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Surface acoustic waves (SAWs) are a versatile tool for coherently interfacing with a variety of solid-state
quantum systems spanning microwave to optical frequencies, including superconducting qubits, spins,
and quantum emitters. Here, we demonstrate SAW cavity optomechanics with quantum emitters in two-
dimensional (2D) materials, specifically monolayer WSe2 and h-BN, on a planar lithium niobate SAW
resonator driven by superconducting electronics. Using steady-state photoluminescence spectroscopy and
time-resolved single-photon counting, we map the temporal dynamics of modulated 2D emitters under
coupling to different SAW cavity modes, showing energy-level splitting consistent with deformation
potential coupling of 35 meV/% for WSe2 and 12.5 meV/% for h-BN visible-light emitters. We leverage
the large anisotropic strain from the SAW to modulate the excitonic fine-structure splitting in WSe2 on a
nanosecond timescale, which may find applications for on-demand entangled-photon-pair generation from
2D materials. Cavity optomechanics with SAWs and 2D quantum emitters provide opportunities for com-
pact sensors and quantum electro-optomechanics in a multifunctional integrated platform that combines
phononic, optical, and superconducting electronic quantum systems.
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I. INTRODUCTION

Coupling of solid-state artificial atoms, such as optically
active defects and color centers, with confined acoustic
modes in optomechanical resonators is an elegant approach
for coherently controlling, transferring, and entangling a
variety of quantum degrees of freedom, including pho-
tons, phonons, and spins [1,2]. In solids, microwave
phonons and optical photons have similar wavelengths
and can be confined into small mode volume cavities
that enable efficient mode overlap and strong interac-
tions. Many platforms have been developed to mediate
these interactions [3], including mechanical membranes
[4,5], hybrid photonic-phononic crystals [6–8], and surface
acoustic wave (SAW) resonators [9–11]. Single-photon
emitters (SPEs) embedded within optomechanical cavities
are remarkably sensitive to local strain, exhibiting fre-
quency shifts nearly 2 orders-of-magnitude larger (about
10 GHz/pm) than microscale optical resonators (about
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100 MHz/pm) [12]. The use of SPEs provides a strong
optical nonlinearity that ensures only individual photons
are emitted, typically with subnanowatt optical power
requirements. When operated in the sideband-resolved
regime using gigahertz-frequency resonators, parametric
modulation of SPEs enables microwave-frequency infor-
mation to be encoded as optical photons, which may enable
efficient and low-noise transduction between microwave
and optical frequency qubits [13].

A variety of SPE optomechanical platforms have been
developed for these purposes, including defect centers
in diamond [14–16], silicon carbide [17], and semicon-
ductor quantum dots (QDs) [18–22], with a vacuum
optomechanical coupling rate g0 as high as about 1 MHz
recently demonstrated with SAW resonators [12]. The
recent discovery of SPEs in two-dimensional (2D) mate-
rials [23,24], such as WSe2 [25–29] and hexagonal boron
nitride [30,31], provides an opportunity to further enhance
the coupling while simplifying the device and fabrica-
tion complexity. Two-dimensional SPEs, which originate
from crystalline defects in the host material, exhibit high
optical extraction efficiency and brightness with detec-
tion rates up to 25 MHz [32–34], indistinguishable [35]
and near transform-limited linewidths [36], high single-
photon purity, unique spin-valley phenomena [37–39],
high working temperatures [30,40,41], and site selec-
tive engineering [42–45]. The layered structure of 2D
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materials arising from van der Waals forces ensures that
the defects are two dimensional and are able to func-
tion at surfaces, devoid from any surface states, allowing
for strong proximity interaction with their surrounding
environment.

This strong proximity interaction, in addition to the site-
specific fabrication and relaxed lattice-matching require-
ments, makes 2D SPEs an ideal two-level system to
be integrated with optomechanical resonators. Proximity
effects allow for efficient deformation potential coupling,
as illustrated in Figs. 1(a) and 1(b), while the ability to
deterministically transfer 2D monolayers onto nearly any
surface allows for nanoscale precision in positioning of a
single SPE within optomechanical resonators [45]. Indeed,
modulation of few-layer h-BN SPEs with propagating
SAWs has resulted in large deformation potential coupling
[46]; however, to date, integration of 2D SPEs with high-
quality SAW resonators, a critical step for exploring the
potential of 2D materials for quantum optomechanics, has
not yet been explored.

In this work, we parametrically modulate the reso-
nance frequency of SPEs in monolayer WSe2 and mul-
tilayer h-BN integrated with a LiNbO3 SAW resonator
driven by superconducting electronics and study the cou-
pling mechanisms, strain susceptibility, and potential for
acoustic quantum-regime operation. We demonstrate cav-
ity phonon-SPE coupling with deformation potential cou-
pling of at least 35 meV/% for WSe2 and 12.5 meV/%
for h-BN, which is larger than or comparable to alternative
SPE host materials [13]. The dynamics of the SPE-SAW
cavity system are measured through time-resolved, strobo-
scopic, and steady-state photoluminescence spectroscopy.
Notably, in WSe2, by sweeping the SAW frequency and
the cavity phonon occupation, we demonstrate exquisite
control over the local strain. We show that, when driven
on resonance, the SAW modulates and mixes the emis-
sion from exciton fine-structure transitions that have been
attributed to anisotropic exchange [26] and intervalley
symmetry breaking in the presence of defects [47], pro-
viding a dynamical on-chip control knob for mixing of
the WSe2 SPE doublets. These results establish a new
experimental platform that combines cavity optomechan-
ics with 2D material quantum optics, paving the way for
efficient and high-speed manipulation of 2D quantum emit-
ters for single-photon switching, tuning and stabilization,
and entangled-photon-pair generation.

II. SAW-EMITTER DEVICE FABRICATION AND
CHARACTERIZATION

SAW cavities were fabricated on bulk LiNbO3 using a
combination of NbN sputtering and electron-beam lithog-
raphy to define superconducting Bragg reflectors and inter-
digital transducers (IDTs). The periodicity of the mirrors
and the acoustic impedance within the mirrors define the

mirror acoustic stopband and the spectral reflection win-
dow, which is centered near 300 or 400 MHz for a variety
of lengths spanning 900 to 2600 µm. Electromechanical
measurements of the S11 parameter for the cavity yield
internal quality factors of the order of 12 000 and external
quality factors of 7000, which are limited by the loss due
to the mirrors (see Appendix A). Using an all dry-transfer
technique, monolayer WSe2 and plasma annealed h-BN
flakes [24] were exfoliated and transferred to the SAW cav-
ities (see Appendix B for the fabrication procedure) [48].
Cavity reflectivity (S11) measurements taken at 4.4 K con-
firm the presence of the cavity modes. A simultaneous fit to
the magnitude and phase (see Appendix A) demonstrates
that the cavity is in the undercoupled regime with an aver-
age intrinsic quality factor of 1900 and an extrinsic quality
factor of 3700 after the flake transfer, which are similar
to loaded quality factors of SAWs integrated with III-V
QDs [20].

III. CAVITY OPTOMECHANICS WITH WSe2 AND
h-BN SPES

WSe2 and h-BN SPEs are identified using steady-state
photoluminescence (PL) spectroscopy. SPEs in WSe2 and
h-BN appear as spatially localized and spectrally sharp
peaks in the PL spectra, as illustrated by the narrow filled
peaks in Figs. 1(c) and 1(e). The lineshapes are instrument-
response limited with a resolution of about 200 µeV.
Emission of single photons is verified by the antibunching
dip at zero time delay in the second-order autocorrelation
function shown in Figs. 1(d) and 1(f) for WSe2 and h-BN,
respectively (see Appendix C for details of the experimen-
tal setup). While we have identified many emitters in WSe2
and h-BN that couple to the SAWs, in this paper we present
a set of comprehensive measurements on the same emitter
for each respective material.

After identifying the SPE and SAW cavity resonances,
the SAW drive frequency applied to the IDT for each
device was fixed at the location of each cavity resonance,
and the PL measurement was repeated. When driving the
SAW on resonance, a standing surface acoustic wave is
formed inside of the cavity. Depending on the position of
the SPE relative to the node and antinode of the stand-
ing wave, the SPE experiences dynamic compressive and
tensile strain from the SAW [Fig. 1(a)]. Through defor-
mation potential coupling, the strain modulates the local
band gap of the material, resulting in a temporally vary-
ing energy shift of the SPE at the frequency of the SAW
mode. Within the Franck-Condon framework, as illustrated
in Fig. 1(b), both the ground state and the excited state of
the emitters interact with the phonon vibrational modes
with an intensity determined by the Huang-Rhys factor.
A surface acoustic wave cavity mode can be treated simi-
lar to a bulk phonon in this description. On resonance, the
cavity mode interacts strongly with the ground and excited
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(f)

FIG. 1. LiNbO3 SAW integration with 2D-based single-photon emitters. (a) Schematic illustration of a 2D material hosting a single-
photon emitter modulated in a surface acoustic wave cavity. The sketch denotes the modulation of the ground and excited states of
the emitter over time. The out-of-plane strain vector is indicated by the arrows on the surface of the substrate. (b) Franck-Condon
representation of the interaction between cavity phonons and the emitter. Both ground and excited states are coupled to phonon modes
with energies significantly lower than the optical transition energy. (c) Representative photoluminescence (PL) spectra of SPEs in the
WSe2 monolayer measured at 4.4 K when driven on resonance (303.6 MHz) and off resonance (301.5 MHz) with a SAW cavity mode
(see Fig. 2). (d) The second-order autocorrelation function of a WSe2 emitter demonstrating photon antibunching. (e) Representative
PL spectra of an SPE in h-BN measured at 4.4 K when driven on resonance (398 MHz) and off resonance (397.5 MHz) with a SAW
cavity mode. (f) The second-order autocorrelation function demonstrating photon antibunching for a thermally activated h-BN SPE.

states of the emitter and imprints its signature on the pho-
toluminescence spectrum. In the sideband-resolved regime
where the frequency of the resonant cavity phonon is larger
than the linewidth of the emitter (typically in the giga-
hertz range), the PL spectra consist of a series of replicas
of the zero-phonon line (ZPL) spaced by the frequency of
the resonance cavity phonon mode. In the case where the
linewidth of the emitter is larger than the cavity phonon
frequency (as in the present study), the slow modulation
timescale compared to the emission merges the phonon
replicas, which appear as a double-peak structure.

Figures 1(c) and 1(e) show representative modulated
spectra from a WSe2 and h-BN emitters when the SAW
cavity is driven on resonance (shown for different drive
powers due to differences in the deformation potential
coupling efficiency, as described below). The narrow
Lorentzian lineshape of the SPEs is split into a double-
peak structure with a peak-to-peak separation of 2�E =
0.92 meV for WSe2 and 2�E = 1.75 meV for h-BN. This
double-peak structure is a clear signature of SPE-SAW
coupling, consistent with previous observations from III-V

QDs [1] and SiC vacancy centers [17] coupled to sur-
face acoustic wave cavities. The PL signals were fit to a
Lorentzian function modulated by a sinusoidal interaction
in the time domain to extract the modulation energy �E
[49]. This process is further described in Appendix D.

Next, the evolution of the PL spectrum as a function of
the SAW cavity frequency at a constant power (4 dBm for
WSe2 and 11 dBm for h-BN) was measured. The maxi-
mum modulation of the PL lineshape occurs at the SAW
cavity resonant frequencies for both h-BN and WSe2. In
WSe2, as seen in Figs. 2(a) and 2(b), the three resonances
at 299.4, 301.0, and 303.6 MHz are associated with clear
splitting, distinctly different from when driving the SAW
cavity off-resonance. Interestingly, this emitter shows a
nonzero splitting between 299.0–301.5 MHz, which may
be attributed to mode mixing between the neighboring
cavity resonances due to the SPE being spatially located
somewhere between a node and antinode for this fre-
quency range, as similarly reported for QDs [20]. The
nonzero splitting may also be due to nonlinear effects such
as acoustic wave mixing [50]. The characteristic spectral
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jitter in Fig. 2(a) arises from charge noise due to nonreso-
nant excitation [23]. The spectral diffusion exhibited by the
WSe2 emitters contributes to inhomogeneous broadening
of the linewidth, as observed previously [51–53]. Multiple
timescales contribute to spectral diffusion. A submillisec-
ond component—faster than the PL spectrum integration
time—broadens the zero-phonon linewidth, leading to the
typically reported WSe2 linewidths of 100–200 µeV. In
addition, a slower timescale component (tens of seconds
to minutes) of spectral diffusion results in a time-varying
zero-phonon line resonance frequency. Indeed, this is what
is observed as the discrete jumps in the spectrum in Fig.
2(a), most evident near 301.5 MHz additional data of a dif-
ferent WSe2 emitter showing similar spectral diffusion is
shown in Figs. 11(a) and 11(b)). Among the WSe2 emitters
that were measured, only those that exhibited linewidths
below 1 meV without applied SAW modulation exhibited
a measurable splitting. Among these emitters, nearly 75%
exhibited coupling to at least one of the cavity modes [Fig.
2(b)], a result that is not surprising given that the posi-
tions of the SPEs with respect to the node or antinode of
the cavity are randomly distributed in these devices. The
spectra in Fig. 2(a) also display a gradual broadening of
the peak from 302 to 303.5 MHz due to nonlinear and
acoustic wave-mixing phenomena (similar to the broad-
ening in the 299–301 MHz range). Notably, the SPE in
Fig. 2(a) consists of a doublet with a fine-structure split-
ting (FSS) of the order of 700 µeV, which has previously
been attributed to anisotropic strain [26] and intervalley
excitonic mixing in WSe2 [41,47,54]. Interestingly, both
peaks of the doublet exhibit the same splitting as a func-
tion of frequency, and given the extent of the modulation,
the two peaks can overlap and mix at the position of
the cavity resonances. This mixing has implications for

photon-state engineering and entanglement, as discussed
below.

The trend is similar in h-BN, as seen in the modulated
spectral map in Fig. 2(c). Clear splitting is observed for
the cavity resonance at 398.0 MHz, whereas only spectral
broadening is observed for the cavity mode at 397.2 MHz.
The emitter linewidth remains instrument-response limited
when the cavity is driven off resonance. Notably, these h-
BN emitters exhibit less jitter compared to WSe2. Among
the h-BN emitters identified in our devices, only 10% of
them exhibit SAW-induced splitting, which is a consider-
ably lower yield than WSe2; however, given that the h-BN
flakes are multilayer, we expect that the coupling strength
of the SAW to the emitter would be proportional to the
proximity of the defect to the surface of the lithium nio-
bate. This is especially the case in vdW materials where
the in-plane compressive or tensile stress transfers weakly
in the c-axis direction due to weak out-of-plane interac-
tions, as evidenced by the extremely low c-axis thermal
conductivity of 2D materials [55].

IV. STROBOSCOPIC MEASUREMENTS AND
DEFORMATION POTENTIAL COUPLING

While it is clear that the SPEs are modulated by the
SAWs, to rule out alternative explanations, such as induced
nonradiative decay or local heating, we perform time-
resolved and stroboscopic PL measurements to map out
the SAW dynamics. We focus on WSe2 SPE devices, but
similar arguments apply to h-BN SPE devices as well.
First, Fig. 3(a) shows the time-resolved PL dynamics of
the WSe2 emitter from Fig. 1 with (Prf = 6 dBm) and
without power applied to the SAW IDT. In both cases,
the SPE recombination lifetime is longer than about 2 ns,

(a)

(b)

(c)

(d)

FIG. 2. Microwave frequency-dependent energy splitting of a WSe2 and h-BN single-photon emitter obtained from 4.4-K PL mod-
ulation spectroscopy. (a) Representative WSe2 emitter resonance modulation as a function of applied frequency to the SAW cavity.
Cavity resonances are denoted by vertical dashed lines. The spectral jumps are due to spectral jitter that appear at slow measurement
timescales often observed under nonresonant excitation of WSe2 emitters. A fine-structure-split peak of the zero-phonon line appears
0.8 meV higher in energy than the main signal and is denoted by an arrow. (b) SAW cavity reflection spectrum for the WSe2 device.
(c) The h-BN single-photon emission modulation as a function of applied frequency to the SAW cavity. In general, h-BN emitters
demonstrate higher spectral stability compared to WSe2. (d) SAW cavity reflection spectrum for the h-BN device.
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(a) (b) (c)

FIG. 3. Time-resolved and stroboscopic photoluminescence measurements. (a) Time-resolved photoluminescence of a WSe2 emitter
with the SAW off (top panel) and SAW on (bottom panel). A recombination lifetime > 2 ns is observed in both cases, ruling out
any nonradiative, electrodynamic charging, or thermal dissipation mechanisms for the observed modulated signals. (b) Conceptual
illustration of the stroboscopic measurement. A monochromator is used to filter out a portion of the modulated signal. The filtered
photons are sent to a single-photon avalanche diode (SPAD) and their arrival with respect to the SAW drive signal, which modulates
the SPE frequency, is recorded. This allows unravelling of the temporal dynamics of the SPE modulation at nanosecond timescales
(dark green peaks), which is otherwise inaccessible due to the slow timescale of steady-state PL measurement (dark gray time-averaged
spectrum, which is a projection along the time axis). (c) Results from the stroboscopic measurement (points) with a fit from a Monte
Carlo simulation (solid line). Based on the center of the bandpass optical filter, both frf and 2frf components are observed, as expected.

ruling out any new nonradiative recombination or ther-
mal processes that could lead to faster recombination and
broadening of the linewidth in the steady-state PL spec-
trum. We next performed stroboscopic measurements in
which the arrival time of the emitted photons with respect
to the phase of the applied SAW waveform is measured
through single-photon counting and binning. The emission
was spectrally filtered using a monochromator to isolate
photons near the wings of the modulated steady-state PL
spectrum [Fig. 3(b)]. Results from this measurement are
shown by the histogram in Fig. 3(c), which demonstrates
clear modulation of the emission waveform at the funda-
mental SAW frequency of frf. We observe an additional
frequency component at 2frf due to the limited resolution
of our monochromator with respect to the total linewidth
of our modulated emitter. A fit of the data using a Monte-
Carlo-like simulation of a modulated emitter overlapped
with a nonideal bandpass filter is shown as the solid line in
Fig. 3(c) (see Appendix E for details).

We next performed experiments measuring �E as a
function of the applied power to the IDT for both WSe2
and h-BN emitters. A plot of the observed energy split-
ting, 2�E, as a function of the square root of the applied
IDT power (Prf) is shown in Fig. 4. The splitting 2�E
for WSe2 and h-BN is extracted at each applied power
and fit as discussed in Appendix D for the resonant cav-
ity modes at 300.9 and 398 MHz, respectively. From
Fig. 4, it is clear that �E increases monotonically with
the power. On a double-logarithmic scale, we find that
�E ∝ √

Prf with a slope of 0.841 meV/
√

mW for WSe2
and 1.199 meV/

√
mW for h-BN (additional data for the

WSe2 emitter at different cavity modes is presented in
Fig. 12). This linear splitting behavior is consistent with

deformation potential coupling as the predominant phys-
ical mechanism between the SAW and SPE that gives
rise to the energy modulation [56]. The linear fit of the
power dependence allows us to rule out any additional con-
tributions, such as Stark-induced electric field coupling,
as having a negligible effect on the SPE splitting and
modulation, since this would scale as �E ∝ Prf [56].

To extract the deformation potential coupling efficiency,
a finite-element simulation is used to extract the tensile

FIG. 4. Power dependence of the emitter lineshape split-
ting demonstrating deformation potential coupling. Here �E is
shown as a function of applied power to the SAW IDT. Data for
the WSe2 (h-BN) emitter coupled to a 300.9 MHz (398 MHz)
SAW cavity resonance are shown in yellow (red). Fits to the
power-dependent splitting for the WSe2 and h-BN emitters yield
slopes of 0.841 and 1.199 meV/

√
mW, respectively, indicating

deformation potential coupling.
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strain component along the propagation axis of the cavity
at various applied powers to the IDT. A strain of 0.012% at
0-dBm applied power is determined for our 300-MHz res-
onator with a cavity length L = 2600 µm (see Appendix
F). Assuming that the strain in the SAW fully transfers
to the WSe2 flake, this results in at least an approximate
35 meV/1% frequency shift for WSe2 SPEs; this is a lower
bound for the sensitivity of the emitter, given that the van
der Waals interaction between the monolayer and LiNbO3
surface could potentially reduce the full transfer of the
strain to the SPE. Previously reported measurements of
the static energy shift versus strain applied to SPEs lead
to an average value of 20-meV/1% (up to 120-meV/1%
maximum) for WSe2 emitters. These values are within
the same order of magnitude as our extracted coupling
efficiency, which suggests that the strain at the LiNbO3
surface is efficiently transferred to the WSe2 monolayer.
Similarly for h-BN, we measure 0.125 meV splitting at
0 dBm of applied power, leading to 12.5-meV/1% defor-
mation potential coupling for h-BN, which is inline with
previous estimates from static strain tuning of h-BN red
single-photon emitters [57].

V. DYNAMIC MODULATION OF SPE
EXCITON-BIEXCITON-LIKE FEATURES

After confirming the deformation potential coupling as
the microscopic nature of the SPE modulation for both
WSe2 and h-BN, we turn our attention to a unique fea-
ture that arises in WSe2 SPEs due to the intervalley crystal
symmetry breaking in the presence of the defects. The
zero-phonon line of SPEs in WSe2 typically exhibits a
doublet with energy splitting of about 0.7 meV, as shown
in Figs. 5(a) and 5(b). The emitters characterized here
exhibit slow timescale spectral diffusion similar to that
observed in Fig. 2. To clearly illustrate how the SAWs cou-
ple to the fine-structure doublets, we correct for the slow
spectral diffusion via postprocessing in Fig. 5. SAWs are
driven at the 299.4-MHz resonance and three PL spectra
are acquired and averaged for each applied SAW drive
power. For each averaged spectrum, the peaks are fit to
the center frequency and this frequency is subtracted from
the spectra taken for the adjacent SAW drive powers. The
doublet is thought to arise from asymmetry in the confin-
ing potential, which hybridizes the spin and valley states.
This hybridization leads to splitting of the SPE transition
into orthogonal linearly polarized transitions shown as H
and V [41,47,54]. Similar fine-structure splitting effects
have been observed in other SPE platforms, most notably
III-V QDs [58–60]. In some cases, such as the determinis-
tic generation of linearly polarized photons, fine-structure
splitting can be advantageous [61,62], while in others, such
as generation of entangled photon pairs via the biexciton-
exciton radiative cascade, the fine-structure splitting can be
detrimental by reducing the entanglement fidelity [63,64].

Despite observations of the radiative biexciton-exciton
cascade in monolayer WSe2 observed here and in prior
works [41,65], the nonzero fine-structure splitting has pre-
vented any measurements of polarization entanglement
with 2D materials.

SAW control of the single-photon emission is a unique,
on-chip mechanism to manipulate the fine-structure split-
ting features. As shown in Figs. 5(a) and 5(b), the excitonic
peak with its associated polarization can be split into two
peaks with an energy spacing tuned by the applied SAW
IDT power. In a specific range of powers, the H and V
transitions overlap, resulting in a steady-state PL spec-
trum consisting of three Lorentzians for which the side
peaks are vertically and horizontally polarized and the cen-
tral peak becomes a mixture of the two polarizations. By
aligning an optical bandpass filter to the central peak, the
collected photons are reminiscent of an atomiclike emit-
ter without fine structure, and the SAW modulation may
serve as a mechanism to erase the fine structure alto-
gether, although at a cost of reduced brightness. The SAW-
mediated fine-structure mixing may find immediate appli-
cations for entangled-photon-pair generation from WSe2
SPEs through the radiative biexciton cascade, whereby the
emission of a photon from the biexciton-to-exciton tran-
sition leads to a second photon emitted from the exciton-
to-ground state transition [inset to Fig. 5(a)]. Indeed, for
many SPEs, we observe exciton-biexciton transitions with
fine-structure split doublets, as shown in the top panel
of Fig. 5(c). When turning on the SAW drive power at
299.4 MHz, the deformation potential mixes the transitions
in the central regions highlighted in the bottom panel of
Fig. 5(c).

VI. DISCUSSION

The underlying mechanism of the fine-structure mix-
ing still remains an interesting open question worth future
investigation. Two potential mechanisms can be envi-
sioned to cause the mixing and are illustrated in Fig. 6.
First, similar to Fig. 1(a), due to oscillating compressive
and tensile strain, the band gap of WSe2 oscillates at the
SAW frequency, causing the atomic level transitions to
renormalize and oscillate as well. In this picture (type-
I mechanism), the atomistic description of the two-level
system that is responsible for the fine-structure splitting
remains relatively the same, and the two fine-structure
peaks oscillate in phase with one another. This mechanism
would only appear to have their fine-structure splitting
removed on the central peak due to the slow timescale
of the steady-state PL measurements. For the second pos-
sible mechanism (type-II mechanism), the single-particle
wavefunctions of the ground and excited states become
compressed and elongated across the strain axis, which
also causes the fine-structure transition energies to oscil-
late. Here, however, the fundamental mechanism of the
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(a) (b) (c)

FIG. 5. Deformation potential coupling and fine-structure mixing of the exciton-biexciton radiative cascade in monolayer WSe2. (a)
Contour map showing the increase in �E with applied IDT power to a SAW cavity mode at 299.4 MHz. The data have been corrected
for slow spectral diffusion to assist in visualizing the SAW coupling to the fine-structure-split states. The emission energy is scaled
relative to the highest-energy ZPL state for this emitter. Inset demonstrates a conceptual illustration of biexciton-exciton radiative
cascade from WSe2 emitters with nonzero fine-structure splitting. GS, X, and XX denote the ground-state, exciton, and biexciton
states. (b) Fine-structure splitting of a representative single-photon emitter in WSe2 with horizontally (H) and vertically (V) polarized
transitions split into a doublet separated by 0.7 meV. Bottom panel demonstrates mixing of the single-photon emitter’s fine-structure
states when injecting phonons into the SAW mode at 299.4 MHz. The characteristic double-peak spectrum of SAW-modulated SPEs
is observed for both the H and V transitions, which results in a single threefold Lorentzian in which the central peak arises from
mixing of the H and V transitions. (c) Mixing of the emission from fine-structure states of the exciton-biexciton-like cascade in WSe2
upon SAW modulation. The top panel shows the emission spectrum for no applied SAW power with the characteristic set of doublets
corresponding to the excitonlike (X) and biexcitonlike (XX) transitions. The bottom panel shows the spectrum from the same emitter
with SAW modulation. The doublets merge as demonstrated in (b), and the highlighted region demonstrates the energies at which the
fine-structure splitting is erased by mixing both the H and V photons.

oscillation is not band-gap renormalization, but instead
strain-induced modification to the atomic morphology of
the defect. In this case, similar to control of the fine-
structure splitting via strain in III-V QDs [66], the com-
pressive and tensile strain can restore the system symmetry
associated with the exchange interaction, eliminating the
fine structure altogether. In the case of the type-I mecha-
nism, the central Lorentzian appearing in the PL spectra
would become a mixed state of H and V polarized light on
slow timescales relative to the inverse of the fine-structure
splitting. In the case of the type-II mechanism, the central
Lorentzian is a coherent entangled state. These two sce-
narios, on a slow timescale of steady-state PL, lead to the
same spectral response, and given that their polarimetric
density matrices are identical, they cannot be distinguished
from each other with polarization state tomography. It is
plausible that both mechanisms, each acting with differ-
ent strengths depending on the orientation of the SAW
propagation and emitter’s dipole axis, are simultaneously
occurring. These observations also unveil additional pos-
sibilities; for example, examining whether rearranging the
order of successive photons in the type-I case (when the
oscillation is in phase) could lead to the creation of an
entangled state is worth exploring. Additionally, the fre-
quency modulation of the doublets allows for simultaneous
temporal and spectral filtering that can mitigate dephasing

and restore indistinguishability, albeit at the expense of
optical brightness [67].

To compare the potential of single-photon emitters in
2D materials for optomechanical applications, a holistic
approach is required. As evidenced by our experiments,
WSe2 emitters show a higher sensitivity to deformation
potential coupling than h-BN. This is expected given that
the ratio of the photon energy to the band gap for WSe2
is considerably lower than that for h-BN. Hence, to first
order, the transition in WSe2 is more sensitive to small
modulations of the band gap. Additionally, WSe2 emit-
ters are hypothesized to arise from an interplay between
the defects and strain, where a valley-symmetry-breaking
defect located at a strained region comes into resonance
with the dark exciton energy in WSe2 and becomes a viable
pathway for the radiative recombination of the dark exci-
ton as single-photon light [41,47]. Given the crucial role of
strain in the microscopic origin of WSe2 emitters, we also
expected a higher deformation potential coupling. This
has in fact also been observed in other studies, where, on
average, higher deformation potential coupling for WSe2
emitters has been measured compared to h-BN; however,
to our knowledge, this is the first work that compares the
deformation potential coupling on the same platform, and
using the same methods, which allows us to further cor-
roborate this conclusion [52,68,69]. Lastly, SPEs in WSe2
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FIG. 6. Prospective mechanisms for fine-structure mixing of
the exciton-biexciton radiative cascade in monolayer WSe2.
Schematic illustration of two possible mechanisms for the
observed fine-structure mixing. Here XH and XV denote the
“H”- and “V”-polarized exciton FSS transitions, respectively.
In the experiments, spectral filtering is indicated by the yellow
shaded region, which highlights the optical energy bandwidth
of detected photons. For the type-I mechanism, the two fine-
structure peaks oscillate in phase with one another with a period
TSAW corresponding to the inverse of the SAW modulation fre-
quency. As a result, photons emitted at the XH and XV energies
exhibit a time delay for when they overlap with the spectral fil-
ter. For the type-II mechanism, the peaks oscillate at the SAW
frequency out of phase, resulting in synchronization and elimi-
nation of the fine-structure splitting altogether due to the strain
induced by the SAW.

are known to exist in the monolayer and bilayer forms
of WSe2, whereas in h-BN, high-quality SPEs appear in
multilayer forms of h-BN. Given the overall low c-axis
thermal conductivity in 2D materials, it is expected that
strain transfer to monolayer or bilayer materials would
exceed that of multilayer flakes and allow us to observe
higher deformation potential coupling in monolayer WSe2;
however, larger deformation potential coupling only trans-
lates to larger vacuum optomechanical coupling g0, and for
optomechanical applications, factors such as brightness,
purity, linewidth, and indistinguishibility are also crucial
factors that require attention in order to engineer coherent
quantum mechanical systems using 2D material hosts. The
purity and brightness of h-BN and WSe2 SPEs are rela-
tively on par with each other; however, as also apparent
from our results, h-BN SPEs demonstrate higher stability
and lower-frequency jitter. In h-BN, while the deformation
potential coupling is weaker than in WSe2 by a factor of 4,
Fourier-limited SPE emission from h-BN red emitters have
been observed with linewidths as low as 25 MHz [36] and
the generation of indistinguishable photons [35], whereas
the smallest linewidth observed in WSe2 emitters to our

knowledge is 2.5 GHz [70]. This implies that reaching
a sideband-resolved regime and coherent photon-phonon
interactions in h-BN may be more feasible in the near
future using higher-frequency SAW cavities and resonant
excitation schemes. In addition to this, reports of possi-
ble spin ground states in h-BN would, in our opinion,
make h-BN SPEs a more suitable platform for quantum
optomechanics that include photons, phonons, and spins.
While the current iteration of the SPE-SAW resonator is in
the initial stage of development with the resonator oper-
ating in a fully classical regime, the next generation of
devices requires reducing the mode volume and increasing
the operation frequency to the gigahertz range to reach the
sideband-resolved regime. This would allow for coherent
quantum phenomena to be observed, such optical sideband
pumping to herald the generation of single-cavity phonons
[21], photon-phonon entangled states, and acoustically
driven Rabi oscillations [17].

VII. CONCLUSION

In summary, acoustic control of single-photon emit-
ters in monolayer WSe2 and multilayer h-BN integrated
with LiNbO3 surface acoustic wave resonators is demon-
strated through electromechanical and optomechanical
spectroscopy. The observed single-photon emitter modu-
lation is consistent with deformation potential coupling
through strain with sensitivity of at least 35 meV/% for
WSe2, and 12.5 meV/% for h-BN. We demonstrate a
near-term application of classical control of 2D mate-
rial emitters through SAW-mediated single-photon fre-
quency modulation and high-speed fine-structure manip-
ulation, which may open the door for demonstrations
of entangled-photon-pair generation from 2D materials.
The integration of 2D materials with gigahertz-frequency
SAW resonators in the future would enable operation in
the quantum regime with demonstrations of sideband-
resolved excitation and detection, quantum transduction,
and photon-phonon entanglement.

The data that support the findings in this study are
available from the corresponding author upon reasonable
request.
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FIG. 7. Extended data: resonance quality factor fits. (a) Cavity
reflection spectrum magnitude, |S11|, showing modes centered
around 300 MHz. Vertical dashed lines and gradient areas rep-
resent the Bragg mirror band edges. Fits to each |S11| mode are
denoted by dashed red lines. (b) Corresponding phase data for the
cavity reflection spectrum are shown. The corresponding phase
fits to each |S11| mode fit are denoted by dashed red lines.
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APPENDIX A: ELECTROMECHANICAL
CHARACTERIZATION

The S11 scattering parameter was measured to ascer-
tain the intrinsic quality factor, Qi, and external quality
factor, Qe, of the SAW resonator. The output from a vec-
tor network analyzer (VNA) was sent to the single port
of the SAW resonator IDT. The reflected signal from the
resonator was sent back to the VNA, and the magnitude
and phase of S11 were measured as a function of rf fre-
quency at 4.4 K. Figures 7(a) and 7(b) show representative
results from this measurement. Dips in the |S11| spectrum
within the bandwidth of the SAW resonator mirrors (about
298–304 MHz) are indicative of the different SAW res-
onator modes. By simultaneously fitting the magnitude and
phase at each resonance frequency to

S11(f ) = (Qe,n − Qi,n)/Qe,n + 2iQi,n(f − fn)/f
(Qe,n + Qi,n)/Qe,n + 2iQi,n(f − fn)/f

, (A1)

we extract both Qi and Qe for each resonance. Table I
summarizes the results from the fits for each of the cavity
resonances measured after transferring the 2D flakes.

TABLE I. Intrinsic (Qi) and external (Qe) quality factors for
each of the SAW resonator modes.

fSAW (MHz)

298.425 299.425 300.975 303.561

Qi 1300 3000 1600 1700
Qe 5900 800 2300 6000

APPENDIX B: DEVICE FABRICATION

SAW resonators were fabricated on bulk 128◦ YX-cut
lithium niobate, which is a piezoelectric substrate with
high electromechanical coupling (K2 = 5.4%). A repre-
sentative optical image of the SAW resonators is shown
in Fig. 8(a).

As shown in the fabrication flow diagram in Fig.
8(b), the resonators were fabricated with 20 nm of NbN
deposited by dc magnetron reactive sputtering. Distributed
Bragg grating mirrors were then patterned using optical
lithography and inductively coupled plasma reactive ion
etching with CF4 chemistry. Various cavity lengths L were
fabricated, where L = d + 2Lm. The inner SAW mirror
edges are separated by d and the modes penetrate the
mirrors by Lm = w/rs ≈ 130 µm for a NbN width w =
10 µm and single-period reflectivity rs ≈ 0.02 [71]. One-
port SAW resonators were fabricated by placing a NbN
IDT within the SAW resonator. Contact pads composed
of 10 nm of Ti and 90 nm of Au were deposited using
a lift-off process. Finally, monolayer WSe2 flakes were
identified using mechanical exfoliation and high-contrast
optical imaging. Monolayers were then integrated within
the SAW resonator using an all-dry transfer method. An
optical image of the cavity after transfer is shown in Fig.
8(a). After the device fabrication was completed, the sam-
ples were attached to an Oxygen-free high-conductivity
copper mount that holds both the sample and printed cir-
cuit board (PCB), and the devices were wire-bonded prior
to the experiments.

APPENDIX C: ACOUSTO-OPTICAL
MICROSCOPY

A 532-nm continuous-wave laser source was used
for the steady-state and stroboscopic measurements. A
dichroic mirror at 540 nm was used to separate the opti-
cal excitation and collection paths. An additional 600 nm
long-pass optical filter was used to further extinguish the
excitation laser in the collection path. An infinity-corrected
0.55-NA objective with 13-mm working distance was used
for spectroscopy. Samples were placed on a customized
radio-frequency (rf) PCB sample carrier for microwave
connection and were cooled to 4.4 K inside a Montana
S200 cryostation. Optical spectra were acquired using
a Princeton instruments HRS-500 with 300/1200/1800
groove/mm gratings and a thermoelectrically cooled Pixis
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(a) (b)

FIG. 8. Extended data: fabrication process flow for the WSe2-SAW devices. (a) An optical image of the completed device is shown.
The WSe2 monolayer is indicated by the dashed line box. The IDT and mirrors are respectively highlighted in red and yellow dashed
boxes. (b) The process flow for fabricating the devices includes (i) NbN sputter deposition, (ii) optical lithography and a dry etch
process, (iii) Ti/Au metal deposition and liftoff for wire-bond pads, and (iv) 2D material transfer using an all-dry viscoelastic technique.

silicon CCD. Second-order autocorrelation measurements
with continuous-wave optical excitation were performed
by utilizing the spectrometer as a monochromator to filter
the emission from individual emitters. The optical signals
were then collected in a multimode fiber beam splitter con-
nected to two single-photon avalanche detectors (Excelitas
SCPM-AQRH-13-FC). Swabian time-tagging electronics
were used for photon counting. A schematic of the steady-
state PL spectroscopy is illustrated in Fig. 9(a).

Time-resolved photoluminescence measurements were
performed using a 660-nm, 80-MHz repetition rate pulsed
laser source and single-photon counting. For stroboscopic

measurements, the internal oscillator of the rf signal gen-
erator for driving the SAW IDT was connected to an
external clock generator for synchronization between the
SAW and detected photons. The external clock provided a
pulsed signal with frf/30 to the start channel of the photon-
counting module. The emitter photoluminescence detected
after the monochromator with the single-photon detector
was connected to the stop channel, and a histogram of
start-stop times was constructed as the spectrometer grat-
ing was scanned across the modulated SPE resonances. A
schematic of the time-resolved PL spectroscopy is illus-
trated in Fig. 9(b).

(a) (b)

FIG. 9. Extended data: photoluminescence (PL) spectroscopy setup. (a) The steady-state PL setup is shown. Components illustrate
capability for imaging on the charge-coupled device (CCD) and second-order autocorrelation measurements. (b) The PL setup for
time-resolved spectroscopy, mainly the stroboscopic measurement, is illustrated.
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(a) (b)

FIG. 10. Extended data: spectral fits to a Lorentzian lineshape with a temporal sinusoidal oscillation SAW modulation of a SPE is
shown. A SPE from an additional sample, a resonant cavity centered at 500 MHz, is shown. (a) SPE emission under no applied SAW
power is indicated via a dashed line. An applied power of 11 dBm at a resonant cavity mode of 503.88 MHz results in a dual-peak
spectrum whose fit is shown via a solid line. We extract �E = 0.62 meV from the fit. (b) Power applied to the same SPE at a different
resonant cavity mode, 499.79 MHz, exhibiting �E = 0.285 meV splitting extracted from a fit to a temporally oscillating Lorentzian
function.

APPENDIX D: FITTING OF THE ZPL SPLIT-PEAK
STRUCTURE

The observed double-peak structure of the ZPL under
SAW modulation is indicative of SAW-SPE coupling. The
PL signals are fit to a Lorentzian function modulated by a

sinusoidal interaction in the time domain given by

I(E) = I0 + frf
2A
π

∫ 1/frf

0

ω

4(E − (E0 + ξ))2 + ω2 dt,

(D1)

(a) (c)

(b)

FIG. 11. Extended data: WSe2 emitter stability and spectral jitter stability of WSe2 emitters are reported. (a) Time evolution of
WSe2 emitters is shown, where separate quantum emitters are denoted by QE. Emitter 2 exhibits fine-structure splitting as indicated
by an arrow. Both peaks corresponding to emitter 2 exhibit correlated spectral jitter on a timescale of tens of seconds. (b) Frequency-
dependent energy modulation of a WSe2 emitter on a SAW cavity centered around 500 MHz is presented. The emitter exhibits charge
noise-induced spectral jitter comparable to that shown in Fig. 2(a). (c) Line spectra at select frequencies from Fig. 2(c) are shown.
The spectrum at cavity mode 398.0 MHz exhibits stronger SAW-emitter coupling compared to the 397.2-MHz cavity mode. The
off-resonant spectrum at 397.7 MHz indicates that both cavity modes at 397.2 and 398.0 MHz couple to the emitter at differing extents.
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FIG. 12. Extended data: power dependence of a WSe2 emitter
lineshape splitting demonstrating deformation potential coupling
�E is shown as a function of applied power to the SAW
IDT. Data for a WSe2 emitter coupled to resonant SAW cav-
ity modes at 298.4, 299.4, and 300.9 are shown. Fits to the
power-dependent splitting for the WSe2 emitters yield slopes of
1.045, 0.976, and 0.841 meV/

√
mW for modes at 298.4, 299.4,

and 300.9 MHz, respectively, indicating deformation potential
coupling.

where I0 is an offset, A is the amplitude, E0 is the center
energy, ω is the width of the Lorentzian emission peak,
ξ is �E sin(2π frft), and �E is the optomechanical modu-
lation amplitude of the SPE, which can be extracted. PL
signals shown in Figs. 1(c), 1(e), and 10 show data fitted
to Eq. (D1). The �E versus Prf scaling shown in Fig. 4 is
obtained similarly.

APPENDIX E: TIME-DOMAIN SAW
SIMULATIONS

To understand and predict the temporal dynamics of the
stroboscopic measurements, we carried out temporal sim-
ulations in MATLAB®. In the classical regime, the spectral
response of the system at any given time can be denoted as

�(t) = �

1 + (ω − ω◦ − �E sin(2π frf))2/�2 , (E1)

where � and ω◦ are the radiative decay rate and the
frequency of the emitter and �E and frf are the ampli-
tude of the SAW modulation and frequency of the SAW.
The monochromator is modeled as a square pulse in fre-
quency space as U(ωl) − U(ωh), where ωl and ωh are
the low-pass and high-pass corner frequencies of an ideal
bandpass filter. While performing the stroboscopic mea-
surement, the counts on the single-photon detector would
follow �(t)(U(ωl) − U(ωh)). The fit to the data is calcu-
lated using this expression for an emitter with a lifetime of
2 ns, a nonradiatively broadened linewidth of 2 meV, and
an ideal bandpass filter with a bandwidth of 3 meV, where

the filter is set on the high-energy wing of the spectral
response.

APPENDIX F: FINITE-ELEMENT SIMULATIONS
OF SAW CAVITY

A COMSOL Multiphysics® finite-element simulation was
used to model the strain amplitude at the location of
the WSe2 emitter. A two-dimensional simulation was
constructed representing a cross section of the LiNbO3-
NbN SAW cavity along the propagation direction and
the surface normal. Material parameters for LiNbO3 were
extracted from Ref. [72], and the elastic, piezoelectric,
and permittivity tensors were then rotated 38◦ to sim-
ulate a 128◦ YX-cut LiNbO3 substrate. NbN reflectors
and IDT electrodes were simulated with electrostatic
floating-potential and terminal and ground boundary con-
ditions, respectively. The coupled piezoelectric equations
of motion were solved using a frequency-domain simu-
lation with 0-dBm power applied to the IDT electrodes.
Perfectly matched layers were applied to the boundaries
of the simulation domain to absorb any scattered radiation.
The strain amplitude was extracted by taking the maximum
value of the tensile strain component oriented along the
SAW propagation direction between the IDT and the NbN
reflector placed further from the IDT. Over the frequency
range of 299–301 MHz, a maximum tensile strain ampli-
tude of 0.0119% at 0-dBm applied IDT power coincided
with a SAW cavity resonance at 299.665 MHz, in good
agreement with the observed resonance at 299.425 MHz
from the S11 parameter measurement.
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