mode of the A1 device overlaps with the emission line (wave-
length λe ) at 1228.6 nm, and the emission intensity is enhanced
by 6.7 times compared with that of the A2 device, in which the
emission line is away from any cavity resonance. We also performed
time-resolved PL decay measurements [see Fig. 1(f )]. The decay

time of A1 is 7.5 ns while that of A2 is 45 ns. Figure 1(f ) also shows
the PL decay curve of a bare region of the same sample, whose decay
time is 35 ns. The PL decay of A1 is also significantly accelerated
from that of the bare sample, which is the exact evidence of the
Purcell effect (see the similar verification of the Purcell effect for
Si:Cu PhC slab cavities [25]). That is to say, the new optical design
(that is, the double-coupled PhC nanobeam cavity) proves effective
in generating a significant Purcell effect.

3. OPTOMECHANICAL CHARACTERIZATION OF
MOVABLE CAVITY

Here, we use a movable-cavity device (B1), which has no anchor
between the nanobeams, to investigate the optomechanical charac-
teristics with the setup shown in Fig. 2(a). We choose the in-plane
fundamental mechanical resonance mode of the longer nanobeam
[see Fig. 2(a), inset], whose resonance frequency is designed to be
4.1 MHz. A pulsed ultraviolet laser (375 nm in wavelength so the
photon energy is sufficiently large for the photoexcitation) is used
to excite the PL and simultaneously drive the mechanical oscilla-
tion. The driving force is generated by the photons exchanging
momentum with the mechanical oscillator [see Fig. 1(a) for an
illustration]. In the setup of Fig. 2(a), the pulse train exerts peri-
odic force on the nanobeam oscillator, and the optomechanical
modulation is excited when the pulse repetition rate (referred to
as the frep) is tuned to the mechanical resonance frequency of the
nanobeam. As explained in Section 3 of Supplement 1, an frep

value of around 4 MHz does not cause any heat accumulation in
the emitters when the pulse energy is optimized to be 9.8 pJ/pulse.
Hereafter, we employ this pulse energy for pumping. In addition,
this pulse energy does not result in any thermo-optic tuning of the
cavity [3,26] [see Fig. 2(b) and Supplement 1, Fig. S5(a)], so the
optomechanical effect is the only mechanism by which the cavity is
modulated.

Figure 2(b) shows the PL spectrum of the B1 excited device
with the frep = 4.0 MHz. Since the frep is off-resonant from the
mechanical resonance frequency (4.1 MHz), this result represents
an unmodulated cavity (static wavelength λcav,st). One can see
that the emission line (58.8 GHz wide) is completely detuned
from the cavity mode (37.5 GHz wide) by 1.27 nm (255 GHz).
Before proceeding to the SE modulation experiment, we calibrated
the modulation performance of B1 with an auxiliary probe (a
tunable continuous-wave laser in the 1.2 µm band). The probe
laser was launched into the cavity through the waveguide, and the
transmitted light was detected through the objective lens above
the cavity [see Fig. 2(a)]. By setting the probe wavelength (λprobe)
to the λcav,st and sweeping the frep of the pump laser, we measured
the resonance of the mechanical oscillator at around 4.1 MHz [see
Fig. 2(a), inset]. This peak frequency matches the designed value
for the mode of interest. Note that the measured peak cannot pro-
vide us more information about the optomechanical modulation,
so we did the following characterization work.

We determined whether the cavity resonance can be dynami-
cally tuned to the emission line by using optomechanical
modulation. Here, we measured the time-resolved transmitted
probe signals to plot the trajectory of the modulated cavity reso-
nance. The inset of Fig. 2(c) shows an example of the time-resolved
transmitted probe signal in a single modulation period when
the frep = 4.094 MHz and the λprobe = λe . Note that the probe
intensity has sharp peaks at t1 and t2. This indicates that the cav-
ity resonance wavelength (λcav) passes the λprobe twice in a single

https://doi.org/10.6084/m9.figshare.19222836
https://doi.org/10.6084/m9.figshare.19222836
https://doi.org/10.6084/m9.figshare.19222836
https://doi.org/10.6084/m9.figshare.19222836


Research Article Vol. 9, No. 3 / March 2022 / Optica 312

Fig. 2. Optomechanical characteristics of the device (B1) prepared for SE modulation. (a) The experimental scheme to excite both the PL and the
mechanical resonant oscillation with the pulsed pump laser. Lower right inset: FEM-simulated mechanical resonance mode of interest (see Supplement 1,
Fig. S2). As illustrated, a tunable continuous-wave laser (wavelength λprobe) is launched into the cavity along the waveguide to probe the mechanical oscil-
lation. Upper right inset: measured resonance spectrum of the mode (solid curve: Lorentz fit), showing a resonance frequency of∼4.1 MHz. (b) The PL
spectrum of B1 excited with a pulse repetition rate ( frep) of 4 MHz (off-resonant condition) and a pulse energy of 9.8 pJ/pulse, where the emission line (λe ,
Solid curve: Gaussian fit) and the unmodulated cavity’s even resonance mode (λcav,st, Solid curve: Lorentzian fit) are indicated. (c) The measured and fitted
trajectory of the optomechanically modulated cavity resonance (λcav) at the frep = 4.094 MHz, indicating modulation amplitude (1λ) and boundaries
(the longest and shortest λcav). Inset: time-resolved intensity of the probe transmitted through the cavity, from which the time points (t1 and t2) of the λcav

crossing the λprobe (note that we set the λprobe = λe for this plot) are determined. The λcav trajectory was plotted as a series of t1 and t2 by sweeping the λprobe.
(d) The1λ as a function of the frep, which was acquired by plotting the λcav trajectories for varying frep. The curve of the backward sweep does not coincide
with that of the forward sweep, which is manifested as a softening Duffing nonlinearity of the mechanical oscillator. (e) The modulation range (grey area) of
the λcav as a function of the frep. The red belt represents the emission line with its own width.

oscillation period. That is to say, at t1 and t2 the λcav shifts to the
wavelength indicated by the probe laser (λprobe). We repeated this
measurement for various λprobe wavelengths (see Supplement 1,
Fig. S9) and determined t1 and t2 for the observed probe peaks.
Figure 2(c) shows the summarized t1 and t2 for the swept λprobe.
We can recognize the dot curve as the time-dependent λcav, a
sinusoidal-like function but with some deviations.

The nanobeam resonant oscillation can be seen as a simple
harmonic motion, but the trajectory of the modulated cavity reso-
nance is not strictly sinusoidal. This is reasonable because the λcav

and the mechanical displacement of the oscillator do not strictly

follow a linear relation [26,27]. In fact, the derivative of the cavity
resonance with respect to the displacement (optomechanical cou-
pling coefficient [3], g OM/2π ) depends on the slot gap between the
nanobeams (see Supplement 1, Fig. S10 for the simulated g OM/2π
as a function of the slot gap). When we included the simulated
g OM/2π in the simple harmonic motion model [see Supplement
1, Eqs. (S1) and (S2)], the model fitted the measured trajectory
well, as shown in Fig. 2(c). Hence, we quantitatively confirm the
trajectory of the λcav modulated by the targeted mechanical reso-
nant oscillation. In addition, the emission line is located within the
modulation range, and the t1 value (∼16 ns) is shorter than the PL
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decay time. This means that the modulation of the λcav is wide and
fast enough for the SE modulation experiment. Thus, this device
(B1) was also used in the subsequent experiment.

From the trajectory curve in Fig. 2(c), the λcav modulation
amplitude (1λ) for the frep = 4.094 MHz is found to be 4.5 nm.
In Fig. 2(d), we plot the1λ determined from a series of measure-
ments with varying frep. Here, 1λ shows peculiar hysteresis as
a function of the frep. This hysteresis reminds us of the behavior
of the displacement amplitude of a nonlinear Duffing oscil-
lator [29,30]. In fact, the 1λ is monotonically related to the
displacement amplitude of our oscillator because g OM/2π is
always positive (from about 10 to 50 GHz/nm in Supplement
1, Fig. S10). That is to say, the 1λ hysteresis must correspond to
a displacement-amplitude hysteresis. Thus, it is demonstrated
that the nanobeam oscillator used for the hybrid system is a
Duffing oscillator. As shown in Fig. 2(d),1λ becomes large when
the frep is swept backward. In fact, the trajectory in Fig. 2(c)
( frep = 4.094 MHz) was obtained under this condition [see the
data point indicated by the orange arrow in Fig. 2(d)]. Figure 2(e)
shows the modulation boundaries of the λcav (the longest and
shortest λcav) as a function of the frep. This plot indicates that the
λe falls into the modulation range when the frep is from 4.098 to
4.088 MHz along the backward sweep.

4. MODULATED SE IN HYBRID
OPTOMECHANICAL cQED SYSTEM

Next, we removed the probe laser and measured the temporal
response of the modulated SE. Figure 3(a) shows the results of the
PL decay measurements for device B1 driven at a backward-swept
frep. When the frep = 4.099 MHz, at which the modulation
amplitude is so small that the λcav cannot reach λe , the PL intensity
decays exponentially, similar to the off-resonant PL decay of the
immovable cavity shown in Fig. 1(f ). However, as the frep is varied
from 4.0977 to 4.088 MHz, the exponential decay is interrupted
by sudden intense peaks at certain elapsed times. For example,
when the frep = 4.094 MHz, there are two peaks along the decay
curve, and their elapsed time after the pulse excitation (18.7 and
100 ns) are very close to t1 and t2 at λcav = λe in Fig. 2(c), which
strongly suggests that these peaks originate from the dynamic
coupling of the cavity resonance to the emission line.

We examined these unusual PL decay curves in relation to the
optomechanical dynamics characterized in Fig. 2. First, for the
frep < 4.0977 MHz, there are always two peaks in Fig. 3(a), mean-
ing that the λcav coincides with the λe twice in a single modulation
period for the frep < 4.0977 MHz in Fig. 2(e). Second, the interval
between the two peaks becomes larger as the frep decreases [see
Fig. 4(b) for clarity]. These results are consistent with Fig. 2(e),
where the modulation amplitude increases as the frep decreases. It
can be understood from the λcav trajectory in Fig. 2(c) that a larger
1λ induces a longer |t2 − t1| at λcav = λe . Therefore, the dynamic
PL intensity enhancements in Fig. 3(a) are doubtless caused by the
optomechanically modulated cavity resonance. This conclusion
also tells us that in our system the strain effect on the PL intensity
is negligible because the strain effect has nothing to do with the
cavity resonance. In addition to the PL intensity, we also verified
a negligible strain effect on the emission wavelength with another
experiment [see Supplement 1, Fig. S12]. Thus, we demonstrate a
previously undescribed strain-free system.

It is worth noting that the peak duration at t1 [the temporal
full-width at half-maximum (FWHM) of the peaks in Fig. 3(a),

summarized in Fig. 3(b)] becomes shorter as the frep decreases.
This tendency can be understood by looking at the λcav trajec-
tory in Fig. 2(c). The peak duration is determined by how fast
the λcav crosses the λe , namely dλcav(t)/dt [the slope of the curve
in Fig. 2(c)] at λcav = λe . For smaller modulation amplitudes
[higher frep in Fig. 2(e)], the λe is closer to the minimum of the
quasi-sinusoidal λcav curve where dλcav(t)/dt is zero, and hence,
the peak lasts longer. Conversely, when the frep is lowered, the
modulation range largely increases, so the λe becomes closer to the
midpoint of the sinusoidal-like curve, where the trajectory is nearly
linear and dλcav(t)/dt is maximum. Hence, the peak duration
becomes the shortest, 3.5 ns [see Fig. 3(b)], which is much shorter
than the intrinsic PL decay time of our emitters (∼30 ns). This is
an especially interesting feature of the dynamic control of the SE
by which we can change the SE properties much faster than the
intrinsic radiative recombination rate.

So far, we have confirmed that the peaks are caused by the
dynamic coupling of the cavity resonance to the emission line,
but we have not identified the underlying mechanisms. They
could be the Purcell effect (the SE rate enhancement) and/or the
cavity-mode-enhanced light extraction efficiency (LEE) [31]. The
theoretical Purcell factor of device B1 is approximately the same
as those of A1 and A2 (see Supplement 1, Table S1), for which
we have experimentally verified the Purcell effect [see Figs. 1(f )].
Thus, it is reasonable to believe that B1 would exhibit accelerated
PL decay like that in A1 in Fig. 1(f ) if we were able to statically tune
the λcav to the λe . To find support for this speculation, we exam-
ined Fig. 3(a) carefully to distinguish the Purcell effect and the LEE
enhancement. Figure 3(c) is a magnified plot of Fig. 3(a) indicating
that the instantaneous PL intensities between t1 and t2 for the frep

from 4.088 to 4.094 MHz are obviously smaller than that for the
frep = 4.099 MHz, where there is no cavity-coupling-induced
enhancement. This reduction is consistent only with the Purcell
effect because the Purcell-enhanced radiative recombination
rate should result in a rapid reduction in the exciton population
after the first PL peak at t1. In contrast, a LEE enhancement does
not alter the dynamics of the exciton population. Thus, the PL
intensity after the first peak should not differ from that of the
frep = 4.099 MHz. Therefore, we confirm that the measured
dynamic PL intensity enhancements [see an enhancement ratio
of 9.5:1 evident in Fig. 3(a)] involve the Purcell effect. In the next
step, we will prove that the Purcell effect plays a dominant role in
these enhancements.

To investigate the dynamic Purcell effect quantitatively, we
developed an analytical model for our hybrid optomechanical
cQED system. The model provides analytical solutions for the
optomechanically modulated SE process (see a full description
of the model in Supplement 1, Section 5). With this model,
the measured PL decay curves are fitted well [see Fig. 4(a)]. The
dynamics of the corresponding exciton populations are also
shown (dashed orange curves). It is clear that the exciton popula-
tion decreases much faster when the PL peaks appear, which can
only be explained by the Purcell-enhanced radiative recombina-
tion rate. From these fits, we obtained the on- and off-resonant
radiative recombination rates (referred to as 0on

R and 0off
R , respec-

tively), which are summarized in Supplement 1, Table S4 (mean
values are 0̄on

R = 0.232 ns−1 and 0̄off
R = 0.0135 ns−1). From

these values, we derived the non-radiative recombination rate
[0NR = 0

off
PL − 0̄

off
R = 0.0187 ns−1, see 0off

PL in Fig. 4(a)] and
the radiative recombination rate of a reference bare waveguide
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Fig. 3. Optomechanically modulated PL decay curves of B1 at varying frep (backward sweep). (a) The transient enhancements in PL intensity (IPL) when
the λcav crosses the λe , indicating the time point t1. The measurement of each of these curves took 360 s (integration time of the superconducting single-
photon detector). The curve of the frep = 4.099 MHz complies with a conventional PL decay because the λcav has never coupled to the λe , while that of the
frep = 4.088 MHz exhibits the highest peak at 6.7 ns. By comparing the intensities (7.6 versus 0.8 counts/s), we found that the enhancement factor is 9.5.
(b) The duration (temporal full-width at half-maximum) of the PL intensity peak at t1 as a function of the frep. The duration converges to a minimum of
3.5 ns with the decrease of the frep. (c) The magnified segments of the PL decay curves between t1 and t2. After the λcav crosses the λe at t1, the intensities for
frequencies from 4.088 to 4.094 MHz are about half of that for 4.099 MHz (for example, the indicated intensities at 40 ns).

Fig. 4. Analytical model of the dynamics of the PL decay and exciton population in our hybrid optomechanical cQED system. (a) Fits (solid curves) to
the measured PL decay curves [gray dots, same as those shown in Fig. 3(a)] with the analytical model. The corresponding dynamics of the exciton popu-
lation (dashed orange curves) were also calculated. The off-resonant PL decay at the frep = 4.099 MHz and the PL decay of a neighboring reference bare
waveguide ( frep = 4.099 MHz as well) are used to deduce the experimental Purcell factor. They are fitted by a mono-exponential function (solid curves),
and the corresponding PL decay rates, consisting of radiative (R) and non-radiative (NR) recombination rates, are indicated, respectively. (b) The color map
of the measured PL decay [same as those shown in Fig. 3(a)] as a function of the frep for comparison. (c)–(d) The color maps of (c) the calculated PL decay
and (d) the exciton population as functions of the frep (see Supplementary 1, Tables S3 and S4 for the calculation parameters).
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[0bare
R = 0

bare
PL − 0NR = 0.0167 ns−1. See 0bare

PL in Fig. 4(a)].
As a result, we determined the experimental Purcell factor
(FP = 0̄

on
R /0

bare
R ) to be 13.9 for the present optomechanical

cQED system. In addition, we also obtained a LEE enhancement
ratio of ∼1.2 (see Supplement 1, Table S4), which was much
smaller than the total enhancement ratio of 9.5 [see Fig. 3(a)].
Therefore, we conclude that the Purcell effect plays a dominant
role in the measured enhancements in Fig. 3(a).

Finally, we visualized the PL decay and the exciton population
as functions of the frep by using the same analytical model [see
Figs. 4(c) and 4(d)], and Fig. 4(b) shows the measured data for
comparison]. In addition, these two plots clearly show that the
appearance of the PL peaks is accompanied by a sudden reduction
in the exciton population [see Fig. 4(d)]. They also demonstrate
that the timing of the Purcell enhancement (t1 and t2) can be
tuned by changing the frep attributed to the nonlinearity of the
mechanical oscillator. This interesting feature means that we can
shift t1 to 0. We have indeed achieved this condition with another
device having a smaller initial separation between the λcav and the
λe and observed a very fast monotonic PL decay, 0.299 ns−1 (see
Supplement 1, Fig. S14).

5. DISCUSSION

The results indicate the superior performances of this first silicon-
integrated optomechanical cQED system, in which a novel
optomechanical cQED effect is developed. The system consists of
three entities: (i) mechanical oscillators, (ii) optical cavities, and
(iii) solid-state two-level emitters. Although the couplings between
(i)–(ii) [2–4] or (ii)–(iii) [9,10] have been studied, the coupling
among (i)–(ii)–(iii) has not been experimentally demonstrated
before. Our system enables the coupling of (i)–(iii) via (ii) and
provides a new mechanism to modulate the optical transitions of
the solid-state quantum systems.

One possible application of this system is the synchronization
of single photon pulses in integrated quantum photonic circuits
because the bursts of the SE rate can be delayed at will by tun-
ing the mechanical oscillation frequency. Although the system
here is demonstrated with the Si:Cu ensemble, single dopants
in silicon have been reported [32] and can be straightforwardly
integrated into this system. However, note a disadvantage of the
current system: because the cavity mode with a spectral width
dynamically crosses the emission line, the emitted photon gets a
time-dependent phase, which can make the photons distinguish-
able and thus limits the system for applications in single-photon
sources. This problem can be solved by modulating the spatial dis-
tribution of the cavity mode rather than the mode wavelength, for
example, the dark mode of the central cavity in a triple-cavity sys-
tem [11]. Our system can also be improved with a triple-nanobeam
optomechanical configuration [33], whose dark mode distribu-
tion is optomechanically tunable. Another possible application
of our hybrid system is the time-division readout of spin states.
Static cQED is usually used for the readout of one spin state [22].
To read out the other spin state, a population inversion and the
second readout must be arranged in the readout sequence [34].
Our dynamic cQED system can sweep the cavity resonance widely
and in turn couples the cavity to the optical transitions of the
two spin states at different times, so the two states can be read out
through the photon pulses distributed at the different time points,
which we named time-division readout. This system may also find

an application in photonic memory. Conventionally, a photon
signal can only be stored in a very short time even in an ultrahigh-Q
cavity (one nanosecond [35]). In contrast, the excited states of
the dopants in silicon are ultralong lived (almost one millisecond
[23]). One can think of storing the optical signal into the excited
states via photoexcitation and reading it out by triggering the
optomechanical oscillation and in turn the emission pulses.

Although the results presented here are superior, they are not
the limits of this kind of hybrid optomechanical cQED systems.
For example, g OM/2π can be optimized to a value of 200 GHz/nm
(the current value is ∼30 GHz/nm), and the movement speed of
the nanobeam can be doubled by increasing the driving force and
reducing the effective mass. As a result, the pulse duration will be
one order of magnitude shorter than the current value of 3.5 ns.
On the emitter-cavity side, a much higher Purcell factor [18] or a
strong coupling (for example, Rabi oscillations [9]) can be expected
in such an optomechanical cQED system. Conclusively, the hybrid
optomechanical cQED system demonstrated here is highly effec-
tive in dynamically modulating the optical transitions of solid-state
quantum emitters and will find applications in photonic integrated
circuits and photonic quantum technologies.
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