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Engineering the coupling between fundamental quantum excitations
is at the heart of quantum science and technologies. An outstanding

caseis the creation of quantum light sources in which coupling between
single photons and phonons can be controlled and harnessed to enable
quantum information transduction. Here we report the deterministic
creation of quantum emitters featuring highly tunable coupling between
excitons and phonons. The quantum emitters are formed in strain-induced
quantum dots created in homobilayer WSe,. The colocalization

of quantum-confined interlayer excitons and terahertzinterlayer
breathing-mode phonons, which directly modulates the exciton energy,
leads to a uniquely strong phonon coupling to single-photon emission,
with aHuang-Rhys factor reaching up to 6.3. The single-photon spectrum
of interlayer exciton emission features a single-photon purity >83% and
multiple phononreplicas, each heralding the creation of aphonon Fock
state in the quantum emitter. Due to the vertical dipole moment of the
interlayer exciton, the phonon-photoninteractionis electrically tunable
to be higher than the exciton and phonon decoherence rate, and hence
promises to reach the strong-coupling regime. Our result demonstrates
asolid-state quantum excitonic-optomechanical system at the atomic
interface of the WSe, bilayer that emits flying photonic qubits coupled with
stationary phonons, which could be exploited for quantum transduction
and interconnection.

The quantized vibrational motioninsolid-state quantum systems, that
is, phonons, has been exploited asanimportant modality thatinterfaces
withelectrons and photons for quantuminformation science and appli-
cations'. Inbulk diamond, optical phonons with afrequency of 40 THz
have been mapped to Raman scattered photons to realize non-local
entanglementatroom temperature’ . In microscopic cavity optome-
chanical systems, phonons of megahertzto gigahertz frequencies have
beenusedtostore and transfer quantum states between microwave and
optical photons®®. In molecular quantum emitters (QEs), coupling with
the phonons of the host medium is generally considered detrimental

to the quantum properties’, although the molecule’s internal optom-
echanical degree of freedom has been exploited®. These archetypical
demonstrations utilize either bulk phonon modesinvolving collective
vibration of many atoms or a phononbandincluding alarge number of
unresolved modes, resulting inarelatively low phonon-photon scatter-
ing probability or coupling rate. To further explore the phonon degree
of freedom in the quantum regime, therefore, it is highly desirable
to engineer new quantum light sources that afford strong phonon-
photon couplinginvolving a well-defined single-phononmode, prefera-
bly with anintermediate high frequency and tunable coupling strength.
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Fig.1|Strain-engineered 2D QEs. a, Schematic of the interlayer BM phonon
which couples strongly with IXs in bilayer (2L) WSe, because the IX with vertical
dipole moments is directly modulated by the vibrational mode. b, Illustration

of bilayer WSe, transferred onto SiO, nanopillars, forming quantum dots with
local strain modulation, which host the QEs. ¢, Strain-induced potential traps
with natural defects (green dips), where excitons are funnelled into and localized.
The QE energy can be efficiently tuned by electric fields through the Stark

effect. d, Optical microscopy image of a representative device. The bilayer WSe,,
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encapsulated by hBN and gated with top and bottom graphite layers (T, B), is
transferred onto an array of SiO, nanopillars. Metal electrodes are subsequently
deposited to contact the graphite layers. Scale bar, 10 um. e. The DF T-calculated
band structure of the bilayer WSe, in pristine (blue) and under 1% tensile strain
(red) conditions. Without strain, phonon-assisted indirect bandgap transition
Q-K can occur. A sufficient amount of strain can shift the conduction band
minimum from the Q point to the K point and shift the valance band I' point up
such that direct K-K and indirect K-T transitions can become favourable.

QEs in two-dimensional materials’, including transition metal
dichalcogenide (TMD), hexagonal boron nitride (hBN) and their het-
erostructures, provide new opportunities for engineering quantum-
regime phonon-photon coupling. These atomically thin materials have
bright exciton emissions and are very rich in optically (Raman) active
phononmodes'®". Their multilayers further afford intralayer and inter-
layer phononswith avast span of frequencies from optical to acoustic
ranges. Moreover, QEs in 2D materials can be deterministically created
with several approaches, such as strain engineering and ionimplanta-
tion”™*, These techniques have enabled the site-controlled creation of
QEswithahighyield and high single-photon purities. Because they are
hosted in atomically thin materials, 2D QEs are amenable to photonic
integration to facilitate photon extraction® and Purcell effect enhance-
ment of emission', providing a versatile quantum system to explore
phonon-photoninteractions.

Here we report strong and tunable phonon-photon coupling in
strain-engineered 2D QEs that are deterministically created in bilayer
WSe,. These 2D QEs emit single photons with high purity and have
a high electrical tunability in emission energy. Remarkably, in the
single-photon emission spectra, multiple well-resolved phononreplica
lines are observed, each of which heralds the creation of aphonon Fock
state. Thelarge phonon-photon couplingin this QE system stems from
the colocalization and quantum confinement of the interlayer excitons
(IXs) and the breathing-mode (BM) phonons, which directly modulates
the exciton energy. The very high phonon-photon coupling strength
ischaracterized by alarge and electrically tunable Huang-Rhys factor
thatis, tothebest of our knowledge, the highest achieved insolid-state
QE systems'?°. The demonstrated strong and tunable single phonon-
photon coupling provides an invaluable resource for engineering
quantum light emission systems with an internal mechanical degree
of freedom for quantum information processing.

Strain engineering of single-photon emittersin
bilayer WSe,

The bilayer WSe, is an ideal system to explore the phonon-photon
interaction because it affords many Raman-active phonon modes
covering abroad frequency range”-?. Particularly, asshownin Fig. 1a,
the interlayer BM phonon strongly couples with the IXs because the
vertical dipole moment of an IX is modulated directly by the inter-
layer vibration. To explore this coupling at the single-photon level,
we use a strain-engineering approach to create QEs in bilayer WSe,
by transferring them onto patterned nanopillars'™, asillustrated in
Fig. 1a. The nanopillars induce local strain that modulates the band-
gap and thus creates spatial confinement of [Xs in the bilayer WSe,
(ref.23), resulting in quantum dots that host QEs*. Figure 1cillustrates
the potential traps formed by the localized strain in the bilayer WSe,.
The optically excited IXs are funnelled into the traps where they are
bound with natural defects and recombine to emit single photons.
In comparison with excitons in monolayer TMDs, IXs in bilayer WSe,
have alarge out-of-plane electric dipole moment?>* >, Therefore, they
couple efficiently to both a perpendicular electric field that gener-
ates a Stark shift and interlayer vibration. Stark shifts of the IX energy
by more than 50 meV have been achieved in bilayer WSe, and other
TMDs**% Multiple QEs canbe created at each site in the nanopillar array
(Fig. 1b). Although the QEs at different sites have different emission
energies duetothe variation of the local parameters such as theamount
of strain and the energy level of the defects, applying alocal electric
field to each of them using separate gate electrodes can tune their
emission energies to be the same.

Figure 1d shows an opticalimage of afabricated device. A stack of
bilayer WSe, encapsulated by two hBN layers (=30 nm), with top and bot-
tom graphite electrodes, is transferred onto a substrate with an array
of nanopillars made of SiO,. The top and bottom graphite electrodes
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Fig.2|Tunable 2D QEs. a, PL spectra of QEl as a function of the gate voltage. The
emitter turnson ataround —4 V andis accompanied by sidebands that are turned
onatthe same voltage. b, Line-cut of the PLinaat V,=-5V, showingan FWHM
linewidth of 1.2 meV. ¢, PL spectra of QE2 as a function of the gate voltage. The
emitter is on at zero gate bias, suggesting it has a different origin to that of QE1. At
around 3.5V, the emitter is turned off. d, Line-cut of the PLin cat V, = 2V, showing
an FWHM linewidth of 1.1 meV. e, Modulation of emitter energy of QE1and QE2

with gate voltage. The two QEs can be tuned to have nearly identical energy and
linewidth. The centre energy of the QE is extracted through a least-squaresfittoa
Lorentzian function of the PL spectra. The error bars represent the standard error
in this fit for =190 PL points. f, Second-order photon correlation g(7) measured
fromarepresentative QE, showing antibunching withg®(0) = 0.169 + 0.005,
indicating a single-photon purity of 83%. The datais shown in grey, and the fit to
the data (as detailed in Supplementary Note 1) is shown in red.

enableelectrical tuning of the QEs’ energy. Figure 1e shows the density
functionaltheory (DFT)-calculated band structure of bilayer WSe, inits
pristine state and strained state with 1% tensile strain. In pristine bilayer
WSe,, indirect bandgap transition Q-K can occur, assisted by various
single-phonon or two-phonon processes?. When under a sufficient
amount of strain, the conduction band minimum is shifted from the
Q pointtothe K point, and the valance band I point is shifted up such
thatdirect K-Kand indirect K-T transitions can become favourablein
energy, enabling strong exciton coupling to zero-momentum phon-
ons**°"* Therefore, depending on the level of local strain, IX species
correspondingto either Q-K, K-T or K-K transitions can dominate the
photon emission. These IX species have different dipole moments?,
but because their energy is susceptible to the interlayer separation,
they all couple to BM phonon strongly.

Tunable QEs

We fabricated multiple samples. In each sample, we can find multiple
QEs at different nanopillars in the array. All the measurements were
performed in a cryostat at a temperature of 10 K. Figure 2a shows
the photoluminescence (PL) spectrum of a QE (QE1) as a function of
top-gate voltage (withthe bottom-gate grounded). The excitation laser
is 632.8 nmwith a fixed power of 15 pyW. QE1 remains dark until the gate
voltage reaches anegative value of -—3.5 V, after which a bright, sharp
PL peakis observed at 1,555 meV with a full-width at half-maximum
(FWHM) linewidth of 1.1 meV. This turn-on behaviour may be attributed
totheIXs beingbound to a donor (or acceptor)-type defect, meaning

thatelectron (or hole) dopingis needed for IX to bind to the defect and
form a QE. Both donor- and acceptor-type defects in WSe, have been
reported previously**. Among the 19 IX QEs in five devices (Supple-
mentary Fig.1) we have measured, 16 of them turn on at negative gate
voltage, and three of them turn on at positive gate voltage. The gate volt-
ageinduces doping because of the top/bottom structure asymmetry
ofthedevices, including the nanopillars at the bottom, and the thicker
bottom hBN layer that prevents piercing by the nanopillars. There is
also possible non-negligible current leakage through the layers. After
QElisturned on, its emission can be redshifted by more than 6.4 meV
(-3.3 nminwavelength) with the application of gate voltage up to -7 V.
From the dipole model of field tunability, AU = p x E, we calculate the
IX dipole moment of QE1p to be 0.341 e-nm, consistent with previous
experimental results for K-T IX (ref. 22,25,26). Among the 19 IX QEs we
have measured (Supplementary Table 1), we observed three ranges
of dipole moments around 0.32, 0.46 and 0.63 e-nm. Respectively,
they correspond to the theoretical values of K-T, Q-K and K-K IXs. As
shown by the DFT-calculated band structure under strain (Fig. 1d) and
previously reported experimental results, which type of IX dominates
the QE depends on the local strain level?>**°5-38 Because the local
strain level can vary considerably at each nanopillar, and QE forma-
tion results from the accidental occurrence of a suitable defect, the
strain levels at different QEs can be very different, thereby leading to
different types of IX. Even higher tunability can be achieved with QEs
in heterobilayers, such as moiré excitons®’, which have an even larger
dipole moment. Figure 2c shows the PL spectra of another QE (QE2),
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Fig.3|Single-phonon emissionlines. a, PL spectrum of QElat —6.4 V. Five
emission lines can be observed and are fitted with Lorentzian functions (shaded
area). b, PL spectrum of QE3 at -5.0 V. Four emission lines can be observed and
arefitted with Lorentzian functions (shaded area). c¢,d, The photons from the
sidebands of QE1 (c) and QE3 (d) are polarized with the same orientation. The thin
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black lines are guides for linear polarization. e,f, The sideband energy of QE1 (e)
and QE3 (f) is tuned by the gate voltage synchronously at the same rate with an
unchanged spacing in energy. The centre energy of each QE sideband is extracted
through aleast-squares fit to a Lorentzian function of the PL spectra. The error
bars represent the standard error in this fit for n =400 PL points.

which behaves differently from IX QEs. QE2 is bright at zero gate volt-
age with an emission energy of 1,550 meV, which remains unchanged
with varying gate voltage until 3.0 V when the emission is turned off.
Thistype of QE canbe attributed to defect-bound intralayer excitons,
whichdonot coupleto the out-of-plane electric field and are rarer (only
three out of 22 QEs we measured). However, asufficiently high electric
field can cause electron or hole tunnelling to another layer of WSe,,
consequently turning off the intralayer exciton emission.

The different responses of the two types of QEs to electrical modu-
lation allow us to tune them to the same energy, as summarized in
Fig.2e.InFig.2b,d, when gate voltages of -5.0 Vand 2.0 V are applied
to QE1 and QE2, respectively, both QEs emit photons at 1,550 meV
with similar linewidths. Figure 2f shows the second-order photon cor-
relation g?(r) measured from a device (QE13 in Supplementary Fig. 1)
behaving similarly to QEL. A filter with ~5.0 nm (9.7 meV) bandwidth
was used to select the measurement range. The result shows clear
antibunching with g?(0) = 0.169 + 0.005, indicating a single-photon
purity of 83%. From fitting the autocorrelation data, we estimate the
QElifetimetobe2.0 + 0.25 ns. We have measured similar antibunching
results from many QEs with linewidths in the range of 1-3 meV across
different devices (Supplementary Fig. 3). The demonstrated wide
electrical tuning range makes these 2D QEs promising for achieving
scalable arrays of indistinguishable single-photon sources. In areas
without nanopillars, we measure IX emission with a much broader
linewidth >5 meV and without antibunching, whichis consistent with
previous reports””>**°, Inaddition, we observed no pronounced emis-
sioninawide energy range below the bandgap (Supplementary Fig.13),
and therefore emission due to in-gap defect states can be ruled out.

Therefore, we conclude that the combination of defect and strain engi-
neering is necessary to create the QEs”. There are several possible types
of defects in WSe,, including selenium vacancies, tungsten antisites,
oxygen-passivated selenium vacancies and oxygen interstitials***™*,
Althoughiit is unclear which type of defect is responsible for forming
the QE—microscopy studies are needed to reveal this—the selenium
vacancy has a higher density than other types and hence is more likely
to occur at the nanopillars.

Single exciton-phonon coupling
Avery notable feature in the PL spectra of QE1 (Fig. 2a) is multiple
emission lines on both sides of the main peak. These emission lines
are turned on/off by the gate voltage along with the main peak and
modulated at the samerate, suggesting their correlation. We observed
similar featuresin many devices. Figure 3a,b shows the PL spectra of QE1
and another QE (QE3), measured with gate voltages of —-6.4and -5.0 V,
respectively. Five emission lines can be observed with spacings in the
range of 3.0-3.7 meV for QE1 (Fig. 3a) and 3.7-5.1 meV for QE3 (Fig. 3b).
We then measured the polarization of the photons from each emission
line. As shown in Fig. 3¢,d, photons from each QE’s emission line are
linearly polarized with the same orientation. Figure 3e,f shows that the
energies of these lines are tuned by the gate voltage synchronously at
the samerate, with their spacings unchanged. All these features allow
us to conclude that these emission lines originate from the same QE,
rather than other emitters nearby.

The observation of multiple well-resolved emission lines can be
explained as phonon replicas due to the coupling between a single IX
andasingle-phonon mode thatare colocalized in the QE. Their coupling
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Fig. 4 |Strong and tunable single phonon-exciton coupling. a. A diagram of
the Franck-Condon model of exciton-phonon couplingin a2D QE. The lower
parabolic potential represents the ground-state PES of the QE. Multiple phonon
states with an energy spacing of 3.4 meV are shown, with their wavefunctions
illustrated. The upper potential represents the excited-state PES of the QE with
optically pumped IX. The phonon mode that strongly couples with the IX is

the BM, in which the layers of WSe, move in opposite directions, modulating
theinterlayer spacing and IX energy. Based on the Huang-Rhys theory, the
phonon line intensity should have a Poisson distribution with an average phonon

number at S, which is the Huang-Rhys factor. The anharmonic effect can result
inunequal energy spacing for the adjacent phononlines. b, PL spectra of QEl at
different gate voltages. The intensity distribution of the phonon lines is strongly
modulated by the gate voltage. We extract the value of S by fitting the intensity
with the Poisson distribution. ¢, S as a function of the gate voltage. S initially
increases with the voltage, in agreement with theory, and levels off after 5.0 V.
d, Sasafunction of pump power. Theerror barsin cand d represent the standard
error inthe least-squares fit to the Poisson distribution for n = 450. More details
of this calculation can be seen in Supplementary Note 8.

canbeunderstood with the Franck-Condon principle, asillustratedin
Fig.4a(ref.19,20,45,46). The ground state of the QE and its excited state
when an IX is generated can be modelled with two potential energy
surfaces (PESs). Each PES is populated with phonon states that are not
evenly spaced because of the anharmonicity of the PES. Under the linear
coupling approximation, the phonon-exciton coupling is represented
by ashifted equilibrium position of the excited-state PES relative to the
ground state. At low temperatures, the QE at the ground-state PES has
nearly zero phononoccupancy. When an excitonis created by the pump
laser, the QE is excited into a higher-energy PES and quickly relaxes to
itszerophonon level. Uponexciton recombination, the QE emitsasingle
photon and relaxes to its ground-state PES but at an elevated phonon
state (Fig. 4a). As a result, the energy of the emitted photon is
Stokes-shifted from the zero-phonon line, forming phonon replicas
spaced by the phonon energy. InFig. 4a, the emission lines are labelled
with the corresponding phonon number state |n) in the ground-state
PES. According to the Huang-Rhys theory for discrete phonon lines,
the intensity of the nth phonon line is proportional to the overlap
integral between the initial and final phonon states, that is,
140, |, n) |2 = e~55"/n!,where Sis the dimensionless Huang-Rhys factor
measuring the strength of the exciton-phonon coupling. Therefore,
the phononlineintensities have a Poisson distribution with an expecta-
tion value of S, as illustrated in Fig. 4a. In many other solid-state QEs,
suchas the colour centresin diamond, the coupling of defect emitters
to bulk phonons produces phononsidebands that are not well resolved
due to the continuous phonon density of states in energy. In contrast,
in Fig. 3a,b, we observe clearly resolved phonon lines generated by a
single localized phonon mode that couples with a single IXin the QE.
The energy spacing of the phononlinesin the range of 3.0-5.0 meV
matches the energy of the BM phononsinbilayer WSe,. Time-resolved
transmission measurementsin pristine bilayer WSe, give the frequency

and the coherence time of the BM phonon as 0.8 THz (or 3.4 meV) and
3.5 ps, respectively?’. However, the interaction between the WSe, and
the encapsulating hBN can cause mode hybridization that modulates
the frequency of the BM phonon*’. Additionally, the strong local strain
gradient and the quantum confinement also affect the BM phonon
frequency. As aresult, we observe a spread of phonon line spacing in
energy inthe many devices we measured (see Supplementary Table 3
for acomprehensive dataset).

Fig. 4b shows the PL spectra of QE1 with increasingly negative
gate voltage and a fixed pump power of 15 pW. In addition to a consist-
ent redshift of the phonon lines, their intensity distributions change
substantially, indicating the modulation of the phonon coupling
strength S. We extract the Sfactors by fitting the peak intensities with
the Poisson distribution®. Because the PES of the QEs is more com-
plicated than the simple harmonic oscillator model assumed in the
Huang-Rhystheory, the fitting has alarge error, which outweighs the
signal’s noise, so it can only estimate the S factors. More details of the
fittingmethod canbe foundin Supplementary Note 8. Despite the rela-
tively large fitting errors, the result of S versus gate voltage in Fig. 3c
clearly shows that Sinitially increases with the gate voltage, reaching
amaximal value of 6.3 at -—5V, and saturates thereafter. Although the
coupling strength g, is proportional to the effective field across the
materials, the dependence of S on the field is indirect and cannot be
ascribed toasimplelinear dependence. In particular, when the phonon
coupling is large, the dependence of S on the coupling strength and
electric field will involve the detailed change of the PES in response
totheelectricfield. The saturationis possibly due to gate leakage and
charge screening, which prevent furtherincrease of the electric field,
as also observable in the emission energy tuning in Fig. 3e. For com-
parison, we also measured S with increasing pump power and a fixed
gate voltage of -6.4 V. S for the most part is unaffected by the pump
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power. Our results show that the coupling between the colocalized
quantum phonon mode and a single exciton can be precisely tuned
byanelectric field to alarge value.

The colocalization of the IX and the BM phonon in the
strain-engineered QE results in a very large coupling between them.
The single exciton-phonon coupling can be described with the spin—
bosoninteraction Hamiltonian: Hyy, = 890,(b" + b), where b (b") isthe
phonon annihilation (creation) operator on phonon number states |n),
g, is the Pauli matrix on the basis of the ground (|g)) and excited (le))
states of the exciton, and g, is the single exciton-phonon coupling
rate"**, The BM phonon directly modulates the dipole moment of the
IX by adjusting the interlayer distance. Under an electric field E, the
single-phonon-IX coupling rate' can be calculated fromthe zero-point
amplitude (X,,¢) of the [-point BM: g = g° + 2eEX,p¢, Where Xy is
calculated from first-principles theory tobe~0.026 A.g°is the zero-field
coupling rate, whichis calculated to be <0.08 meV, one order of mag-
nitude smaller than the second term when the field is strong. Thus,
assuming that the applied field can reach a reasonably high value of
0.25Vnm™inour device®, g, can beincreased to 1.3 meV. The system
thus can reach the strong-coupling regime, satisfying 2g, > (ve.Vp),
where y. =~ 1.17 meV is the exciton linewidth (Fig. 2b) and y, <1.18 meV
isthe BM phonon decoherence rate givenits coherence time of 3.5 ps
measured at room temperature”. At cryogenic temperatures and with
better sample quality, we expect y.and y, can be further reduced.

Conclusions

We have created highly tunable QEs in WSe, bilayers by strain-
engineering methods. An immediate next step is to integrate these
emitters with integrated photonic platforms such as waveguides and
photonic crystal cavities to achieve super-radiant emission, Purcell
enhancement and cavity quantum electrodynamics. With twisted
bilayer WSe, rather than a natural bilayer, the IX energy can be tuned
electrically while stillmaintaining the characteristic valley states similar
to those reported in moiré systems®*?>*°, Furthermore, the demon-
strated tunable phonon-photon coupling strength in these 2D QEs
provides anew way to explore the quantum optomechanical effects. In
many ways, the 2D QEs are analogous to cavity optomechanical systems,
butattheatomicinterface and witha phonon frequency of0.8-1.0 THz,
whichis already at the ground state at the measurement temperature
of 10 K. It willbe possible to use aterahertz source to resonantly excite
the phononand prepare phonon Fock statesinsuch asolid-state system
attemperatures that are among the highest reported. The archetypical
excitonic-optomechanical system demonstrated here thus has the
potential to be a new quantum light resource that is entangled with
single phonons**for use in quantum information processing, storage
and communication"*,
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Methods

Device fabrication

A17 x17 array of nanopillars, each with a diameter of 140 nm, a height
0of 200 nm and spaced with a2.5 pm pitch, were patterned on300 nm
SiO, deposited by electron-beam evaporation using electron-beam
lithography. The 2D material heterostructure consists of bilayer WSe,
encapsulated by hBN around 30 nmthick with few-layer graphite as top-
and bottom-gate electrodes. In some devices, an additional graphite
layer is transferred in contact with the WSe, to control the doping of
the material. The heterostructure is stacked and transferred onto the
nanopillar array by aconventional dry transfer method using polycar-
bonate/polydimethylsiloxane (Sylgard 184) stamps. After the device
hasbeentransferred, contactelectrodes of Ti/Au to the graphite were
patterned with photolithography using adirect laser writer and deposi-
tion using electron-beam evaporation. An opticalimage of adevice is
showninFig.1d, where the straininduced by the nanopillarsis visible.

PL measurement method

The sample was wire bonded to a sample holder and loaded into a
cryostat (Montana Cyrostation S-100) to be cooled to 10 K for meas-
urement. A leakage test was done to ensure that the electrodes are
notshorted together, and then the PL spectra of strained heterostruc-
ture can be measured at different bias voltages. A continuous-wave
helium-neon laser (632.8 nm) was used to excite the excitons. The
laser beam was focused on the sample through an optical window in
the cryostat with a 50x objective lens (numerical aperture, 0.42) to
achieve a diffraction-limited spot size of about 1 um in diameter. The
IX emission was passed through a 633 nm notch filter to remove the
reflected signal of the laser before being acquired with aspectrometer
(Princeton Instruments, IsoPlane 320).

Measurement of g¢?(0)

Using the same set-up as above, after filtering the laser light with the
633 nm notch filter, the emission signal was then filtered with a tun-
able distributed Bragg reflector filter with 4 nm bandwidth (810 nm
at an incident angle of 0°, and 800 nm at 19°) to select a single emit-
ter line. The signal was then split with a beam splitter and sent to
two single-photon detectors (Excelitas, SPCM-AQRH-16) which fed
into a time-to-digital converter (ID Quantique) for the time-tagged
time-resolved data acquisition.

First-principles calculations

DFT calculations were performed using the Quantum Espresso®
package. The Perdew-Burke-Ernzerhof functional® and optimized
norm-conserving Vanderbilt pseudopotential*® were used. The disper-
sion correctionwith the D2 form was used to consider the van der Waals
interaction®’. The optimized lattice constant and interlayer distance
are3.334 Aand 6.417 A, respectively. The phonon dispersion and vibra-
tion mode were calculated based on density functional perturbation
theory. The zero-point amplitude for the BM was calculated as the
average of the mean square displacement at the zero temperature, that

is, Xppr = %Zﬁ /%|€i|,wheref,-istheeigenvector,Miisthe massofthe

ithatomin the unit cell and w is the phonon frequency.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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