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ABSTRACT

We demonstrate a deterministic Purcell-enhanced single photon source realized by
integrating an atomically thin WSe: layer with a circular Bragg grating cavity. The cavity
significantly enhances the photoluminescence from the atomically thin layer, and
supports single photon generation with g?(0)<0.25. We observe a consistent increase
of the spontaneous emission rate for WSe, emitters located in the center of the Bragg
grating cavity. These WSe: emitters are self-aligned and deterministically coupled to
such a broadband cavity, configuring a new generation of deterministic single photon
sources, characterized by their simple and low—cost production and intrinsic
scalability.

Keywords: two-dimensional materials, quantum dots, bullseyes cavities, single photons,
Purcell effect

ToC figure

ToC caption: Representation of a bullseye grating cavity, with a nanopillar in the centre; an atomically
thin monolayer of WSe2 is deposited on top. The local strain around the nanopillar forms a WSe:
quantum dot, coupled to the cavity. A green laser excites the quantum dot, emitting single photons
efficiently.



INTRODUCTION

Advancing on the development of deterministic single photon sources for quantum optical
applications requires engineering new devices with reduced complexity in both production and
operation. The benchmarking performance for deterministic quantum sources of light is
brightness, single photon purity, and photon coherence (indistinguishability) [1]. At the
moment, and following these criteria, the leading technology is self-assembled InAs quantum
dots (QDs) which are integrated either in monolithic [2—4], or open cavities [5]. The success
of a particular single photon source technology depends not only on performance criteria but
also on the affordability, simple manufacturability, and reproducibility of the device and its
compatible integration with other pre-existing photonic technologies. In this sense,
semiconductor QDs - while providing the current state-of-the-art performance as single photon
sources - are arguably scalable [6,7] and constitute a resource-demanding technology,
restricted to few specialized research groups around the globe. This imposes a significant
barrier to ensure a broad, and fast impact of this solid-state-based single photon technology
in a short time-scale, both for quantum applications, as well as for academic research.

Recently, a promising single photon emitter platform emerged from two-dimensional (2D)
materials. Seminal work has demonstrated that localized excitons in monolayers (MLs) of
transition metal dichalcogenides (TMDCs) can deliver single photons under a continuous
wave, and pulsed excitation [8-12]. TMDC QDs can be controllably created using
strain [13,14], enabling ordered arrays of TMDC QDs [14,15]. In principle, such method allows
the scalable and deterministic integration of TMDC QDs in photonic micro- and nano-
structures, which may be used for improving the emitter performance as single photon
sources. Recently, the deterministic coupling of TMDC quantum emitters to plasmonic
nanostructures was reported [16—19]. While the broadband nature of plasmonic approaches,
in conjunction with the strong field enhancement makes this approach suitable for the
integration of WSe: sheets, it remains a complicated task to fully suppress undesired Ohmic
losses in plasmonic implementations. Open microcavities based on conventional Bragg
mirrors have been utilized to demonstrate the weak coupling regime between a WSe; QD and
a cavity mode [20]. However, this implementation, despite its flexibility in spectral tuning,
presents challenges for applications that require large-scale TMDC QD integration or lab-
independent user-friendliness.

An ideal cavity platform features a broad bandwidth operation with a large Purcell
enhancement. This is accomplished when the cavity has simultaneously a moderate cavity
quality factor (providing the large bandwidth) and a small mode volume (enhancing the
resulting Purcell factor). Different types of photonic structures, which are compatible with the
integration of atomically thin sheets, are naturally compatible with this goal, including photonic
crystal cavities [22] and cavities consisting of a circular disk surrounded by a set of concentric
rings in the thin membrane. The latter are known in the literature as Circular Bragg grating
Bullseye cavities (CBGBs). CBGBs are especially interesting due to their simple design as
well as being able to access different emission wavelengths in the range of 600 nm to 1500
nm with small modifications. Besides, they can be designed to specifically maximize the
electromagnetic cavity field at the cavity—air interface, where the TMDC QD is positioned [23].

In this work, we implement a hybrid CBGB composed of an Aly31GaossAs membrane, whose
cavity mode couples to a WSe; monolayer QD. These QDs are strain-defined in the monolayer
by selectively grown nanopillars, centered in the CBGB. We demonstrate a spontaneous
emission enhancement from the WSe, QD photoluminescence by more than a factor of five.
Moreover, we prove the single photon character of this emission by performing a second-order
correlation measurement, revealing a strongly suppressed multiphoton emission.



DEVICE DESIGN AND FABRICATION

The CBGB geometry can support an optical resonance with a number of desirable features
for creating single photon sources based on quantum emitters: efficient and preferentially
vertical single photon emission with small divergence, relatively broad spectral operation for
Purcell radiative rate enhancement factors exceeding 10. Here, Finite Difference Time Domain
(FDTD) simulations were used to design a CBGB that would support such resonance in the
700 nm wavelength band. Figure 1a) shows a schematic of our CBGB structure, and Fig. 1b)
shows a scanning electron microscope (SEM) image of a fabricated cavity. The geometry is
composed of five concentric rings, with a nominal gap width of 100 nm and period of 350 nm,
including a nominal 250 nm non-etched SiO2 slab. The inner/outer ring diameter is 1.6/5.1 ym,
respectively. The CBGB with parameters as in 1a) supports a resonance at 748 nm that
displays a strongly directive far field, as shown in Fig. 1c), optimal for collection with low
numerical aperture optics, and hence constituting an efficient light-matter interface. Due to the
lower refractive index contrast from the membrane to the SiO; substrate, as compared to the
air interface, the field preferentially extends into the substrate, however is reflected by the Au
layer. The thickness of the SiO; is optimized to maximize the extraction efficiency out of the
sample.

Figure 1(d) shows that the modal field is strongly confined in the AlGaAs slab, and within the
inner radius of the circular grating (Fig. S1). Importantly, the thickness of the AlGaAs
membrane was chosen so that it would support a second-order transverse-electric (TE>) slab
waveguide mode, with two vertical maxima, from which the bullseye cavity mode could be
formed (see Fig. 1(d) and Fig. S2). The longer evanescent tail of the TE> slab mode results in
a cavity mode with a higher intensity above the AlGaAs slab, and therefore an improved
coupling efficiency to emitters located at the surface of the structures. Cavities in which the
fundamental (TE+) slab mode is used to form a bullseye resonance offer lower coupling to
emitters at the surface, and are better suited for emitters located at the slab center. To estimate
the maximum achievable Purcell radiative rate enhancement factor F, for an emitter located
at the CBGB surface, we simulated the emission of a horizontally oriented electric dipole
located 10 nm above the AlGaAs, at the bullseye center. Figure 1(e) shows the Purcell
enhancement factor F, (calculated as the total dipole-emitted power normalized by the free-
space dipole emitted power) as a function of emission wavelength. Purcell factors as large as
14 can be theoretically obtained within a bandwidth of a few nm. In Suppl. Section 8, we
amend a deeper discussion of the impact of the nanopillar and the dipole orientation on the
performance of the CBGB structure.

Fabrication of our CBGB structure starts from an epitaxially grown 230 nm thick Alo.31Gag.ssAs
membrane. The membrane is bonded via the “flip-chip” method on =430 nm thick layer of
SiOg, on top of a =150 nm Au mirror, and a standard GaAs substrate. Details on the bonding
procedure can be found in Ref.[24]. In the next steps, high-resolution electron-beam
lithography and a subsequent lift-off process are used to prepare the pattern of the CBGBs.
The pattern is transferred to the semiconductor membrane using reactive ion etching with an
Ar/Cl, plasma. To induce a QD “seed”, we apply a local electron beam deposition method in
a FIB to grow a =200 nm tall SiO2 nanopillar accurately in the center of the cavity, utilizing a
precursor gas (Si(C2Hs0)4). This pillar serves to induce the WSe, QD via local strain (see
Supplementary S2 for further details on the nanopillar processing).
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Fig 1. a) Schematic of the structure in a vertical cut. b) SEM image of a processed CBGB with a = 200
nm pillar placed right in the centre, the white bar indicates 2 ym. c) FDTD far field calculation of the
electric field for a dipole placed in the centre for the structure, showing an emission with a narrow
angular dispersion (<10°). d) FDTD simulation of the electric field in a vertical cut along the CBGB
diameter. The photonic mode is mainly confined in the central disk. e) Simulation of the Purcell
enhancement versus wavelength for the previously described CBGB. f) Measured reflectivity as a
function of wavelength on the finalized sample varying the nominal innermost radius (from 780 nm to
820 nm, see legend inside the panel). The spectral position of dip A and B are highlighted with dashed
lines. This incremental variation reveals two modes in the range of 730 nm to 765 nm, which red-shift
as a function of increasing radius.

The single photon sources are finalized by the deposition of a monolayer of WSe,. These
monolayers are exfoliated from a bulk crystal and transferred with a polymer (PDMS) stamp
onto the device [25]. To enhance the adhesion of the monolayer to the CBGB, the stamping
procedure was conducted at a temperature of 150 °C.

RESULTS AND DISCUSSION

Reflectivity measurements were performed in the fabricated structures to identify the spectral
location of the CBGB resonant modes. Figure 1f) shows the white-light reflectivity spectra of
CBGBs with nominal inner disk radius varying from 780 nm to 820 nm (other parameters were
fixed), normalized to that of a silver surface. Two dips, labeled A and B, are systematically
observed and, as highlighted with dashed lines, red-shift with increasing inner disc diameter.
Dips A and B display bandwidths of = 20 nm and = 30 nm, corresponding to a quality factor of
=40 and =30 respectively, and spectrally overlap with the typical energy emission of WSe:
QDs (between720 nm and 780 nm). Reflectivity spectra obtained from FDTD simulations,
shown in Fig. S3, reveal dips in good qualitative agreement with the experiment, displaying
similar bandwidths and spectral positions. As evident in the simulations, the desired CBGB
cavity mode displaying the strong Purcell enhancement (Fig 1e) falls within the extent of dip
A for all considered inner disk radii.

To facilitate a global characterization of quantum emitter coupling to our structures, we
selected particularly large WSe, monolayers on our PDMS stamp, with sizes of several tens
of microns. Using flakes of that size, a single monolayer covers various CBGBs. In Fig. 2a)
we present an optical microscope image of such a monolayer, which covers 4 CBGBs (the
yellow line indicates the borders of the monolayer as a guide to the eye). In fig 2b), the close-



up SEM image verifies that the nanopillar in the cavity center produces a nanometric “tent”,
locally straining the monolayer, and so, producing single-excitonic emitters (WSe, QDs) [15].
We reveal these single-excitonic sharp energy transitions by studying their micro-
photoluminescence at cryogenic temperatures (4K) in a helium flow cryostat. The cryostat is
mounted on a set of closed-loop X-Y translation stages, which allows performing two-
dimensional scans with a minimum spatial resolution of =100 nm.
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Fig. 2. a) Microscope image the transferred monolayer (its limits are highlighted with a yellow line as a
guide to the eye), covering several CBGBs with an inner radius of 800 nm (these cavities are highlighted
with open blue circles). b) SEM image of a transferred WSe2 monolayer placed on the centre of a CBGB.
The pillar is fully covered by the monolayer, some monolayer wrinkles are visible. ¢) and d)
Photoluminescence intensity scans of the monolayer shown in panel a), integrating the energy mission
in the spectral range 710 nm to 730nm and 750 nm to 770 nm, respectively. The emission is enhanced
in the centre of each CBGB. e) Spectrum of one of the CBGBs shown in b). The simulated CBGB
reflectivity is shown on the right axis, observing the spectral location of dip A and B. The spectral position
of the dominant line at 728 nm coincides with the position of dip A. The sharp lines are
photoluminescence features of the WSe2 QDs.

We record hyperspectral maps of the sample by scanning the sample position in steps of =2
Mm while exciting the structure non-resonantly with a 532 nm laser (=12 W/cm?) to capture the
inter-dependence between luminescence intensity, sample position, and spectral window of
interest. Figures 2c,d) show a photoluminescence map resulting from the scan of the 4
devices; these scans integrate the energy emission from 710 nm to 730 nm and 750 nm to
770 nm, respectively. The positions of the covered CBGBs are schematically highlighted with
blue circles.

In Fig. 2c), we notice that in this spectral range 710 nm to 730 nm, apart from the sharp QD
emission features, the WSe; luminescence is characterized by the free exciton and the free
trion band (in the Supplementary information Fig. S4 we show a spectrum outside of the CBGB
for the sake of comparison). As a result, significant photoluminescence is observed over the
entire monolayer area. Enhancement of the luminescence at the positions of the CBGBs
occurs in this spectral range, indicating a coupling with cavity resonance ‘A’. In Fig. 2d) in
contrast the background luminescence from the WSe2 monolayer is strongly reduced in the
750 nm to 770 nm range, spectrally aligned with reflectivity dip B. The photoluminescence
intensity here almost exclusively arises from the cavity positions. This shows that the CBGBs
are capable of efficiently redirecting single photon emission towards our collection optic. It is
worth noting, however, that Purcell-enhanced emitters are expected to be spectrally aligned
with dip A, as discussed previously.

A typical photoluminescence spectrum from one of the CBGBs is shown in Fig. 2e). The
nanopillar yields the emergence of a variety of sharp emission features, which occur in the
spectral region between 720 nm and 800 nm and which we associate with the formation of
WSe:, QDs. The reflectivity spectrum fit for a representative CBGB with the same parameters
is also plotted. Enhanced emission at 730 nm, spectrally aligned with reflectivity dip A,



suggests the possibility of an acceleration of the spontaneous emission of this emitter via the
Purcell effect. This effect is also reflected in a comparison of the power dependent
photoluminescence of several emitters from different positions on the flake, indicating a higher
saturated brightness for emitters on the CBGB (see Supplement Fig. S5).
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Fig. 3. a) Second-order correlation measurement from a selected spectral line (shown in the
supplementary) in a CBGB. b) Normalised lifetime measurement on (blue) and off (grey) the CBGB.
The values 0.6(3) and 6.0(3) ns indicate the extracted lifetime of the transitions, respectively.
Uncertainties in a) and b) are 95 % confidence intervals from the fits, corresponding to two standard
deviations. ¢) Histogram of 18 individual emitters located in the monolayer, sorted by their position: 1)
inside the inner disk 2) in the outer limit of the CBGB border, and 3) outside the CBGB device. The
lifetimes in the region 1 (orange) are close to the detector resolution (350 ps), in contrast to emitters
outside of the device (grey bars). d) Average lifetime for emitters within each of the regions defined in
c). Fp is the estimated average Purcell enhancement for emitters in region 1, relative to emitters in
region 3. Error bars correspond to the Student’s t-distribution 95 % confidence interval for each region.

To verify the single photon character of the investigated CBGBs, a second-order correlation
experiment is performed on one of the intense, sharp emission lines (see Supp. S6, where the
corresponding filtered spectral line is highlighted with a gray band). Figure 3a) shows the
normalized second-order correlation function g®@(1) histogram under continuous-wave
excitation. The strong reduction of the simultaneous coincidence events at zero delay proves
the population suppression of multi-photon Fock states in the emission, and a predominant
generation of single photons. The mono-exponential fit in Fig. 3a) shows a g?(0)=0.25(5),
which puts our emitter clearly in the class of a single photon source. Further examples of
single photon emitters are shown in Suppl. Fig S9.

We now study the spontaneous emission acceleration experienced by cavity-coupled WSe;
emitters. As the cavity bandwidth is too broad to study the same emitter on- and off-resonance
by applying an external tuning knob (such as temperature or mechanical stress), we perform
comparative measurements of WSe, emitters emerging spatially inside and outside the
cavities. The lifetime measurements are performed with a frequency-doubled Titanium



Sapphire laser providing pulses of ~2 ps at a wavelength of 448 nm with a repetition rate of
75 MHz. The single-photon detectors are silicon APDs presenting a time resolution of =350
ps.

Figure 3b) shows the normalized decay curves of two emitters located inside (blue curve) and
outside (black curve) the CBGB. Each data set is fitted with a mono-exponential decay curve,
yielding a characteristic decay time of 0.6(3) ns and 6.0(3) ns, respectively (uncertainties are
95 % confidence intervals from the fit, corresponding to two standard deviations). The
difference in decay time suggests an accelerated spontaneous emission rate, with a Purcell
enhancement of =10 for emitters efficiently coupled to the CBGB.

For a more quantitative analysis of this observation, in Fig. 3c) we subdivide the CBGB in
three different concentric regions, numbered from 1 to 3, and we analyze the lifetime of 18
emitters distributed in these regions. Notably, the acceleration of the emitter dynamics
systematically occurs throughout our selected structures in region 1 which is restricted to the
area inside of the CBGB, inside a circle of 5.1 ym diameter (in Suppl. Fig. S7 we additionally
probe the correspondence of a good spectral overlap between the emitter and cavity with an
expected accelerated spontaneous emission). Region 2 represents the outer CBGB rim,
where the laser excitation spot (presenting a FWHM diameter of ~3 uym) is positioned in the
rim of the outer ring (>2.6 um away from the center of the CBGB). Emitters in region 3 are
clearly outside of the CBGB. The resulting histogram of the average lifetime as a function of
the region, see Fig. 3d), reveals that the emitters located in the region 1 consistently
experience a short lifetime of (1.0 + 0.3) ns, whereas the lifetimes in region 2 and 3 displays
a lifetime of (2.7 £ 1.4) ns and (5.2 £ 1.9) ns, respectively (reported lifetimes here correspond
to the sample mean for each region, and uncertainties are the corresponding Student’s t-
distribution 95 % confidence interval). Assuming that a WSez emitter on the plain AlGaAs
surface (uncoupled to a CBGB) does not experience any modification of its spontaneous
emission, this analysis determines a Purcell factor of up to =5 in these CBGB structures.

It is worth noting that, in contrast with previous reports on lifetime acceleration of WSe-
emitters using metallic nanostructures, the emergence of non-radiative losses due to the
presence of dielectric nanopillars is less likely to play a critical role in the observed
phenomena. WSe; quantum emitters induced by polymer- or silicon nanopillars without the
presence of CBGB structures have consistently been reported to feature spontaneous
emission lifetimes in the range of 3 ns to 8 ns, consistent with those for emitters within region
3 in Fig. 1c) [14,15]. This strongly suggests that observed phenomenon of lifetime reduction
in our work can be attributed to the enhancement of spontaneous emission in the weak
coupling regime between the WSe, QD and the CBGB.

CONCLUSION

To conclude, we have implemented a deterministically coupled, strain engineered single
photon source by integrating a WSe, QD in a circular Bragg grating Bullseye cavity. Our
cavities provide a strong enhancement of spontaneous emission from WSe, quantum
emitters, and thus, our studies systematically demonstrate the first prototype of a
monolithically coupled, cavity-enhanced single photon source, based on a two-dimensional
material. We believe that the performance of our devices can be further improved by utilizing
resonant excitation and combining the cavity with other external knobs such as mechanical
strain [26] or electric control of the QD environment [11].



ASSOCIATED CONTENT
Supporting Information

The Supporting Information contains expanded results about: (i) simulations and images of
the CBGB devices, (ii) spectra and pump power dependences of coupled and un-coupled
quantum emitters to the cavity, (iii) supplementary examples of anti-bunched two-photon
correlation histograms from several quantum emitters. This material is available free of charge
via the internet at http://pubs.acs.org.
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Fig. S1.Electric field intensity profile (normalized to the maximum) for the cavity mode at 748 nm from
Fig. 1e).



Fig. S2. (left) SEM image of the systematic calibration on the deposited Si nanopillar. From left to right,
the five nanopillars present the following approximate base and height dimensions: [60, 80, 80, 100,
120] nm and [80, 100, 160, 170, 260] nm, respectively. (right) Similar to Fig. 1(b) of the main text, SEM
image of a finalized CBGB, ready for a WSe2 monolayer transfer, the corresponding height of the
nanopillar is indicated in the figure > 200 nm.
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Fig. S3. Simulated reflectivity (blue) and Purcell factor F;, (red) for CBGBs with varying inner disc radius
(R). Sharp Purcell enhancement peaks with Fp>10 correspond to the resonance in Figs. 1b) and S1,
which shifts to the red with increasing R. The resonance is manifested as a small Fano resonance
(indicated by arrows) in the reflectivity spectra, within the extent of dip A.
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Fig. S4. A representative PL spectrum of the WSe2 monolayer flake off the CBGB cavity. The typical
WSe: features at 4 K are visible, with the exciton (X) and the trion (X-) being assigned based on their
spectral positions.
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Fig. S5. (left) Pump-power dependence of the photoluminescence intensity from four different emitters
with their corresponding fitted slopes. The intensity is obtained from Lorentzian fits to the spectra, and
error bars correspond to 95 % fit confidence intervals (two standard deviations). Uncertainties for the
linear fit slopes correspond to 95 % fit confidence intervals. (right) Microscope image of the
corresponding emitters 1-4 used for the left panel. The devices 1-3 show similar trends with similar
pump power saturation values; in contrast, the device 4 shows a rapid saturation.
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Fig. S6. Spectrum of the emitter used for the second-order correlation measure reported in Fig. 3(a) of
the main text. The spectrally post-selected line is highlighted in a grey band. The linewidth of the two
transitions is 190peV (@744.1nm) and 290peV (@740.3nm).
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Fig. S7. Detuning of all region 1 emitters measured in Fig. 3c) overlayed with the dips found in the
reflectivity measurements (dashed line is a fit to the experimental reflectivity). The spectral position
uncertainty for the emitters is = 1 nm due to spectral jitter. Lifetime error bars are 95 % confidence
intervals from the fit, corresponding to two standard deviations.
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Fig S8: FDTD-comparison of different dipole configurations: a) 4 configurations are
investigated: a dipole in the center of the CBGC without a pillar; a dipole on top of a 50nm
height nanopillar; a dipole next to the base of the nanopillar, orientated parallel to the shift
from the pillar position; a dipole next to the base of the nanopillar, orientated perpendicular
to the shift from the pillar position b) Purcell-enhancement for the 4 configurations. Compared
to no pillar, the dipole on top shows a huge reduction in its Purcell. This is due to reduced
coupling to the CBGC-membrane. The perpendicularly shifted dipole also experiences a
reduced Purcell due to the displacement. The parallel dipole next to the pillar base exhibits an
increase in its Purcell, which is explained in c): the field intensity at the base of the pillar shows
hotspots (arrows), which can increase the Purcell of dipole/emitter if placed there. d) — g)
comparison of the far field and electric field in the membrane plain for no and a pillar. No
significant difference can be seen. The pillar itself only has a negligible influence on the mode
itself.
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Fig S9: Additional g2-measurements for quantum emitters in WSe, monolayers in similar
environments. a) and b) not-coupled emitters on the same sample as in the manuscript. c)
emitter on a similar sample with a Al1oGagsAs membrane.



