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ABSTRACT

Versatile, tunable, and potentially scalable single-photon sources are a key asset in emergent photonic quantum technologies. In

this work, a single-photon source based on WS, micro-domes, created via hydrogen ion irradiation, is realized and integrated into

an open, tunable optical microcavity. Single-photon emission from the coupled emitter-cavity system is verified via the second-

order correlation measurement, revealing a g®(z = 0) value of 0.3. A detailed analysis of the spectrally selective, cavity enhanced

emission features shows the impact of a pronounced acoustic phonon emission sideband, which contributes specifically to the

non-resonant emitter—cavity coupling in this system. The achieved level of cavity-emitter control highlights the potential of open-

cavity systems to tailor the emission properties of atomically thin quantum emitters, advancing their suitability for real-world

quantum technology applications.

1 | Introduction

Compact and efficient sources of quantum light are of critical
importance in establishing quantum communication networks
and are advancing as building blocks in on-chip quantum
information processing. In recent years, a large palette of
solid-state single-photon emitters has emerged, featuring dif-
ferent degrees of flexibility and versatility. While InAs-based
quantum dots still perform best in terms of single-photon
emission brightness and purity, atomically thin semiconductors
are promising candidates as a versatile, scalable, and low-cost

alternative. Thus far, single-photon emission was demonstrated
from localized exciton emitters in strained transition-metal
dichalcogenide (TMDC) mono- and bilayers [1-4], He" ion beam-
irradiated MoS, monolayers [5, 6], as well as moiré-trapped
excitons in van der Waals heterostructures [7]. In a recent
work, the feasibility of creating micro-domes via hydrogen ion
beam irradiation of thin TMDC thin flakes was demonstrated,
which represents a novel degree of freedom in engineering
both the global and the local strain in van der Waals het-
erostructures [8, 9]. It was furthermore demonstrated that such
micro-domes can host single-photon emitters, rendering them
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FIGURE 1 | (a)To-scale schematic of the ~5um long open cavity containing the hydrogenated and hBN-capped WS, layer. The topography of the

active layer is scaled by a factor of 10 in the z direction. (b) AFM measurement of the hBN-capped, hydrogenated WS, layer. The edges of the WS, layer
are indicated by a dashed green line, one of the edges of the hBN layer on top of it is shown by the dashed blue line, and the part shown in (a) is indicated
by a dashed white square. An inset at the bottom right shows a dome before it was capped with hBN. It is scaled by a factor of 1.5 compared to (a).
(c) PL map matching the region shown in (b), displaying the spectrally integrated intensity in the 622-650 nm range under 532 nm continuous wave

laser excitation.

a unique approach toward deterministic sources of quantum
light [10, 11].

In this work, we realize a cavity-tunable single-photon source
based on a WS, micro-dome realized via hydrogen ion irradiation.
We demonstrate quantum light emission from the determinis-
tically coupled emitter—cavity system, and, via combining spec-
trally selective emitter—cavity coupling with an adapted model
accounting for phonon degrees of freedom, we explore the effects
of strong phonon sidebands of the 2D material coupled to the
optical resonator mode [12, 13]. The main novelty of our work
consists of two points: We combine a passively stabilized open
cavity platform in a closed cycle cryostat with WS, micro-dome
emitters, which has large implications for up-scaling TMD-
based single photon sources. Our study furthermore captures
the fingerprints of pronounced phonon sideband effects in the
cavity—emitter coupling, thereby revealing the strong quenching
of the cavity emission when brought in resonance with the emitter
zero phonon line, which has previously only been reported in
II1-V materials.

2 | Methods and Results

The device consists of a hydrogenated WS, flake, which is
integrated into a spectrally tunable, open Fabry-Pérot cavity (see
Figure 1a). The lower mirror is a distributed Bragg reflector (DBR)
made of 10.5 pairs of TiO,/SiO,, terminated with a SiO, layer,
with optical layer thicknesses chosen as 1/4, such that the optical
stop band is centered at 620 nm. A nominally 5nm thick flake of
WS,, exfoliated from the bulk crystal by the Scotch-tape method,
is transferred to the mirror using the dry-gel stamping technique.
The low-index termination of the DBR places the WS, layer
at a cavity-field antinode, hence no additional spacer layer is
needed. This step is followed by the low-energy hydrogen beam
irradiation procedure described in Reference [8, 14|, which results
in the formation of one-atomic-monolayer-thick domes that
evolve at the surface of the flake. The deterministic placement of
individual WS, domes by selective hydrogenation is possible [11]
but was not performed here in favor of maximizing the number
of emitters by globally covering the sample with micro-domes
and relying on the flexible open microcavity as a complementary
approach for emitter selection. Finally, the sample is capped with

an approximately 8 nm thick layer of hexagonal boron nitride
(hBN), making the domes mechanically stable even at cryogenic
temperatures [11].

The top mirror consists of 5.5 layers of TiO,/SiO,, and lateral
optical mode confinement is provided by a spherical-cap-shaped
indentation (diameter of 6 um, depth of 330 nm). More details can
be found in Section S1.

First, we characterized the properties of the active hydro-
genated WS, before mounting the cavity top mirror. Atomic
force microscopy (AFM) measurements of the hBN-capped,
hydrogenated WS, layer are shown in Figure 1b and the inset
of Figure 1b displays a dome before hBN capping. While the
uncapped dome features a highly symmetric shape, the topog-
raphy on the hBN surface is strongly modified by formation
of wrinkles in the capping layer. Figure 1c displays a spatially
resolved micro-photoluminescence (PL) map of the studied flake,
recorded at a sample temperature of 3.9K using a confocal
microscopy configuration without the top mirror. The sample
flake is excited non-resonantly via an expanded 532 nm contin-
uous wave diode laser. The spectrally integrated intensity in the
emission window 622-650 nm is displayed, where we expect the
luminescence from localized emitters in WS, domes [11]. We find
that the PL emitted from the sample is highly anisotropic and
localized; spot-like emission arises at positions that we assign to
the occurrence of micro-domes.

Cavity coupling of single emission centers is accomplished by
mounting the top distributed Bragg reflector in our open cavity
framework. Since we can laterally align the two mirrors with
nanometer-scale precision, it is possible to deterministically place
a pre-selected emitter underneath the center of the spherical-cap-
shaped indentation in the top DBR. Figure 2a displays a map of
PL spectra for 532 nm continuous wave laser excitation that were
recorded as the vertical distance between top and bottom DBRs
was continuously tuned in a range between 4.98 um and 5.44 um.
The primary, narrow-band emission signal of the localized emit-
ter remains spectrally stable at an energy of 1.962 eV (labeled as
X in Figure 2a). For negative cavity-emitter detunings (i.e., E. —
E, <0, where E_ is the energy of the cavity resonance, and E, is
the energy of the localized exciton), non-resonant emitter—cavity
coupling [15] gives rise to a weaker, but distinct, luminescence
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(a) PL spectra for various detunings between cavity resonance energy and emitter energy, denoted as X, at approximately 1.962eV.

The diagonal features correspond to the spectrally tunable cavity modes, labeled C1-C3. On resonance (zero detuning), the intensity is enhanced by

approximately a factor of 17. (b) Second-order correlation measurement at zero detuning, yielding g<2)(0) = 0.27 + 0.08. The inset shows a lifetime

measurement of the coupled system.

signal of the optical resonances of our cavity, with a linewidth of
~2.3meV (labeled as C1 in Figure 2a). As we change the cavity
length, the resonant mode can be fully tuned through the discrete,
localized emission line, yielding a significant enhancement of
the detected PL signal, up to a factor of approximately 17. We
also detect higher-order cavity modes with energies 20 meV
and 42meV above the ground mode (labeled as C2 and C3 in
Figure 2a, respectively), corresponding to higher-order Laguerre-
Gaussian modes trapped in the plano-concave micro-cavity |16,
17]. The higher-order modes display less pronounced coupling
behavior, since C2 features a field node in the lateral center of the
photonic trap, and both C2 and C3 exhibit increased scattering
losses compared to Cl1 due to their larger mode diameters. It
is worth pointing out that, for positive detunings (E, — E, > 0),
the emission from the cavity mode is strongly reduced as a
result of a strong spectral asymmetry in the acoustic phonon
sideband [18], which we investigate more closely later in this

paper.

Single-photon emission from the resonantly coupled emitter—
cavity system (zero detuning conditions) is verified by measuring
the second-order correlation in a Hanbury-Brown and Twiss
(HBT) setup under continuous wave and non-resonant excitation.
We use a coarse spectral bandpass to filter the 600-650 nm
window containing the primary emission feature, and couple the
signal into a single mode fiber via a zoom collimator to allow
optimal mode matched coupling. For the HBT measurement,
a 50:50 fiber beam splitter is used with each output connected
to an avalanche photodiode, both of which are connected to
a time correlation device. The resulting correlation histogram,
shown in Figure 2b, clearly displays a pronounced dip at zero
time delay, which is the hallmark of non-classical light emission.
The fit of the model g?(z) = 1 — p - e "1/, convoluted with the
system response function, yields g®(0) = 0.27 + 0.08, verifying
the single-photon nature of the emission from our device. This
value of the second-order autocorrelation is on par with the
current state of the art in WS,-based single-photon emitters [11,
19, 20]. We furthermore stress that we measured the g® with
extremely coarse spectral filtering, only rejecting the excitation
laser with a 50 nm wide band pass (600-650 nm) and the emitter
near the center of the pass band at 632 nm. We thus expect further
improvement of the g® by narrower spectral filtering, but this
was not necessary here due to the excellent spectral isolation of
the observed emitters.

The inset of Figure 2b shows a lifetime measurement of the emit-
ter for pulsed 532 nm excitation when the emitter is in resonance
with the cavity (8 uW focused intensity, ~5 ps pulse duration).
Due to the required long integration times, the investigated
emitters tended not to withstand a full, systematic investigation of
lifetimes vs. detuning. Hence, we do not provide off-resonant life-
time measurements here. When emitters bleached, this happened
abruptly. Likely origins are therefore not exclusively electronic
in character. Instead, the mechanical instability of some domes
should be deemed as the main cause of the emitter vanishing
when the domes are exposed to high power densities in pulsed
excitation studies. We model the setup response with a skewed
Gaussian function and deconvolute the data by fitting the ideal
model convoluted by the setup response function, yielding a
characteristic decay time of 7; = 1.954 + 0.024 ns (see Section S2C
for details).

The highly tunable nature of our open cavity system allows
us to gain further insight into the intricate interplay between
the resonant coupling between cavity, quantum emitter, and
phonon modes. To this end, we selected another emitter from a
different dome, featuring a pronounced coupling with the lattice
vibrations. In Figure 3a, we display high-resolution emission
spectra of a selected emitter for strong (top panel) and modest
(middle panel) negative detunings, as well as slightly positive
detuning (bottom panel). The emission feature of this selected
emitter is split into a doublet of discrete emission lines (zero-
phonon lines, ZPLs), resulting from the inherent fine-structure
of the apparent charge-neutral, localized exciton. As mentioned,
the emitter has a pronounced acoustic phonon sideband (PSB)
that emerges from phonon emission events at energies below
the ZPL. As in the discussion of Figure 2a, we notice that
the emission of the cavity mode is clearly visible for modest
negative detuning, while it carries a substantially lower intensity
at positive detuning, since phonon absorption events are strongly
reduced at the chosen sample temperature of 4 K. Also, we found
the doublet emission feature to be common and investigated its
PL with respect to polarization. Figure S3 shows a representative
measurement, revealing a high degree of linear polarization
for each line and predominantly cross-polarization between the
two lines.

In order to carry out a quantitative analysis, we have extended the
model that was introduced in Reference [21] to describe the two
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FIGURE 3 | (a)Measured PL spectra for three cavity emitter detunings with the fitted model, as well as its individual constituents, namely, the cavity
and the lower (higher) energy emission feature “ZPL+PSB1” (“ZPL+PSB 2”). (b) Integrated intensities attributed to the three modeled components (top)
and the cavity emitter coupling factors (bottom) as a function of the cavity emitter detuning. The vertical thin dashed lines correspond to the three spectra

shown in (a).

individual ZPL-PSB constituents of the spectra by the influence
of the cavity as detailed in Reference [18]. In this approach, the
spectral shapes of the ZPL I, (E) and of the cavity mode I.(E)
are described by Lorentzians, and the acoustic-phonon sideband
(PSB) contribution is given by [21]

E-E\
IPSB(E)zanP[_< 7o )]
P
x| O, - B) + ! E-El @

|E-Ex|
o) -1
where the temperature is T = 4 K.

For spectra with a significantly red-detuned cavity, any interac-
tion beyond a simple additive superposition of the constituents is
neglected, and a fit of type

IB) =Y (Ipri(E) + s (B)) + I(E) + ¢ @)

i=1,2

can be performed for each individual spectrum to extract the
intensities, energies, and linewidth of the cavity mode, as well as
the quantum emitter features. The index i = 1 (i = 2) corresponds
to the lower (higher) energy emission feature of ZPL and PSB.
Finally, the entire set of spectra for different cavity detunings
is described with an individually fitted set of the remaining
parameters, that is, the width of the ZPL Lorentzians I ;, their

average center energy @, and the amplitude of the cavity

feature I_. To this end, the adapted model

I(E) = Z (IZPL,i(E) +IPSB,i(E)) M+ allBE)]+I(E)+c (3)

i=1,2

is employed, where I/ is the normalized cavity mode intensity

= I‘(E[:E < The expression given by Equation 3 accounts for
the léakyc emission of the two lines for far detuned cavity
energies and describes how the cavity preferentially enhances
the emission of the line that lies closer to its resonance. In
contrast to Reference [18], two additional coupling factors «;
are introduced as fit parameters, which are shown in Figure 3b
(bottom). They capture the deviation from the cavity acting as
a purely multiplicative filter on the emission lines, allowing
for better reproduction of the complete cavity length scan and
improving the extraction accuracy of the individual components,
whose integrated intensities are then given by

Tom = / L(E)E, @

IzpLipsB,imte = / (IZPL,i(E) +IPSB,i(E)) : [1 + O‘ilé(E)]dE, i=1,2,
6)

and which are shown in Figure 3b (top). From matching the
measured spectra to our model, we obtain an average linewidth
for the ZPL Lorentzians of FWHMgp ; = 0.2054 + 0.0004 meV.
For an extensive step-by-step description of the fitting procedure,
refer to Section S3.

The emitter in Figure 2 has a simple line structure that is
easy to understand. It exhibits PL enhancement when brought
into resonance with the multiple transversal modes of the open
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cavity. In contrast, the emitter in Figure 3 has a richer spectrum.
Nevertheless, our quantitative model in Equation 3 is able to
capture it in great detail. For completeness, we performed a
second order autocorrelation of the emitter in Figure 3 (see
Figure S4) and show the cavity tuning series for the emitter in
Figure 3 (see Figure S5), i.e., the dataset analogous to the tuning
in Figure 2a.

The central result of our data analysis reveals that the phonon-
sideband emission funnels into the optical cavity mode, yielding
the peculiar, strongly asymmetric intensity distribution of the
cavity that peaks at slightly negative detunings. Interestingly,
while the intensity of the ZPL reaches its maximum at zero-
detuning, effectively, the intensity of the cavity mode undergoes
a minimum, which is analogous to findings for single InAs
quantum dots coupled to micropillar cavities [22] but which has
not yet been observed for van der Waals quantum emitters.

3 | Conclusion

Our work demonstrates a micro-dome single-photon source in
a tunable, open optical cavity. We explore the main spectral
fingerprints of the micro-dome quantum emitters and their
coupling behavior to the resonator. In particular, we find pro-
nounced phonon-sideband emission, which yields significant
non-resonant emitter—cavity coupling under negative detuning
conditions, similar to observations in WSe, emitters in wrinkles
[18]. Furthermore, we observe a strong quenching of the cavity
mode intensity when the system is on resonance. Since micro-
dome quantum emitters can be generated deterministically in
TMDC flakes, our work outlines the possibility for a scalable
implementation of spatially and spectrally deterministic TMDC-
based single-photon sources. The pronounced exciton-phonon
coupling also makes micro-dome single-photon sources inter-
esting candidates for applications in quantum-optomechanics
[23, 24].
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