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ABSTRACT: A monolayer semiconductor transferred on nanopillar arrays provides site-
controlled, on-chip single photon emission, which is a scalable light source platform for quantum
technologies. However, the brightness of these emitters reported to date often falls short of the
perceived requirement for such applications. Also, the single photon purity usually degrades as
the brightness increases. Hence, there is a need for a design methodology to achieve an enhanced
emission rate while maintaining high single photon purity. By using WSe, on high-aspect-ratio
(~3, at least 2-fold higher than previous reports) nanopillar arrays, here we demonstrate >10
MHz single photon emission rate in the 770—800 nm band that is compatible with quantum
memory and repeater networks (Rb-87-D1/D2 lines) and satellite quantum communication. The
emitters exhibit excellent purity (even at high emission rates) and improved out-coupling due to
the use of a gold back reflector that quenches the emission away from the nanopillar.
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O n-chip single photon emitters (SPEs) provide a scalable
approach toward photonics-based quantum technologies
such as quantum computing, quantum communication, and
quantum metrology.”” SPEs based on transition metal
dichalcogenides (TMDCs) are highly attractive as the two-
dimensional nature of the host provides several possible
advantages, such as, ease of integration with photonic/
plasmonic cavities and waveguides,”~® low outcoupling
loss,”>”" gate induced spectral tunability,””'* and the
possibility of integration with electrical excitation
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improvin§ the net quantum efficiency of single photon
emission.”””" While such sources are highly promising due
to the spatially deterministic nature of the array of quantum
emitters at the lithographically defined positions,»***°~>*
there are two key challenges that must be addressed for
practical quantum applications.

These two challenges are illustrated in Figure 1, where we
plot the measured brightness (in counts per second) as a
function of single photon purity [in terms of g®(0)] for
reported TMDC-based SPEs.”™>%>*~*° The first observation is
that the overall brightness is, in general, low, both with respect
to other competing technologies (for example, quantum dots
exhibiting several tens of MHz""~>") as well as the perceived
requirement for several quantum technologies (in GHz,
see’”*?). The emission intensity from TMDC-based SPEs
usually saturates much earlier than the rate suggested by their
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Figure 1. Status of TMDC-based single photon emitters and
benchmarking. Brightness (in terms of maximum collected emission
rate in MHz) against single photon purity [in terms of ég(z)(O)} plotted
for reported TMDC-based single photon emitters.”™>***7>° We have
selected only those reports having scalable architecture and spatially
deterministic SPE. Works implementing a photonic/plasmonic cavity
are encoded in blue symbols, and those without cavities are encoded
in red symbols. The plot also shows the results from this work having
two different aspect ratios of pillars (samples S1-A and S2).
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Figure 2. Design of the single photon emitter. (a) Schematic cross section showing the different layers in the SPE. Inset: Schematic showing a
comparison of shorter versus taller pillars with respect to their single photon emission rates. Excitonic bands showing different band-bending
gradients are also shown. (b) Color plot from our model showing the variation of normalized maximum emission rate achievable as a function of
the nanopillar aspect ratio and Auger coefficient. (c) Top panel: Schematic showing the array of nanopillars covered with TMD monolayer and
hBN. Individual nanopillars are spaced by S um such that the excitation laser spot covers only one of the nanopillars. Bottom panel: Optical image
of the fabricated device with WSe, monolayer (bounded by white dashed line) covering the array of nanopillars. Overlaid is the result from the PL
map showing bright emission spots coinciding with the nanopillar locations. (d) SEM image of the WSe, monolayer on a nanopillar. The nanopillar
touches the gold-coated substrate around 250—300 nm away from the center of the nanopillar. The scale bar is 200 nm. Inset: SEM image of a bare
nanopillar showing a diameter of around 110 nm (scale bar is 200 nm). (e) AFM image of a section of the fabricated nanopillar array showing a set
of 4 nanopillars with height around 330 nm. (f) Result from the FDTD simulation showing the spatial distribution of the emission pattern of the
SPE on the pillar. The solid white lines indicate the collection angle of our objective with an NA of 0.5.

lifetime. Auger annihilation has been suggested as the limiting site. A point defect on the pillar captures these available
factor for such early saturation.” While methods, such as excitons and emits subsequently, giving rise to single photon

photonic/plasmonic cavities,”® have improved the brightness emission.
of the SPEs, there is still a pressing need for further The overall design of our SPE array employing monolayer
improvement. WSe, on nanopillars has three important features, as illustrated
While good single photon purity has been demonstrated in schematically in Figure 2a. The design is inspired by our model
the past,”” " the second observation from Figure 1 is the lack (discussed later) predicted brightness of the SPE as a function
of reports with simultaneous observation of low g?(0) and of Auger strength and pillar aspect ratio (height:diameter,
high emission rate. The diffraction-limited laser spot is much denoted as a), shown in Figure 2b. The results suggest that
larger than the nanopillar diameter for optical excitation. This Auger-induced exciton annihilation in the strain-induced
causes considerable contribution from the surrounding regions potential well on the nanopillar prevents the SPE from
to the collected photon count. Unlike the SPE, the background achieving its lifetime-limited emission rate. However, a higher
emission is not bottlenecked by a single level and, hence, does a helps to overcome this limitation through stronger exciton
not have a strong saturating behavior with increasing power. funneling toward the pillar site (see inset of Figure 2a). One
Accordingly, it often starts to dominate the SPE emission at drawback of high-aspect-ratio nanopillars made of hard
higher excitation power, degrading the single photon purity. material, such as SiO,, having a rough top surface, is the
The aim of this work is to bridge the above-mentioned gaps possibility of piercing through the flake during the transfer
by introducing high-aspect-ratio nanopillars on metal film to process.”*" To mitigate this, we fabricate the nanopillars using
significantly improve the brightness of the TMDC-based SPEs a negative photoresist followed by baking (see Methods in
while maintaining an excellent single photon purity at high Supporting Information 1). The polymer-based negative resist
emission rates - a step toward practical SPE solution for provides a comparatively softer structure and a smoother top
various quantum technologies. surface. We fabricate an array of such nanopillars, keeping a
Transferring a monolayer on a nanopillar introduces a pillar-to-pillar spacing (S ym) well beyond the excitation laser
nonuniform strain in the flake, with maximum strain at the spot size (~1.5 um) so that only one pillar is excited at a time
pillar site. The band gap of the monolayer reduces with such (top panel of Figure 2c for a schematic view and the bottom
local strain,”~"” causing excitons to funnel toward the pillar panel for an optical image). Figure 2d shows an SEM image of
12462 https://doi.org/10.1021/acs.nanolett.4c03168

Nano Lett. 2024, 24, 12461-12468


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c03168/suppl_file/nl4c03168_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03168?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03168?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03168?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c03168?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c03168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

o
o

Emission wavelength (nm)
827 775 729 801 796 791

T 400 ; DOLP ~ 92%

X I 1.0 <1582

< WA —0° 3

€ 300f —90° >

S )

£ ; T 1.586

2200y &

z ! \ 05 5

2 5

£ 100 AN B 1o

3 w

o M 1.594 =
0— 0.0—— — 173 174

15 16 1.7 1548
Emission Energy (eV)

1.558 1.568

Q
o

Excitation energy (eV)

. E.xperiment Sample S1-A T
§ gl — Fit >
=4 2
26 £
S o
54 g
3 £
E2 l;ax = 10.53 £ 0.22 MHz s
Poy = 26.09 £ 1.27 pW :
U ‘ ‘ 04

‘[ 14=478.15+0.84 ps’

C.
1 M SPE peak
0 — 1.0 H8 Emission within FWHM

T
[ [0
%
g €
[} =
g 2
fg Z 05l 0.52 meV
3 3
& 8
2

0.1 0.0 BT et

175 176 1.572 1.575 1.578
Emission energy (eV)
+ Experiment " 20 . S le S1-A
P - Experiment ample 51~
g2(0)=0.113£0.015

— Fit

0 20 40 60 80 00 02
Power (uW)

Time (ns)

0.8 12
1 (ns)

Figure 3. Characterization of the single photon emitter. (a) Left panel: PL spectra from four different nanopillar sites. The spectral location of the
SPEs is marked by dashed vertical lines. Right panel: Polarization resolved PL spectrum of the SPE peak showing a DOLP of ~92%. (b)
Photoluminescence excitation measurement showing an enhancement in the SPE emission rate when the excitation is resonant to the free exciton
energy of WSe,. (c) Fitting of an SPE peak (data in black symbols and total fit in black solid trace) with Voigt functions and a background (orange
dashed trace). The fitted peak (in red) is then integrated within its fwhm limits (black hatched portion) to calculate the integrated emission counts,
thus removing the contribution from nearby peaks and background emission. The data shows a total measured line width of 520 weV. (d)
Integrated emission count rate from (c) plotted as a function of excitation power. The data fits with a saturation equation, giving a maximum
emission rate of 10.53 + 0.22 MHz and a saturation power of 26.09 uW. (e) TRPL results (data in black symbols and fitting in red trace) to
characterize the formation time and the lifetime of the defect state. t = 0 ns marks the location of the laser pulse firing. (f) Second-order correlation
measurement to quantify the purity of the SPE (experimental data in symbols and fitting in the red trace).

a single nanopillar with WSe, monolayer on top. The inset is
an SEM image of a bare nanopillar with a diameter of about
110 nm. AFM measurement indicates a height of about 330
nm (Figure 2e). This gives us @ ~ 3, significantly higher than
previous reports.”’~*

Second, encapsulating TMDCs with hBN smoothens the
inhomogeneous potential fluctuation and screens the inter-
exciton interaction. This reduces the Auger coeflicient
significantly through suppressed interaction among locally
trapped excitons.”” " Accordingly, we transfer a few-layer
hBN flake on top of the monolayer/nanopillar stack. However,
no hBN layer is introduced between the monolayer and the
nanopillar to avoid a possible reduction in the strain.

Finally, in order to improve single photon purity, we
mitigate the issue of the laser excitation spot being much larger
than the nanopillar area by fabricating the nanopillars on gold-
coated substrate. The part of the monolayer away from the
nanopillar touches the gold film (Figure 2a), and the emission
from those regions is almost completely quenched due to
nonradiative charge transfer to gold.” This allows us to collect
the emission only from the nanopillar region selectively. To
support this claim, we perform a photoluminescence (PL) scan
on the sample at 295 K around the free exciton emission
energy (excited using 532 nm laser), and the integrated
emission intensity is overlaid on the optical image (bottom
panel of Figure 2c). The bright emission spots coincide with
the location of the nanopillars in the optical image. A line cut
from the PL map is presented in Supporting Information 2.

12463

The emission from the flake away from the nanopillar is almost
completely quenched. On the other hand, excitons funnel to
the nanopillar locations from the suspended regions, providing
high brightness at the pillar site (schematic in Figure 2a). Most
of the pillars covered by the monolayer show bright emission,
suggesting high yield and minimal damage to the flake during
the transfer process. Finally, the gold-coating acts as a back-
reflector, improving the out-coupling of the emitted photons as
depicted from the simulated emission pattern (Figure 2f) using
2D finite-difference time-domain (FDTD) method.

We refer to this SPE stack (with a = 3) as structure S1 and
prepare three different samples (S1-A, S1-B, and S1-C)
containing arrays of nanopillars.

Figure 3a (left panel) shows representative PL emission
spectra from four different nanopillars. The vertical dashed
lines indicate the spectral position of the defect emission
functioning as an SPE around 1.55—1.61 eV. The correspond-
ing emission wavelength is in the 770—800 nm band and is
thus suitable for quantum memory and repeater networks
(being close to the Rb-87-D1/D2 line)*® and satellite
communication applications.”” Note that the SPE peak is
red-shifted compared to the broad defect and multiparticle
emission of WSe, and, thus, is relatively free from background
emission. Figure 3a (right panel) shows a high (~92%) degree
of linear polarization (DOLP) of these peaks. The DOLP value
remains independent of the direction of the polarization of the
excitation, suggesting the intrinsic linearly polarized nature of
the SPE.
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Figure 4. Single photon emitter model. (a) Schematic diagram showing the mechanism of exciton funneling in the strain-induced potential well and
capture by the defect state. The processes involved at different stages are also illustrated. (b) Exciton density as a function of radial distance from
the center of the pillar with varying pillar aspect ratio (a). (¢, d) Exciton population near the center of the nanopillar (N,) as a function of
excitation power with (c) varying Auger coefficient relative to a base value y, for a fixed aspect ratio of the pillar and (d) varying aspect ratio of the
pillar for a fixed Auger coefficient. (e) SPE emission intensity as a function of excitation power with a varying aspect ratio (@) of the pillar. (f)
Fitting of the model (in the green trace) with the experimentally measured maximum emission rate from samples S1-A, S2, and S3 (in red star
symbols) as a function of pillar aspect ratio. The shaded portion demonstrates a + 10% variation in the model parameters. (g) Maximum SPE
emission intensity (normalized) achievable by varying the supply to the defect state (N,I',,,) and total decay rate (I';) of the defect state, for a
given quantum efficiency. The dashed line indicates I'y = N,I',,,, segregating the supply-limited regime from the lifetime-limited one. (h) Power
dependent emission rate for S1-A (in black symbols) and S1-C (in red symbols) along with model fitting (solid traces). The fitted Auger coefficient
for the red trace is about 100-fold smaller than the black trace. The dashed vertical lines indicate the corresponding saturation powers (0.74 yW for

S1-C and 26.09 uW for S1-A).

The SPE peak intensity strongly depends on the excitation
wavelength. As an example, we choose an emitter around 1.59
eV and find that the peak intensity is highest when the
excitation is resonant to the WSe, free exciton (Figure 3b).

The sharpest peak we measured has a full-width-at-half-
maximum (fwhm) of 520 eV and is shown in Figure 3c. We
perform incident power (P) dependent PL measurement to
characterize the brightness of the SPE. Figure 3c shows the
method used to calculate the emission rate of the SPE. The
peaks are fitted using a Voigt function, and the contributions
from the side peaks and the background are removed. The SPE
peak is then integrated within its fwhm (marked by the shaded
portion) and then adjusted for our system efficiency of 5.1%.
This integrated emission intensity (I) of the SPE peak is
plotted against P in Figure 3d, and the data is fitted with I = I,
- {P/(P + P,,)}. This gives us a maximum emission rate of
10.53 + 0.22 MHz, which is free from other spurious

contributions. Note that we deliberately do not report the
collected SPAD count rate. This is because even after spectral
filtering, the photons collected by the SPAD have a component
arising from the background and side peaks. This component
increases rapidly with the incident power and thus results in
erroneous inflation of the measured emission rate of the device
(Supporting Information 3). Power dependent emission rate
from three other fabrication runs is shown in Supporting
Information 4, suggesting a repeatable high emission rate from
our samples.

Note that this is the emission rate collected by the objective
[numerical aperture (NA) of 0.5] and is not corrected for the
collection angle limited by its NA. Our FDTD simulation
(Figure 2f) predicts that 33.93% of the total photons emitted
by the dipole above the substrate surface are collected by our
objective. This gives an emission rate of ~31 MHz above the
surface of the substrate. Collection efficiency with respect to

https://doi.org/10.1021/acs.nanolett.4c03168
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the total emission is 28.36%, giving a total emission rate of ~37
MHz. The FDTD simulation also rules out the existence of
Purcell enhancement in the structure.

We perform time-resolved photoluminescence (TRPL)
measurement to characterize the lifetime>®'*?%1253%74 of
the trapped exciton in the quantum emitter (Figure 3e). After
fitting with a decaying exponential convoluted with a Gaussian
rise function (see Methods in Supporting Information 1), we
extract a lifetime (z,) of 487.15 + 0.84 ps and a formation time
(7)) of 541 + 0.95 ps.

To characterize the single photon nature of the emission, we
perform second-order correlation measurement in a Hanbury
Brown and Twiss (HBT) setup. After deconvolution from the
Gaussian instrument response function (IRF) (see Methods in
Supporting Information 1), we extract a g?)(0) value of 0.113
+ 0.015 at a high collected count rate of 1 MHz. Note that the
fit does not involve any background correction. The
maintained single photon purity at this high emission rate
confirms the functioning of the gold-coated substrate as an
excellent background suppressor. Spectral separation of the
SPE from typical broad defect emission of WSe, also helps
because the tail of such broad emission does not intrude into
the spectral region of the SPE. The corresponding g(z)(r) plot
for the sample exhibiting the narrowest SPE peak (spectrum in
Figure 3c) is shown in Supporting Information S. Also, in
Supporting Information 6, we show %(2)(7) from a lower-
aspect-ratio pillar (sample S2) with a g(2 (0) of 0.024 + 0.017.

In Figure 1, we compare our results with reported
data®>®**7® in the space of maximum emission rate versus
¢2(0), suggesting a superior emission rate while maintaining
improved single photon purity. The emission rate from our
high aspect-ratio pillars is 7-fold higher than the previous
highest reported rate from pillars without cavities and is on par
with works using photonic/plasmonic cavities.

We model the SPE as two interconnected subsystems (see
Figure 4a): (a) exciton funneling in the strain-induced
potential well, and (b) these funneled excitons acting as a
reservoir for exciting the defect-based atom-like two-level
system, which then relaxes to the ground state, emitting single
photons. We discuss these two parts of the model below.

The rate equation for the exciton density n(r, t) at a radial
distance r from the center of the strain well is given by (see
Supporting Information 7 for derivation):

oD o FED g - ﬁ )

(1)

Here the first term on the right-hand side captures both the
out-diffusion of excitons due to concentration gradient and the
drift of excitons toward the pillar center due to strain gradient,
F being the total outward flux of the excitons. g(r) is the
generation rate with a spatial Gaussian profile, 7, is the effective
lifetime of the exciton (combining both radiative and
nonradiative pathways, other than Auger process) and 7 is
the Auger coeflicient.

on(r,t) _ . .
The calculated steady-state (T = 0) exciton density

profile [n(r)] is plotted in Figure 4b, suggesting stronger
exciton funneling as @ increases. In Figure 4c, we plot the total
exciton population [N, = / t27rn(r)dr] near the center of the
nanopillar as a function of P for different y (r, is taken as 1 nm
in the plots). The results indicate a saturation in N, with P, and
N, saturates at a lower value for higher y. This suggests that
Auger annihilation, being a quadratic function, is the primary

bottleneck to increase N,. A higher o that induces stronger
exciton funneling could be a way to mitigate such Auger-
mediated saturation, as illustrated in Figure 4d.

An exciton from the reservoir that is in the vicinity is
captured by a point defect, populating an atom-like two-level
system consisting of the defect state and the ground state
(Figure 4a). The SPE emission energy is ~200 meV lower than
the free exciton (Figure 3a). The hybridization of this defect
state with the dark exciton band*~* is thus unlikely in our
samples because of the large energy separation between them.

The steady-state emission rate of the SPE is given by (see
Supporting Information 9 for derivation):

N.I

X~ trap
I
dr NT

ISPE = N —
X trap + Fd (2)

Here I';,, quantifies the rate of capture of an individual exciton
by the defect. I, = 1= I, + I, is the effective rate of

U

relaxation from the defect state, considering both radiative
(Ty) and nonradiative (I'y,) pathways. In Figure 4e, the
calculated Igpg is plotted against incident power for varying a,
indicating an effective enhancement of the maximum emission
rate with pillar aspect ratio. The variation of the calculated
maximum emission rate is shown earlier (Figure 2b) in a color
plot as a function of the Auger coefficient and pillar aspect
ratio.

To verify that such a high emission rate results from the
increased strain due to the higher aspect ratio of our
nanopillars, we prepare two other samples (S2 and S3) with
a lower aspect ratio of & = 0.27 and a = 0.88 respectively. The
maximum collected rate measured from these devices is plotted
in Figure 4f. The model provides an excellent fit to the
experimentally observed maximum emission rate as a function
of a, verifying the validity of the model.

Note that NI, provides a good estimate of the rate of
formation of the defect-bound exciton (see Supporting

Information 8 and 9, and hence N, trap X Ti With this
i
approximation, eq 2 reduces to the expected form:
Iypp =1 X
Tty (3)
Ly

Here 7 = 1~ is the quantum efficiency of the defect emission.
d

Equations 2 and 3 provide key insights into the possible
ways to enhance the SPE emission rate, and the results are
shown in Figure 4g. For example, when N,I',,, < Iy, that is,
when the defect state is starved of exciton supply from the
reservoir (lower half in Figure 4g, denoted as “supplylimited”),
Isps & NN, Iy, ® 17/7; and hence Igpp exactly follows N,. Since
N, saturates at higher excitation power, Iy also saturates
prematurely without reaching the true lifetime limited rate of
Iy, Such saturation behavior thus does not arise from the limit
of a 2-level quantum system. We believe a majority of the
reported TMDC-based SPEs to date fall under this regime.
Mitigating the Auger-induced early saturation by increasing the
nanopillar aspect ratio can improve the emission rate in this
regime (see Figure 4e).

On the other hand, when N, I',,, > I'; that is, when the
defect state is not starved by the supply of excitons (upper half
in Figure 4g, denoted as “lifetime-limited”), Isps ~ Iy, indicating
radiative lifetime-limited emission rate, and thus further
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increasing the supply through enhanced pillar aspect ratio or
reducing Auger recombination is not effective anymore in this
regime. This also means that with adequate supply, Ispz can
achieve I'y, irrespective of the value of I'g,,.

To verify the model, in Supporting Information 10, we
compare the emission spectra of samples S1-A and S1-C. S1-C
uses the same aspect ratio pillars (a = 3) as S1-A, however, a
different batch of WSe, that exhibits relatively weak back-
ground emission. This suggests a smoother potential profile
and, thus, likely suppressed Auger loss due to reduced exciton
localization.””™** The defect peak emission is slightly blue-
shifted to 1.6 eV in this sample. Interestingly, we achieve a
similar maximum count rate of 7.4 + 0.17 MHz; however, the
saturation excitation power (P,,) is ~35-fold lower compared
with S1-A. By varying the Auger coeflicient for S1-A and S1-C,
our model provides an excellent fit (Figure 4h) with the
experimentally obtained emission rate as a function of
excitation power for both the samples.

The second factor on the right side in eq 2, that is,

NI,

! trap

=it

- provides a quantitative estimate of the degree of
supply limitation, with f close to zero indicating strong supply
limitation, and B close to unity indicating lifetime-limited
regime. In our sample S1-A with a high pillar aspect ratio, the
extracted values of 7;and 7, from TRPL suggest # ~ 0.47. This
justifies the lack of a proportionate increment in the maximum
emission rate in S1-C (with respect to S1-A) in spite of
significant suppression of the Auger coefficient.

Finally, with the estimated total emission rate of ~37 MHz
and f§ & 0.47, eq 2 suggests a radiative rate (I';,) of ~79 MHz
and hence a radiative lifetime of ~12.6 ns. Thus, there is a
scope for further optimization of the pillar aspect ratio to
improve the maximum emission rate by nearly a factor of 2.
However, a significant enhancement in the emission rate
beyond this would require improving I'y, possibly through
cavity and material design, which could lead to scalable and
highly pure single photon emission with rates beyond 100
MHz. Further, in the current work, there is a lack of precise
control on the SPE emission wavelength, which could be
addressed in the future through an external electric field-
induced Stark shift.
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