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ABSTRACT: Single-photon emitters (SPEs) based on two-dimensional (2D) " anoyram
materials have attracted a lot of attention due to their unique benefits such as
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mechanical flexibility, high quantum yield, and easy integration on a chip. Single Photon

However, the electrical modulation of such emitters at a single-photon level still »

remains a challenge. Herein, we provide a new route to engineer electrically 1LWse,

controllable purified SPEs in a monolayer (1L) WSe, using a Si nanopyramid / . 5 A6 17
structure. The Si nanopyramid structures allow not only the generation of high vy Freeren
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strain to localize the SPEs but also the application of voltage for electrical
modulation. Of particular interest, while our structure modulates the single-
photon emission with an applied gate voltage, it does not exhibit unwanted
spectral shift for the applied voltage, ie., a negligible Stark effect, due to the
existence of an air gap between the 1L-WSe, and the nanopyramid. The single
photon purity is improved by electrical modulation down to g?(0) = 0.06 +
0.03.
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he growing interest in the development of quantum

communication networks and optical quantum sensors
demands essential quantum-photonic building blocks such as
single photon emitters (SPEs). Even though laser attenuation
and the nonlinear frequency conversion method are predom-
inantly used to generate single photons, quantum emitters have
attracted lots of attention as SPEs due to guaranteed
production of a single photon at a time and easy integration
on a chip.'”? While semiconducting quantum defects,
quantum dots, and quantum well structures have been
extensively studied for SPEs, recently, 2-dimensional (2D)
materials have emerged as novel SPEs offering advantages such
as high single-photon purity,*™® easy photon extraction,
mechanical flexibility,” and easy integration on a chip.'” The
relatively easy modulation of the 2D material-based SPEs by
external stimuli such as electric field,"" electrostatic dop-
ing,lz’13 strain,"*"® and magnetic field'® make them strong
candidates for applications in quantum information technol-
ogy. The SPEs can be deterministically created by applying
localized strain to 2D materials, taking advantage of both
mechanical flexibility and strain-induced funneling of excitons
in the 2D materials.”"” While high-purity and bright single-
photon emitters have been demonstrated in various 2D
materials, efficient (i.e., low bias) and deterministic electrical
control of individual emitters remains a major challenge. In
previous approaches using nanoindentation'® and nanoposts,17
they rely on thick insulating layers or complex gate stacks,
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which require high bias voltages and introduce spectral shifts.
This limits wavelength-matching conditions to optical cavities,
interference between remote emitters, and scalable multi-
emitter operation, where spectral alignment is essential.
Herein, we experimentally demonstrate efficient electrical
control of purified SPEs in 1L-WSe, using thin dielectric
layers with a negligible Stark effect deterministically created on
Si nanopyramid arrays. The nanopyramids are covered with an
AL O; layer using the atomic layer deposition (ALD) method,
which works as a uniform high-k gate dielectric layer for
electrical control. The radius curvature of the 1L-WSe,
transferred on top of a nanopyramid is observed to be less
than 10 nm, sufficient to create SPEs with high strain at the
apex. These SPEs are further purified to remove the unwanted
broad background defect bands by using an h-BN flake, and
the emission intensity is increased as well. Not only for the
deterministic formation of SPEs on it, the Si nanopyramid is
also used as a gate electrode for the application of voltage to
control the switching on-and-off of the SPEs. Of particular
interest, the electric field on the nanopyramid structure is
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Figure 1. Strain induced single photon emitters (SPEs) on a Si nanopyramid array. (a) Fabrication process of a Si nanopyramid array. (b) FESEM
image of the Si nanopyramid array covered with 1L-WSe,. The tip apex is sharper with 1L-WSe,, indicting the existence of an air gap between the Si
nanopyramid tip and the 1L-WSe,. (c) Schematic diagram showing the electric field distribution in 1L-WSe, on a Si nanopyramid. The electric field
at the tip apex is lower than that on the sides due to the curvature and the existence of the air gap, leading to a negligible Stark effect during the
electrical modulation of SPEs.

a b C
—_ x 103 Quenched
§ 80 —AL-WSe,/AL,0; (4nm) 2.0 Exporiment ” T SPE
B P2l P1 —Fitting  9?(0) = 0.37 £ 0.05 ) )
£ w0 1.5 /@ Dielectric
K \ i
3 1 disorders
e e
2z 40 % 1.0
2 e e o oo o
2 20 0.5 Si
= \AI,O,
|
& o 0
15 1.6 17 1.8 60 40 20 0 20 40 60
d Energy(eV) e Time Delay(ns) f
—_ x 103 20 i Brighter
8 — 1L-WSe,/h-BN (6.72 . " Purified SPE
2 e/ (6.72 nm) —_ Ei‘tﬁ;mené(z)(o) 0424004 A
% 150 P3
c 15 A
=3
8 _ ’
E‘ 100 E: 1.0 h-BN
s ° .
g 50 0.5 e coe
£
i
o 0

60 -40 20 0 20 40 60
Time Delay(ns)

1.5 1.6 17 1.8
Energy(eV)

Figure 2. Characterization of SPEs in 1L-WSe, on an Al,O5-deposited Si nanopyramid array with and without h-BN. (a) Photoluminescence (PL)
spectrum of 1L-WSe, on an Al,O5 (4 nm)-deposited Si nanopyramid tip apex. (b) Second-order correlation function g(z) (7) recorded from the 1L-
WSe, on the Al,0;-deposited Si nanopyramid tip region showing g(z) (0) to be 0.37 + 0.0S, indicative of single photon emission. (c) Schematic
diagram showing the quenching of SPEs on an Al,O;-deposited Si nanopyramid array due to dielectric disorders in the Al,O; layer. (d) Isolated PL
spectrum of 1L-WSe, on an h-BN (6.72 nm)/AL,O; (4 nm)-deposited Si nanopyramid tip apex. (e) Second-order correlation function g(z)(‘r)
recorded from the isolated peak (P3) showing the gé)(O) value to be 0.12 + 0.0, indicating the improved purity of SPE. (f) Schematic diagram
showing the effect of the h-BN layer to prevent the interaction of dielectric disorders with SPEs. The h-BN layer eventually improves the quality of
SPEs.

at gate dielectric layers during multiple gate operation,'” noisy
fluctuation of the gate voltage in complex integrated circuits,”’
and electric field fluctuations inherent to the microenviron-
ment.”' Our pyramidal-tip-based device enables low-voltage,
high-contrast intensity modulation with a simple configuration

nonuniformly distributed, different from that on a planar
structure. The electric field on the apex is ~20 times smaller
than that on the nanopyramid-side region, which significantly
reduces and, in some cases, eliminates the shift of photon
energy of SPEs, i.e, a negligible Stark effect. The immunity of

the nanopyramid structure to externally applied voltage should
presumably protect the SPEs from unwanted change of the
photon energy caused by the instability such as charge trapping

while preserving spectral stability across the entire gating
range. This allows the emitter intensity to be modulated
independently of emission energy, which is critical for cavity-
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Figure 3. Stark effect free modulation of SPEs in 1L-WSe, on Si nanopyramid arrays. (a) Schematic diagram of an electrically switchable SPE
device. Voltage modulation of PL spectra of SPE in 1L-WSe, (b) without h-BN and (c) with a 6.72 nm thick h-BN layer. A 4 nm ALO; layer is
deposited on top of Si nanopyramid arrays for both cases. (d, e) Corresponding plot of photon energy (left, showing negligible Stark shift) and PL
intensity (right) for P1 in (b) and the P3 peak in (c), respectively. The SPE peaks exhibit unconventional negligible Stark shifts while modulating
the PL intensity. (f) Comparison of the Stark shift of SPEs observed in our work (red solid star) with those in other references (blue solid circles).
The Stark shift in our case is significantly lower than those in other references. (g) Measured second order photon-correlation at different gate
voltages. Enhancement in the single photon purity is observed in the negative gate voltage.

coupled devices and for scalable quantum photonic architec-
tures requiring independent electrical control of multiple
emitters. Furthermore, because our Si nanopyramid array
structures are fabricated from etching a Si wafer, it should be
advantageous for the integration with conventional well-
developed Si optoelectronic components, facilitating the
practical application of SPEs for chip-based quantum
communication, photonic quantum computing, and quantum
optical sensors.

Figure la schematically demonstrates the fabrication process
of the SPE devices used in this work. First, Si nanopyramid
arrays are fabricated via an etching process” (see method
section for detailed fabrication process). A 4 nm Al,O; layer as
a gate dielectric for an electrical control is deposited on the
nanopyramid array via ALD, and 1L-WSe, and a few-layer
graphene flakes are transferred on the nanopyramid array via
the polypropylene carbonate (PPC)-based stamping process as
described in the method section. Figure 1b shows a false-
colored field emission scanning electron microscope (FESEM)
image showing the side-view of the nanopyramid array partially
covered with 1L-WSe,. The FESEM image reveals the heights
and widths of nanopyramid as around 200 and 300 nm,
respectively. Of note, 1L-WSe, covering the nanopyramid
(purple-colored area) forms a sharply pointed apex on top of
the nanopyramid tip, distinctly from the rather rounded apex

of the uncovered nanopyramid (pink-colored area). The radius
of curvature of the uncovered Si nanopyramid varies between
~20 and ~80 nm. On the other hand, the radius of curvature
of the 2D materials on the tip is less than 10 nm as shown in
Figure 1b and Supporting Information Figure S1, which is
small enough to induce high strain on the flake required for the
creation of SPEs. The different radius of curvature of the apex
depending on the existence of 1L-WSe, indicates the
separation of 1L-WSe, from the nanopyramid tip with an air
gap, which is schematically illustrated in Figure Ic. The DC
electric field between 1L-WSe, and a Si nanopyramid with
applied voltage varies dominantly depending on its proximity
with the nanopyramid, and therefore, the electric field
decreases approaching the apex (Figure lc).

A photoluminescence (PL) spectrum was acquired from the
nanopyramid region at 4 K with a 532 nm continuous-wave
laser (see the method section for detailed optical setup). The
PL spectrum is shown in Figure 2a, which exhibits two
prominent peaks at 1.678 eV (P1) and at 1.650 eV (P2)
overlapping with broader defect bands. These sharp peaks are
ascribed to the high strain at the tip apex of the nano-
pyramid.”® To check the single-photon characteristic of the
observed emission peaks, we spectrally filtered the peak and
performed a second-order photon-correlation measurement
g?(7) using a standard Hanbury-Brown and Twiss setup. As
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Figure 4. Mechanism of a negligible Stark effect and electrical modulation of an SPE. (a) Cross-section of simulated DC electric field distribution
in the region between 1L-WSe, and a Si nanopyramid tip. Here, we used 4 nm radius curvature of the tip. (b) Electric field in 1L-WSe, along the
dashed line denoted in (a). (c) I~V data of the SPE device for laser-on (red) and -off (blue) cases. Fowler-Nordheim tunneling plot for the laser-on
case in the (d) negative and (e) positive gate voltages, respectively. Schematic diagram explaining the charge transport mechanism across the
dielectric layer for (f, g) negative and (h, i) positive gate voltage, with laser-off and -on, respectively. FNT and DT denote Fowler-Nordheim

tunneling and direct tunneling, respectively.

shown in Figure 2b, photon antibunching is observed with
g(z)(O) = 0.37 + 0.05, which is below the threshold of 0.5,
indicative of a single photon source. Even though the observed
peaks in the spectrum exhibit photon antibunching (Figure
2b), the intensity of the peak is not overwhelming compared to
that of the background defect signal, and the purity of single
photons remain limited. The relatively low intensity of SPE
peaks is attributed to the disorders of Al,O; layer, such as
dangling bonds, vacancy, and impurities in the Al,O; layer,
which trap charges to reduce the radiative recombination”
(Figure 2c).

To block the unwanted quenching and relaxation from the
AlLOj; dielectric layer, we transferred a few-layer h-BN on top
of the Al,Oj; dielectric layer. We observed stronger PL intensity
on the tip apex of nanopyramids, indicating the deterministic
creation of SPEs on top of the nanopyramid array (Supporting
Information Figure S2a). The PL spectrum from the point
exhibiting the strong intensity shows a narrow isolated PL
emission peak at 1.594 eV (P3), which dominates the
spectrum (Figure 2d). The second-order photon-correlation
measurement (Figure 2e) Ferformed on this peak exhibits
photon antibunching with g¥(0) = 0.12 + 0.04, indicating an
SPE. In addition, the peak shows a brightness of 1.09 + 0.08
MHyz, one of the representative properties of SPEs (Supporting

Information Figure S2b). Also, in Supporting Information
Figure S2c, we show a higher brightness of 10.11 + 0.73 MHz
from the other SPE. As schematically shown in Figure 2f, the
added h-BN flake serves as a barrier to isolate SPEs in 1L-WSe,
from the disorders in the Al,O; layer, resulting in spectral
isolation of the SPE peak with the suppression of the broad
background. Such an isolation from the disorder leads to a
noticeably ~3 times lower g (0) value than that of the ALO;-
only case (Figures 2b and 2e). These results indicate that the
SPEs on the few-layer-thick h-BN on Si nanopyramid arrays
generate single photons with significantly improved purity and
brightness.

To study the electrical controllability of the SPEs on our
nanostructures, a gate voltage was applied to the 1L-WSe,
through Si nanopyramid arrays as shown in the schematics of
Figure 3a. For the case in which only Al,O; was used as a gate
dielectric layer, we observed the single photon emission peaks
(both P1 and P2) and broad defect bands turning on with gate
voltage V; < 0.4 V as shown in Figure 3b. For the case of the
6.72 nm thick h-BN covering Al,O3, we also observed a similar
trend, in which the SPE turned on for a negative gate voltage
(Figure 3c). The intensity profiles along the applied electric
field for both devices are shown in greenish solid lines in
Figure 3d and pinkish solid lines in Figure 3e, and the SPEs are
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switched on and off within 2 and 13 V, respectively. Thus, the
deterministically created SPEs on our Si nanopyramid
structures can be controlled in an electrical manner with
simple gate structures within a small voltage range.

Of vparticular interest, the photon energy shift along the
applied voltage, i.e., Stark shift, is restricted to less than 1 meV
for the case of the SPE on the only Al,O; layer (P1, reddish
solid lines in Figure 3d), while no Stark shift is observed within
our spectral resolution for the case of the SPE on the h-BN/
Al,O5 case (P3, bluish solid line in Figure 3e). We consistently
observed the negligible Stark effect for other SPEs while the
intensity was modulated with an applied electric field
(Supporting Information Figure S3). Our work shows the
lowest Stark shift of 0.54 meV at a maximum applied electric
field of 0.93 V/nm, which is surprisingly small compared to
other references'"'”***° even with a higher electric field as
shown in Figure 3f. We also note the g*(0) value indicating
single photon purity was enhanced to 0.06 + 0.03 with
negative gate voltage (Figure 3g), comparable to that of
recently reported chemically functionalized, voltage-treated,
and nanogap-coupled WSe,,* ™** which is attributed to the
increased single photon emission relative to background noise
at negative gate voltage.18

To understand the mechanism for the negligible Stark shift
observed in our system, we calculate the DC electric field
around a 1L-WSe, apex in a three-dimensional 1L-WSe,/h-
BN/nanopyramid structure model using a simulation based on
the finite element method (FEM) in COMSOL Multiphysics
6.1. A detailed description of the simulation is presented in the
Methods section. The cross-sectional distribution of the DC
electric field around the 1L-WSe, apex at V, = 10 V, mimicking
the experimental condition for P3, is shown in Figure 4a. The
DC electric field at the apex is lower compared to that at the
sidewall by ~20 times. The variation of the induced electric
field along the 1L-WSe, slope (dashed line in Figure 4a) clearly
shows an electric field minimum formed at the apex (Figure
4b). The electric field between two layers is nonuniform on
curved structures, in contrast to the uniform electric field on
flat planar structures. Furthermore, the air gap formed between
1L-WSe, and a h-BN, as stated earlier in Figure 1b and Ic,
induces different electric fields depending on the distance from
the nearest point of the Si nanopyramid held with the same
gate voltage. As a result, the electric field applied on 1L-WSe,
on a Si nanopyramid structure is not uniform, and the electric
field at the apex is small compared to the flat side-wall region.
Due to the small electric field with given gate voltage, the Stark
effect is suppressed at the apex, where SPEs are selectively
created with high strain. We also performed control experi-
ments on a different sample with a 28 nm thick h-BN, where a
1L-WSe,/h-BN heterostructure is suspended over a Si
nanopyramid array in an almost flattened form without any
sharp curvature in WSe, (Supporting Information Figure S4).
In the case of the 28 nm thick h-BN, the effective high strain
on the 1L-WSe, almost disappears, and therefore, the PL
spectrum is devoid of sharp peaks indicating SPEs. Contrary to
the previous case, we observed a 15.0 meV energy shift in the
PL spectrum at a maximum electric field of 0.60 V/nm
(Supporting Information Figure S4c), and the DC electric field
on the 1L-WSe, is uniformly distributed as shown in the
simulation data (Supporting Information Figure S4d). All these
results indicate that the sharp geometry of 1L-WSe, on a Si
nanopyramid tip with an air gap induces a nonuniform electric
field and minimizes the Stark shift of SPEs. In comparison,

previous approaches for electrical control of SPEs quite differ
from our approach in that it uses planar gate electrode
structures parallel to 2D materials possessing SPEs.'”>*** For
example, a graphene sheet for a gate electrode and an h-BN
sheet for a gate dielectric layer are stacked in parallel with a
TMDC layer possessing SPEs for electrical control. In such
cases, the electric field should be almost uniform over the
whole planar region due to the same distance between a
graphene sheet and a TMDC layer possessing SPEs. Even in
cases where the heterostructures of the TMDC/h-BN/
graphene structure are transferred on top of nanostructures,
such as nanopillars for deterministic creation of SPEs, the two
layers are still parallel without an air gap. In this case, the
electric field is quite uniform without a suppressed electric field
at the tip as seen in our approach (Figures 4a,b). Thus, our
approach using a Si nanopyramid offers a distinct and effective
way to engineer a reduced electric field on the apex, leading to
the suppression of the Stark effect. Thus, by employing the
engineered negligible Stark effect using our Si nanopyramid
structure, we can fabricate SPEs that are stable against external
noisy environments such as time-variant charge distribution at
the gate dielectric and noisy gate operations.

To explain the tunability of SPEs albeit with the negligible
Stark effect, we analyze the I-V data of the devices (Figure 4c-
e) and provide a charge transport mechanism for the devices
(Figure 4f-). Since our experiments are performed at low
temperature (4 K), holes are dominant charge carriers in our
devices with p-type 1L-WSe, and Si, and charge carrier
transport is governed by a tunneling mechanism rather than
thermionic emission. For the negative V, without laser
illumination, a transition is observed at —5 V in the Fowler-
Nordheim (FN) plot (blue dots in Figure 4d), which indicates
a direct tunneling for =5 V < V, < 0 V and FN tunneling for
—10 V< V, < =5 V. Considering the given negative V, and p-
type dopants, the observed tunneling is attributed to the holes
in 1L-WSe, tunneling toward the Si electrode as shown in
Figure 4f. On the other hand, for the negative V, with laser
illumination, a transition from direct to FN tunneling is
observed at a lower V, = —=2.9 V in the FN plot (red dot in
Figure 4d) with increased tunneling current for V, < —=2.9 V
compared to the laser-off case. The shift of the transition
voltage and the increased current is attributed to the tunneling
of photoexcited electrons of Si with a lowered tunneling barrier
for the photoexcited electrons®® (Figure 4g; Supporting
Information Section SS). The electrons in the 1L-WSe, funnel
and recombine at the nanopyramid tip to generate single
photons (Figure 3¢ and 4g). For the positive V, without laser
illumination, holes in Si tunnel through the dielectric barriers
of Al,O; and h-BN toward the 1L-WSe, via direct tunneling as
shown in Figure 4h. For the positive V; with laser illumination,
a transition from direct to FN tunneling is observed at 2.6 V,
which is attributed to the tunneling of photoexcited electrons
generated in 1L-WSe, (red dots in Figure 4e). The EN
tunneling of photoexcited electrons from 1L-WSe, to Si results
in the increase of the current at V, = 2.6 V (Figure 4i). Of note,
this transition voltage is the same with the turn-off voltage of
SPE (Figure 3c), which further confirms that the FN tunneling
of electrons from 1L-WSe, to Si suppresses the SPE at the
nanopyramid tip. The nonlinear behavior beyond 3.6 V in
Figure 4e is presumably attributed to an insufficient carrier
supply.”” The measured current shown in Figure 4c-4e explains
reasonably the electron tunneling with and without the
excitation laser and the occupation of charge carriers in the
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single photon emitter. However, all the current measured in
the graphs does not contribute to the occupation of the single
photon emitters. Given the large laser spot size of ~1 um
compared to the single photon emitter size of ~2 nm,”* most
of the measured tunneling current occurs out of the single
photon emitter. Even considering the nanosecond scale of
lifetime of radiative and nonradiative recombination rate of the
single photon emitter, 0.1 nA current is enough to occupy a
single photon emitter even assuming full occupation. Thus,
while the proposed mechanism explains the intensity control of
a single photon emitter, the large current change during the
tunneling transition does not appear as a corresponding change
in the PL intensity. Rather, the PL intensity exhibits gradual
change as mentioned in the previous reports.'”*”** We fit the
PL intensity change based on sigmoid and logistic functions*
and measured switching voltage as 2.42 and 2.79 V,
respectively. This mechanism also explains the observed
hysteresis of the PL signals during the repetitive sweeps
shown in Figure 3e and S6a, where voltage sweeps from 10 V
to —10 V are denoted by odd-numbered cycles and voltage
sweeps from —10 to 10 V are denoted by even-numbered
cycles. After the odd-numbered sweep (i.e, toward negative
V,), the electron traps in the interface between layers or
intrinsic traps in 1L-WSe, are more likely to be occupied due
to electron tunneling from Si (Figure 4g). The electron
charging in the traps increases the PL signal in the given
system, thereby leading to higher PL signals in the following
even-numbered sweep and resulting in the hysteresis.

In conclusion, we demonstrate a novel approach to
electrically control purified SPEs in 1L-WSe, using a Si
nanopyramid array. The sharp Si nanopyramid structure allows
not only induction of strong local strain in 1L-WSe, to create
and localize SPEs but also application of gate voltage to the
WSe, layer for electrical control. A few-layer h-BN is used to
remove the broad background defect bands leading to an
increase in the single-photon purity and the intensity of SPEs
while preserving the small radius of curvature of the 1L-WSe,
(less than 10 nm) at the apex to create and localize the SPEs
on the nanopyramid. We also demonstrate that the SPEs on Si
nanopyramid arrays can be efficiently controlled by applying a
gate voltage to 1L-WSe,. The inclusion of an additional
tunneling path of FN tunneling at high gate voltage reduces the
photogenerated charge density in 1L-WSe, quenching the SPE.
More interestingly, the negligible Stark shift is observed for the
SPEs on the Si nanopyramid arrays, which is attributed to the
curved structure of our platform and the formation of air gap
inside. The proposed strategy to purify SPEs in 2D materials
and simultaneously control them via an external gate voltage
on Si nanopyramid arrays will pave a new way to develop
compact on-chip devices for quantum communication,
computing, and sensing, compatible with matured Si-based
optoelectronic technology.

1. FABRICATION OF SPE DEVICES

Starting with a 90 nm SiO,/Si wafer, a 90 nm SiO, layer was
etched using dielectric reactive ion etching for a square region
defined by photolithography. We patterned gate electrodes by
additional photolithography and metal evaporation of Au (50
nm)/Ti (5 nm). We patterned nanosquare arrays of 300 X 300
nm on the exposed Si region using electron-beam lithography
followed by chromium metal deposition. Inductively coupled
plasma reactive ion etching was performed to create the
nanopyramid-shaped structure on the Si region. We deposited

4 nm ALOj; using an atomic layer deposition process. For
defining top electrodes, we deposited Au(S0 nm)/Ti(S nm)
after additional photolithography process.

2. TRANSFER OF 1L-WSE,, H-BN, AND FEW-LAYER
GRAPHENE ON AN SPE DEVICE

1L-WSe,, h-BN, and few-layer graphene were exfoliated on a
90 nm SiO,/Si substrate from commercial bulk crystals (HQ
Graphene Company). A polypropylene/polydimethylpolysilox-
ane (PPC/PDMS) stamp was brought in contact with few-
layer graphene using a micromanipulator and heated to 40 °C.
The stamp was released slowly after being cooled to 30 °C to
pick up the few-layer graphene. The same process was repeated
to pick up 1L-WSe, and few-layer h-BN flakes to make a 1L-
WSe,/h-BN/graphene heterostack on a PPC/PDMS stamp.
The heterostack was aligned and brought in close contact with
the nanopyramid array. The sample stage was heated to 120
°C, and the micromanipulator was slowly retracted to release
the heterostack on the nanopyramid array. Finally, the sample
was connected to the sample holder pad via wire bonding
technique for voltage-dependent PL measurement.

3. OPTICAL SETUP

The fabricated device was mounted on a 4 K closed-cycle
cryostat with low vibration and then excited by a 532 nm
continuous-wave pump laser. We focused the excitation beam
and collected the optical signals from the device using a high-
NA objective lens (100X, NA = 0.7). For wide-field
luminescence imaging, the laser spot size was enlarged to
~500 pm? and the emission was sent to the charge-coupled
device. To characterize the spectrum of the emission from the
device, we used a 700 nm long-pass filter to spectrally filter out
the pump laser and then sent the resolved emission to a
spectrometer with a spectral resolution of 0.03 nm, installed
with a nitrogen-cooled 2D array charge-coupled device
(CCD). To characterize the single photon nature of the
emission, we sent the resolved emission from the spectrometer
to a Hanbury Brown and Twiss interferometer composed of a
50:50 beamsplitter and two silicon avalanche photodiodes
connected to time-correlated single photon counting. The
measured second-order photon correlation was fitted by eq 1
considering an instrument response function of a Gaussian
function with a full width at half-maximum of 225 ps, which is
restricted by the avalanche photodiode.

g7) =1 - (1= g®(0) ™ ()

where 7, is the mixture of the pumping and decay times of the
quantum emitter.

4. NUMERICAL SIMULATION

We used finite element method (FEM) using COMSOL
Multiphysics 6.1 with an AC/DC module to analyze the DC
electric field within the hybrid system. The model includes 3D
geometry of the 1L-WSe,/h-BN/Al,0;/Si nanopyramid
structure. The nanopyramid dimension in the model was set
to 66 nm (height) by 100 nm (width), material properties
were obtained from refs 38 and 39, and voltages were imposed
to the 1L-WSe, and Si nanopyramid.
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