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ABSTRACT: Solid-state single-photon sources are central building blocks in quantum information
processing. Atomically thin crystals have emerged as sources of nonclassical light; however, they perform

below the state-of-the-art devices based on volume crystals. Here, we implement a bright single-photon
source based on an atomically thin sheet of WSe, coupled to a tunable optical cavity in a liquid-helium-free
cryostat without the further need for active stabilization. Its performance is characterized by high single-
photon purity (g?(0) = 4.7 + 0.7%) and record-high, first-lens brightness of linearly polarized photons of
65 + 4%, representing a decisive step toward real-world quantum applications. The high performance of our
devices allows us to observe two-photon interference in a Hong—Ou—Mandel experiment with 2% visibility
limited by the emitter coherence time and setup resolution. Our results thus demonstrate that the
combination of the unique properties of two-dimensional materials and versatile open cavities emerges as an

inspiring avenue for novel quantum optoelectronic devices.
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S olid-state single-photon sources are devices of central
importance to enable scalable quantum optical applica-
tions. They play a pivotal role in quantum communication,
metrology, and quantum computing.l_5 As such, it is crucial to
engineer and characterize these devices according to their
requirements in these real-life applications. For the vast
majority of such applications, three performance parameters
of a single-photon source are of exceptional importance: the
single-photon purity, which is characterized via the second-
order autocorrelation function g(z)(O), the first lens brightness,
which reflects the probability of a single photon emission from
the device following an excitation, and finally the capability of
the emitted single photons to display quantum interference.’
In addition, the scalable and cost-effective implementation of
such devices with top performance is highly desirable but thus
far elusive.

In recent years, a large palette of solid-state single-photon
emitters has emerged, featuring different degrees of material-
processing versatility and a wide range of emission wave-
lengths, operation temperatures, and polarization properties.’
Single InAs quantum dots, which are coupled to photonic
cavities, have advanced as the most mature solid-state
platform; however, their cost-effective implementation is
strongly hindered by expensive growth and nanofabrication
routines, and their recent implementation in deterministic
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tunable cavities still relies on nonsustainable liquid-helium
cryostats.

Atomically thin semiconductors, on the other hand, are
promising candidates for optoelectronic and quantum
applications:”® They combine a low-cost synthesis with
maximum compatibility in terms of integration into hetero-
structures. An example of this class of ultimately thin materials
is the inorganic transition-metal dichalcogenide (TMDC)
WSe,, which features single-photon emission from tightly
localized excitons in monolayers at cryogenic temper-
atures.””> TMDC single-photon emitters provide high
quantum eficiency,"*™'® charge tunability,'" and polarization
control,"”"® and most notably, they can be seeded at precise
locations bg engineering local mechanical strain in the
monolayer.'”*°

The success of solid-state single-photon emitters in general
relies on photonic cavities to shape the optical density of states
around the emitter, i.e. increasing the spontaneous emission
rate via the Purcell effect into a specific photonic mode,
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Figure 1. WSe, monolayer in an open cavity. (a) Graphical representation of single-photon emission from a monolayer source in a plano-convex
open cavity under optical excitation. The relative position of the top and bottom mirrors is adjustable by nanopositioners. (b) (top) Scanning
electron microscope image of the mesa-type cavity top mirror with hemispherical indentations of different diameters etched by focused ion beam
lithography (before gold layer deposition) and (bottom) optical microscope image of the WSe, monolayer placed on a SiO,/TiO, DBR. The
single-photon source is located at the edge of the flake near a wrinkle. (c) (top) Transmission and Purcell factor (red and blue lines) of the open-
cavity system used in the experiments derived using FDTD simulation of the electric field of a dipole located at the monolayer position and
(bottom) real space intensity distribution inside the cavity. The surface of the top and bottom mirror is indicated by dashed white lines.

ensuring optimal light collection.”! The scalable and

deterministic integration of solid-state quantum emitters into
photonic microcavities in general and TMDC QDs in
particular is still one of the most delicate tasks in quantum
engineering. While techniques based on combining nano-
lithography, nanoimaging, and emitter site control have been
widely explored to integrate III/V QDs** ** and TMDC QDs
into optical resonators, more powerful and versatile approaches
were recently developed.

Among those, the concept of open photonic cavities
represents an ad hoc, fully deterministic approach for
interfacing a microcavity with single-photon emitters in two-
dimensional materials. In these reconfigurable Fabry—Perot
resonators, the two opposing mirrors allow relative displace-
ments in three dimensions of space, facilitating precise control
of quantum light emission.”>™"” Open-cavity-based solid-state
single photon sources have so far been implemented in liquid-
helium bath cryostats or in highly engineered cavity platforms
requiring active phase-locking of the cavity length and fiber-
based mirrors.**~¢

In this work, we demonstrate a high-performance single-
photon source based on a WSe, monolayer QD that is
deterministically coupled to the optical resonance of an open
cavity. The reconfigurable open cavity is implemented in a low-
vibration, helium-free cryostat without any active stabilization.
Additionally, the cavity modes are inscribed in planar mirrors
via focused ion beam (FIB) milling, providing superior control
on the photonic mode engineering, as opposed to fiber-based
cavities. The photonic resonator tunability allows us to
deterministically position the single emitter of a wrinkled
monolayer at the cavity center and tune the cavity resonance to
the corresponding photon emission wavelength. Our single-
photon source displays a high single-photon purity with a
g(z)(O) value as low as 4.7 + 0.7% and a first-lens brightness as
high as 65%, which translates to a single-photon emission rate
of 49.8 MHz utilizing a pump laser of 762 MHz. It
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furthermore displays statistically significant signs of quantum
coherence in Hong—Ou—Mandel experiments with 2%
interference visibility limited by the emitter dephasing time
of 23.1 ps and the temporal resolution of our measurement
apparatus.

The design of the open cavity sample is graphically sketched
in Figure la. It is based on an asymmetrical mirror design to
enhance the single-photon collection in the same direction as
the excitation: the bottom part of the cavity consists of a
distributed Bragg reflector (DBR) with a high reflectivity
hosting the monolayer flake. The monolayer is capped by a
thin layer of hexagonal boron nitride, guaranteeing spectral
stability. The top part of the cavity is built from a glass mesa
containing concave hemispherical indentations of different
diameters; a 33 nm thick layer of gold is evaporated onto this
structure to finalize the top mirror (for further details on
sample preparation see Section S1 in the Supporting
Information). A scanning electron microscope (SEM) image
of the cavity top mirror (before the gold coating) is shown in
Figure 1b (top). The hexagonal boron nitride capped WSe,
monolayer flake on the DBR is shown in Figure 1b (bottom).
We placed the open-cavity device inside a low-vibration closed-
cycle exchange-gas cryostat and kept it at 3.2 K. With the
recent dramatic increase in helium prices, sustainable solutions
not relying on liquid helium bath cryostats have become an
urgent need for the quantum photonics community. However,
especially the performance of spectrally tunable open cavities
thus far has relied on their implementation in a vibration-free
bath cryostat. Our implementation geometry of the cavity,
which is sufficiently robust to not be impeded in its
performance by the pulse-tube cooler of our exchange-gas
cryostat, can be found in Figure S1 of the Supporting
Information.

To assess the possible performance of our cavity device, we
performed finite-difference time-domain (FDTD) simulations
of the experimental resonator configuration. Figure 1lc
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Figure 2. Cavity mode detuning dependent PL and lifetime. (a) Polar plot of polarization-resolved PL intensity of the emission under $32 nm
continuous wave excitation. The sinusoidal fit reveals a degree of linear polarization of 96.8 + 2.5%. (b) Color map of PL spectra when tuning the
cavity optical length while the sample is strongly excited above the band gap and outside of the stopband of the microcavity by a 532 nm
continuous wave laser. Cavity modes are highlighted by dashed lines. (c) (left) Lifetime in on- and off-resonant cases (blue, on resonance; red,
—4.11 meV detuning; purple, +3.81 meV detuning) and (right) cavity mode detuning dependent radiative lifetime. Error bars in the right panel
represent the standard error resulting from fitting the time-resolved photoluminescence data (as shown in the panel on the left) with an exponential
decay function. The fitting method utilizes a damped least-squares algorithm.

(bottom) shows the resonant real space intensity distribution
inside the open cavity at a wavelength of 786 nm. For a lens
diameter of S ym and a depth of 300 nm (corresponding to a
radius of curvature of 6.8 ym), the field is laterally confined to
a diameter of ~2 ym at the emitter position. Figure lc (top)
shows the calculated transmission through the top mirror for a
point dipole source and the corresponding Purcell factor as a
function of wavelength.

Interestingly, the simulation predicts an on-resonant Purcell
enhancement of up to 1.5 (blue line in Figure lc), in
conjunction with an off-resonant suppression of spontaneous
emission up to a factor of 3.8. The latter is a clear indicator of
the strong suppression of so-called leaky modes in our cavity
implementation. From our simulation, we can directly
anticipate photon extraction efficiencies (also referred to as
“first-lens brightness”) beyond 65%, under the precondition
that the internal quantum efficiency of the emitter approaches
unity.

The experimentally studied quantum dot (QD) like emitter,
which evolves in our WSe, monolayer, emerges at an emission
energy of 1.5707 eV (789.3 nm). It is interesting to note that
this wavelength, which is widely tunable via piezo strain,”” is
very close to the technologically relevant Rb-87-D2 line, with
the potential for a quantum memory in future repeater
networks.”® Moreover, the emission wavelength is also
compatible with free-space quantum communication applica-
tions.”” The spectral line width of the QD is limited by the
resolution of our detection system of 200 eV (see Figure SS
of the Supporting Information for a high-resolution spectrum).
As a first important parameter of our source, a polarization-
resolved measurement, carried out without the top mirror of
the cavity (Figure 2a), reveals that our QD emitter displays
close to perfect linear polarization up to a degree of 96.8 +
2.5%. We attribute this remarkable feature to the emergence of
the studied QD from a monolayer wrinkle,'” creating a local
and quasi-one-dimensional strain potential*”*" which results in
a strongly aligned dipole. As a next step, we added the top
mirror and studied the performance of the coupled cavity—
emitter system. We first use nonresonant continuous wave
laser excitation (532 nm) and record the sample PL for a
continuously varying cavity length. The resulting color heat
map is plotted in Figure 2b. In our experiment, we observe
longitudinal mode families, each consisting of three transverse
modes, separated by a spacing of 26.3 meV. The modes are
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visualized by the guide to the eye in Figure 2b and emphasized
in a logarithmic representation in Section S3 of the Supporting
Information.

The quality factor of these cavity resonances is around 600
for the chosen mirror separations of ~5.5 ym (the separation is
directly extracted from the longitudinal mode spacing).
Importantly, and as reflected in the simulation in Figure lc,
the mode of lowest transverse order is a Gaussian mode, which
is optimally suited for coupling to a commercial single-mode
fiber.

The open nature of the cavity allows us, in a straightforward
manner, to study the coupled cavity—emitter system under
various detunings by changing the resonance condition via the
cavity resonator length. As reflected in Figure 2b, on
resonance, the photoluminescence intensity of the emitter is
enhanced by more than a factor of 10, which clearly reflects the
strong impact of the resonator structure on the performance of
the coupled emitter—cavity system. To further improve the
performance of our source, we optimize the photon injection
efficiency into our WSe, QD by choosing a double-resonance
condition (see Figure S4 in the Supporting Information).
While we maintain the spectral resonance condition between
the emitter zero-phonon line and the cavity mode, we tune our
pulsed excitation laser (2 ps pulse length, 76.2 MHz repetition
rate) on resonance to the next higher order longitudinal cavity
mode spectrally located at 740 nm with identical (lowest)
transverse order. This condition allows us to inject light
efficiently into the cavity to pump the emitter quasi-resonantly
into a higher resonance shell."” It is also important to note that
quasi-resonant pumping of WSe, emitters below the free
exciton resonance is very important to guarantee a high
quantum efficiency, which can otherwise be impeded via
nonradiative losses into the free exciton bath.

To quantify the enhancement of spontaneous emission in
our device more rigorously, we performed time-resolved
photoluminescence measurements under varying emitter—
cavity detunings. For these experiments, the QD emission
line has been optically filtered via a coarse bandpass (~2.5
meV bandwidth) and was directly detected by an avalanche
photodiode connected to a time correlator. The corresponding
decay dynamics for the off- and on-resonant cases are shown in
Figure 2c (left). The characteristic decay times have been fitted
with a single-exponential decay function and unambiguously
reflect the speeding up of the spontaneous emission rate in the
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Figure 3. Single-photon source characterization. (a) Second-order autocorrelation function of single photons measured in an HBT experiment with
76.2 MHz pulsed excitation in the saturation regime. The data are fitted by a double-exponential decay convoluted with the system response
function (details in the Supporting Information). (b) Brightness of the source as a function of optical pump power measured before focusing on the
sample. Errors are the standard errors as the result of averaging over 10 samples for each point. (c) Second-order correlation function of single
photons in an HOM setup discretized by the pulsed excitation for three different temporal postselection window sizes in the case of parallel (HH)
and perpendicular (HV) polarization. Error bars show standard deviations of the assumed underlying Poissonian distributions of counts in each
integrated window. (d) HOM interference visibility for varying temporal postselection window size. The shaded area shows the error bounds.

resonant case. The overall detuning dependence of the
spontaneous emission decay is plotted in Figure 2c (right),
reflecting the interplay of the spontaneous emission rate with
the optical resonance bandwidth. In addition, we have also
analyzed the lifetime of our emitter without the top mirror,
yielding a decay time of 2.3 ns. The values in Figure 2,
therefore, indicate a cavity-induced reduction in lifetime of
25% on resonance, whereas off resonance the emitter
experiences a more than 2-fold inhibition of spontaneous
emission due to the presence of the open cavity. This
observation is in excellent agreement with the theoretically
predicted changes in the lifetime shown in Figure lc. The
predicted ratio of enhanced to inhibited emission is 3, whereas
in the experiment we find 2.71 + 0.08.

To assess the purity of the single-photon pulses emitted by
our device, we measured the second-order correlation function
via a standard Hanbury—Brown—Twiss (HBT) setting. From
the correlation histogram in Figure 3a, we can extract a photon
antibunching of §® = 4.7 + 0.7% (details on the analysis can
be found in the Supporting Information). It is worth noting
that in these experiments the emission was only filtered by a
coarse bandpass (~2.5 meV bandwidth); this further
emphasizes the emission purity of the open-cavity device.

A critical parameter in the performance of single-photon
sources is the probability of delivering a single-photon state per
excitation pulse, which is usually benchmarked by the
brightness at the first collection lens. To quantify this critical
performance indicator, which is of central importance for
quantum communication implementations, we studied the
emission flux of the single-photon sources as a function of the
pulsed pump power (76.2 MHz repetition rate). As shown in
Figure 3b, we detect more than 1 MHz of single-photon counts
in our single-photon detectors. After carefully assessing the
transmission and detection efliciencies of our collection setup
(see Table S1 of the Supporting Information), this value
directly translates into an emission frequency of 49.8 MHz
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single photons that are emitted from our source and into a
record first-lens brightness of 65 + 4% in a linearly polarized
mode. It is worth noting that this value approaches the current
state of the art in solid-state single-photon sources based on
II/V QDs*™* and widely outperforms monolayer-based
triggered sinégle-photon sources reported in any implementa-
tion."”*”*>* It furthermore is interesting to note that the
congruence of directly measured first-lens brightness and
theoretically calculated source extraction efficiency suggests
that the internal quantum efficiency of our emitters approaches
unity. We believe that this encouraging result was facilitated by
the combination of utilizing high-quality TMDC materials and
capping via hexagonal boron nitride, the resonant coupling to
the photonic cavity, and finally the applied quasi-resonant
pumping scheme, which does not allow for losses via high-
momentum free-exciton states or relaxation into long-lived
dark exciton states. A full set of measurements for a second
WSe, QD including cavity tuning, degree of linear polarization,
first-lens brightness, and single photon purity can be found in
Section S4 of the Supporting Information.

The final benchmark of the quantum-optical properties of
our TMDC single-photon source is the temporal coherence of
the emitted single-photon wavepackets, reflected in their
capability to display genuine quantum interference. This
property is of capital importance for quantum applications,
since it guarantees the capability of photons to interfere and,
thus, propagate entanglement along quantum nodes. It is
furthermore of profound fundamental interest since such
quantum interference from atomically thin emitters has not
been observed thus far.

We implement the two-photon Hong—Ou—Mandel (HOM)
interference in a path-unbalanced Mach—Zehnder interfer-
ometer (see the scheme of the setup in Figure S2 of the
Supporting Information), interfering two photon wavepackets
successively emitted by the source (with an initial temporal
delay of 13 ns and eventually corrected by the delay in the
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interferometer). The quantum interference is extracted via the
measurement of the second-order correlation function between
the two detectors at the output of the interferometer (g @)
The perfect bosonic quantum interference features complete
antibunching (g2 = 0).

To quantify the quantum interference from the photons
emitted by our source, we measure the HOM correlation
between photons with parallel/orthogonal polarizations
(gHOM HH/gH())M av). Figure 3c shows the corresponding
normalized correlation histograms, measured using the same
excitation conditions as in the HBT measurement.

We compare the critical cases of photons of orthogonal
polarization (HV) in the two interferometer arms versus those
of parallel polarization (HH). As we reduce the width of the
temporal selection window from 3 ns down to 1.1 ns—
approaching the resolution limit of our detection setup—a
significant difference between the parallel/orthogonal polar-
ization correlations cases of the gHOM measurement arises
c0n513tently Such an effect is depicted in the panel insets,
where gHOM ug and gHOMHV correlations display different
values beyond the standard deviation of the correlation peaks.
This fact is further visualized in Figure 3d where we depict the
interference visibility V = (gnmv — gommm) /gy as a
function of the postselected temporal window.

The results on photon quantum interference manifest the
presence of a substantial dephasing channel in the TMDC QD.
From the modest interference visibility, we can estimate a
dephasing time of 23.1 ps via a fit to the data in Figure 3d*/
taking into account the instrument response function, which is
c0n51stent with previous studies of the line width of WSe
QDs."> We notice that without correcting for the finite g
value in the HBT experiment, this yields a conservative
estimate of T,. The dephasing most likely has its roots in rapid
surface-induced charge noise and is only partly mitigated by
the capping of our monolayer with hexagonal boron nitride.
Thus, in order to further improve the coherence time of the
QD emission, we suggest to further stabilize the charge
env1ronment via including graphene contacts to gate the
system.”® We furthermore believe that it will be possible to
boost the Purcell enhancement in our cavity beyond a factor of
10 via minimizing the mode volume (e.g., further closing the
cavity) and slightly improving the cavity quality factor (e.g., by
employing a top mirror with slightly enhanced reflectivity** or
resorting to nanoscale resonators).49

Harnessing the high first-lens brightness of 65% and purity
of our source, it is readily applicable in quantum
communication schemes which do not rely on quantum
interference and entanglement, such as the BB84 protocol in
urban networks.” We furthermore believe that our imple-
mentation of the open cavity in a liquid-helium-free exchange-
gas cryostat will inspire the single-photon source and quantum
material cavity QED community toward accelerating the
transition toward dry cryostats.
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