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ABSTRACT: Single photon sources are fundamental building blocks for
quantum communication and computing technologies. In this work, we present
a device geometry consisting of gold pillars embedded in a van der Waals
heterostructure of graphene, hexagonal boron nitride, and tungsten diselenide.
The gold pillars serve to both generate strain and inject charge carriers, allowing
us to simultaneously demonstrate the positional control and electrical pumping
of a single photon emitter. Moreover, increasing the thickness of the hexagonal
boron nitride tunnel barriers restricts electroluminescence but enables electrical
control of the emission energy of the site-controlled single photon emitters, with measured energy shifts reaching 40 meV.
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■ INTRODUCTION

The goal of developing a commercially viable solid-state single
photon source (SPS) has been the focus of an extensive
research effort for several decades and many material systems
have been considered.1 The design requirements for
commercially practical devices are extensive and include on-
demand operation, high brightness, and routes to scaleable
manufacturing. The current state of the art is based on III−V
quantum dots (QD), where high brightness and high photon
indistinguishability have been simultaneously demonstrated.2,3

Defect centers in wide-bandgap semiconductors, such as
diamond4−7 and SiC,8 are another area of considerable
progress. In particular, negatively charged nitrogen vacancies
in diamond are a proven source of single4 and indistinguish-
able5 photons, but are limited by the low fraction of light
emitted into the zero phonon line (ZPL). Other defects, such
as negatively charged silicon vacancies offer better perform-
ance,9 but the diamond host provides a considerable challenge
to scalable fabrication and photonic integration.
In general, two of the major challenges in the development

of solid state single photon sources are the deterministic
fabrication of the underlying single photon emitter and
achieving electrically driven operation. The vast majority of
single photon sources are optically pumped, whereas an
electrically pumped device brings obvious benefits in terms of
miniaturization, efficiency, and scalability. To date, only a
handful of electrically pumped single photon sources have been
demonstrated, based on self-assembled3 and colloidal QDs,10

defect centers in diamond7 and SiC,8 and single molecules.11

The challenges of deterministic fabrication and electrical
pumping can be addressed with two-dimensional materials.
Mono and bilayers of transition metal dichalcogenides
(TMDCs), in particular WSe2, can host single photon emitting
defects,12−16 at around 750 to 800 nm, a wavelength range that
is compatible with silicon based avalanche photo diodes

(APD), silicon nitride integrated photonics,17 and proposed
satellite-based quantum communication windows.18 Further-
more, emitters can be deterministically induced19,20 and
integrated with nanophotonics21,22 via strain engineering and
incorporated in heterostructure devices that enable electrical
tuning23−25 and injection.26−29

In this Letter, we report a vertical tunneling light emitting
diode that incorporates strain engineering within a van der
Waals heterostructure and thereby enables electrically pumped
single photon emission from a site-controlled defect within a
WSe2 monolayer. Furthermore, by controlling the thickness of
the tunnelling barriers, the electroluminsence (EL) can be
suppressed in favor of gate-tuneable photoluminescence (PL)
emission with a tuning range of ∼40 meV.

■ RESULTS AND DISCUSSION

The device geometry is illustrated schematically in Figure 1a.
To fabricate the device, a few-layer graphene (FLG) flake is
exfoliated onto a Si substrate covered with a 300 nm thick SiO2
layer. Then an array of gold pillars with a pitch of 5 μm is
fabricated on top of the graphene flake by using electron beam
lithography and thermal evaporation. Based on previous
reports,19,30 we select the height and diameter to be 100 and
300 nm, respectively, to give a pillar aspect ratio of ∼0.3. This
is to ensure that the strain in the WSe2 layer is sufficiently large
to give a high probability of inducing single photon emitters at
the pillar sites. This is confirmed by the PL maps of the two
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devices presented in this work where bright areas, correspond-
ing to narrow emission lines, are observed at all pillar sites (see
Figures 4b and SI, Figure S2). Next, we use the “all-dry transfer
method”31 to stack hBN, monolayer WSe2, hBN, and FLG in
sequence on top of the gold pillars/FLG structure. Lastly,
chromium/gold (5 nm/50 nm) contacts are made to the top
and bottom FLG layers, which act as transparent electrodes.
The role of the gold pillars is 2-fold. First, to generate strain
and induce localized single-photon emitters, as more
commonly achieved with dielectric pillars.16,20,32,33 And
second, the pillars provide a channel for charge carrier
injection at the high strain regions.

The band structure of the device is sketched in Figure 1c,d,
without and with an external bias voltage, respectively. The
presence of gold pillars modulates the energy band landscape
of WSe2, leading to a minima in the conduction band. The
mixing of deep defect-related energy levels in the bandgap34

and the strain-induced conduction band minima leads to local
lattice symmetry breaking, thus enabling efficient intervalley
transitions for dark excitons and bright luminescent
emission.30,35 In our device, the neutral excitons are created
by direct electrical doping from the bottom gold pillars and top
FLG. At zero bias, the Fermi level of the whole system remains
in equilibrium, lying within the bandgap of the monolayer
WSe2, as shown in Figure 1c, where the Fermi level of the

Figure 1. Design and operation of the WSe2 vertical tunneling light emitting diode. (a) Schematic diagram of the device structure. From top to
bottom: few-layer graphene (FLG)/hBN/WSe2/hBN/gold pillars/FLG. The gold pillars are fabricated on top of the bottom FLG. The bias voltage
is applied between the top and bottom FLG electrodes. (b) I−V characteristic of device 1 (2) with thin (thick) hBN barriers. (c, d) Energy band
diagram of the device at pillar sites with and without applied bias, respectively. The presence of the gold pillar pins the Fermi level of the bottom
FLG. Under finite bias, the band bending of WSe2 and the tuning of the Fermi level (EF2) of the top FLG lead to the tunneling of electrons and
holes into WSe2.

Figure 2. Electrically driven site-controlled single photon emitters. (a) Microscope image of device 1. t_FLG and b_FLG denote top and bottom
few-layer graphene respectively. Two pillars are included in the active region which has the same geometry as in Figure 1a. (b) EL map from the
whole active area indicated in (a), for a bias voltage of 3.2 V, illustrating that the emission is mainly from the apex of the pillars 1A and 1B. The two
closeup images are high resolution EL maps on pillar 1A and pillar 1B, respectively, with the integrated energy ranging from 1.55 to 1.65 eV,
showing that the EL is localized to the pillar sites. The scale bar is 1 μm. (c) PL and EL spectra taken from pillar 1A. PL is taken at bias = 0 V and
EL is taken with bias = 3.2 V. (d) and (e) are the EL spectra from pillars 1A and 1B, respectively, as a function of bias voltage.
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bottom FLG is pinned by the gold pillars. Under finite forward
bias, the quasi-Fermi level (EF2) of the top FLG can be tuned
upward, resulting in tunneling of electrons through the hBN
barriers into the monolayer WSe2. Meanwhile, the valence
band of WSe2 can also bend above the Fermi level of gold,
resulting in the injection of holes (Figure 1d). The injected
charge carriers are trapped in the strain-defect mixed states and
recombine radiatively, thus, producing bright single photon
emission.
Here we present two devices with different hBN barrier

thickness. In device 1, the top and bottom hBN barriers are 3−
5 monolayers thick (see SI, Figure S2), which is favorable for
efficient charge carrier tunnelling, and therefore, electrically
driven emission.36 In contrast, device 2 consists of hBN
barriers that are >10 layers thick (see SI, Figure S4), which
prevents tunneling and instead enables electric-field tuning of
the single photon emission under optical excitation. Figure 1b
presents the current−voltage (I−V) characteristics of the two
devices. Both devices show typical back-to-back Schottky-
diode characteristics with slight asymmetry of the forward and
reverse turn-on voltages. This is most likely due to small
differences in the thickness of the top and bottom hBN
barriers, as well as asymmetry in the top and bottom electrode
work functions due to differences in doping and the presence
of the gold pillars at the bottom electrodes. It has been shown
that the tunnelling current decreases exponentially for
increased hBN barrier thickness37 and this is reflected in the
I−V curves of the two devices: the tunnelling current density
increases rapidly at smaller bias for thin hBN barriers; whereas,
the tunnelling current density only increases exponentially for
thick hBN barriers when |V| > 5 V.
We first present electrically pumped single photon emission

from device 1, which has thin hBN barriers. Figure 2a presents
an optical image of this device, where the active region is
indicated by white dashed lines. There are two pillars within
this active region, which we label as 1A and 1B. Spatially
controlled electroluminescence is demonstrated by the EL
map, shown in Figure 2b, where two maxima of the EL are
observed, corresponding to the position of the two pillars. The
emission intensity from the rest of the active region is relatively
weak and is attributed to emission from shallow defect-related
localized excitons and delocalized neutral excitons38,39 (see SI,
Figure S1).
High resolution EL maps on both pillar sites are also

presented in Figure 2b (the closeups), with the energy selected
from 1.55 to 1.65 eV. The EL emission is clearly localized to
the pillar sites, and the spacial profile of EL intensity also
matches well with the spacial profile of the pillars (SI and
Figure 2c,d). The EL intensity reaches its maximum at the
pillar apex, which has the maximum strain and decreases in the
surrounding regions, which reflects a decreasing strain
effect.19,30

Figure 2d and e demonstrate the bias-dependent EL spectra
of pillar 1A and pillar 1B, respectively. Both pillar sites show
sharp peaks, which we attribute to strain-induced SPE. At pillar
1A, the EL spectrum consists of two peaks at around 1.62 and
1.63 eV, respectively, as shown in Figure 2c, which originate
from either two separate emitters or different charge states of a
single emitter. The PL spectra at zero bias is plotted for
comparison. The main emission line is blue-shifted by ∼8 meV
and there are additional PL lines. These differences can be
attributed to a Stark Shift (see SI and Figure 3a) and
photoexcitation of additional charge states and nearby emitters,

respectively. The emission energy is stable over the measured
bias range, indicating reduced spectral wandering compared
with pillar 1B (Figure 2e). At pillar 1B, the EL spectrum is
dominated by a sharp peak at around 1.63 eV. From the bias-
dependent EL spectra plotted in Figure 2e, it can be seen that
the turn-on voltage of the single photon EL is approximately 3
V. With increasing bias, the intensity increases and there is a
small amount of spectral wandering in the emission energy.
The integrated EL intensity as a function of the current
through the diode is plotted for pillar 1A (SI, Figure S3) and
pillar 1B (Figure 3a), respectively, and exhibit the saturation
behavior expected for a single-photon emitter.26

To confirm the single photon nature of the EL emission, we
measure the second order correlation function, g(2)(τ).
Presented in Figure 3b is g(2)(τ) of the EL emission from
pillar 1B under a bias voltage of 3.2 V. To account for the ∼15
nm bandwidth of the detection filter, the data is background
corrected following ref 40. A fit to the data yields g(2)(0) = 0.32
(without background correction, g(2)(0) = 0.46), below the 0.5
threshold for a single photon emitter. This result confirms that
with this device architecture we can realize electrically driven
single photon emission from a site-controlled location. From
the same fit, we extract the radiative lifetime of the emitter, τr
≈ 3.0 ns, which is typical for single photon emitters in
WSe2,

13,14,16 and suggests there is no plasmonic enhancement
of the spontaneous emission.21,22 This is not unexpected as the
dimensions of the pillar are such that its plasmonic resonance
would lie at much longer wavelength than the single photon
emitter.41,42 It was not possible to confirm the single photon
nature of the emission from pillar 1A due to irreversible
breakdown of the diode during high bias voltage measurements
of pillar 1B. However, given the similarity of the spectra
(Figure 2d,e and the saturation behavior (Figure 3a and SI,
Figure S3b) of the two pillars, it is reasonable to expect, given a
sufficiently narrow filter is used, that pillar 1A would also have
yielded g(2)(0) < 0.5.
We now turn our attention to device 2, pictured in Figure

4a, which has much thicker hBN barriers. Both top and bottom
hBN barriers are about 10 layers thick, which is sufficient to
suppress EL for bias voltages in the range ±6 V. A map of the
photoluminescence from the active region of device 2 is shown
in Figure 4b. There are 5 pillars within the active region, with
enhanced PL emission recorded from all of the pillar sites.
Figure 4c shows the PL spectra from pillar 2B at a zero bias

Figure 3. Single photon nature of the emitter from pillar 1B. (a)
Normalized integrated EL intensity recorded at the pillar 1B as a
function of tunnelling current. The blue line is the fit to the data of EL
= ELmax × ((I − I0)/(I − I0 + Isat)), where EL denotes the integrated
intensity of electroluminescence and ELmax is the maximum EL
intensity. I, I0, and Isat is the current through the device, the current at
which EL starts to emerge, and the current at which EL starts to
saturate, respectively. (b) Photon correlation function, g2(τ) from
pillar 1B under the electrical drive. The blue line shows a fit to the
data, which reveals g(2)(0) = 0.32 ± 0.01.
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voltage. Similar spectra are also observed from the other four
pillars, with narrow emission peaks from localized excitons in
the range from 1.55 to 1.65 eV (see SI, Figure S5).
To further study the effect of external electric fields on the

localized excitons, PL spectra are recorded as a function of bias
voltage, with an example shown in Figure 4d. For voltages
larger than ∼±1.5 V extra emission peaks emerge, due to the
fact that nonradiative recombination is suppressed under
higher bias. From these spectra, we choose two emitters to
study in further detail, labeled α and β in Figure 4d (further
analysis of other emitters is presented in the SI, Figures S6−
S9). Close to zero bias, emitter-α is located at about 1.64 eV
and demonstrates a linear Stark shift of ∼30 meV (Figure 4e).
The PL emission intensity first increases before decreasing
with increasing electric fields. This behavior is likely due to the
suppression of nonradiative recombination at moderate electric
fields, followed by separation of the electron−hole pair and
reduced radiative recombination at strong electric fields. The
large energy shift and intensity change are the hallmark of the
quantum confined Stark effect. A similar energy shift is also
observed for emitter-β (Figure 4f), but with a quadratic Stark
shift and a maximum tuning range of ∼40 meV. Compared
with the energy shift of 1.1 and 1.8 meV for neutral excitons
and trions, respectively,25 these PL emission peaks can be
attributed to localized excitons which are induced by the
interplay between strain and defects.23,43

The change of dipole moment and polarizability are then
extracted from a fit of the data to the equation:

E E F F
1

2
0

2
=

(1)

where E is the emission energy, E0 is the zero-field transition
energy, and Δμ and Δα denote the change of dipole moment
and polarizability between the excited and ground states,
respectively. F is the local electric field applied to the emitter

and is approximated as V

t

( 2) / 3+ , where V is the external bias,

ϵ is the dielectric constant of the encapsulating hBN layers and
t is the thickness of device.23,44 From AFM measurements (see
SI, Figure S4) device 2 is ∼18 nm thick and the dielectric
constant of hBN is taken to be 3.45

The change of dipole moment of emitter-α is calculated to
be 3.35 D (1 D = 3.33 × 10−30C·m), as shown in Figure 4e.
Emitter-β has a larger dipole moment change of 6.35 D and a
negative polarizability volume of −442 Å, as in Figure 4f.
Negative polarizability is likely to result from the reduced
direct and exchange Coulomb interaction of localized excitons
under electric fields.43 However, the quadratic Stark effect is
not prevalent in our geometry and most emitters from all five
pillars show a linear Stark shift, all with a tuning range of 20−
30 meV (see SI, Figures S6−S9). A similar emitter, which we
label as emitter-α at ∼1.64 eV, is found in all five pillars, and
we find the change of dipole moment is in the range of 3 ± 0.5
D, and the energy change per unit bias is in the range of 5 ±

0.5 meV/V (SI, Figure S10). Both values match well with
theoretical calculations and previous reports, but with less
variations.23,35 The predominant linear Stark shift is also an
indicator that these localized excitons, created by pillar-
induced strain and defects, have a noncentrosymmetric atomic
configuration.44 Under reverse bias, there is some evidence for
charge state switching46 and further work is required to better
understand the microscopic origin of emitter tuning and the
role played by local charge variations across the WSe2 and FLG
layers, particularly in the presence of the metal pillars. For
example, this could be investigated with devices that include
independent electrical gating of the WSe2 carrier density.
Stark tuning is observed in device 1, below the turn-on

voltage (see SI, Figure S3a), which is not unexpected given the
similarity of the two devices. On the other hand, it was not
possible to observe EL from device 2. Increasing the voltage
beyond 6 V did not yield a measurable signal and ultimately
lead to breakdown of the device. We attribute this to the
exponential dependence of tunnelling current with increasing
barrier thickness36,37 versus the linear dependence of the
breakdown voltage, and which highlights the importance of
thin hBN barriers in this device architecture.

■ CONCLUSION

In summary, our work presents a novel device architecture that
integrates metallic pillars into a 2D-material heterostructure
diode, thus realizing a site controlled, electrically driven single

Figure 4. Charge tunable single photon emitters. (a) Microscopic image of device 2. There are five pillars inside the active region. The scale bar is 5
μm. (b) Raster scan of the integrated PL intensity over the active region of device 2. The spectral integrated range is from 1.5 to 1.7 eV. The scale
bar is 5 μm. (c) The PL spectrum of pillar 2B taken at zero bias voltage. (d) Voltage dependent PL spectra from pillar 2B, showing the Stark shift of
several emitters under applied electric fields. (e, f) Emission energy and intensity change of emitter-α and emitter-β as a function of electric fields,
respectively. Red solid lines are the fitting to the data by eq 1 and blue dashed lines are guides to the eye, showing the change trend of PL intensity.
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photon source. Through control of the hBN barrier thickness,
we show that the device modality can be changed to enable
electrical control of the emission energy under optical
pumping, with Stark shifts up to 40 meV measured and
consistent behavior across multiple emitters. These results
represent an important step for the integration of TMDC-
based single photon devices into quantum photonic
technologies. The device architecture, where the emitter
localization and electrical injection are realized through
standard lithographic techniques means it is compatible with
scaleable semiconductor device fabrication and could in-future
be combined with wafer-scale growth of 2D materials.47 The
architecture can be optimized so that the metallic pillar also
acts as a plasmonic antenna, to enhance the spontaneous
emission rate and the directional efficiency21,22 of the device,
and is compatible with further integration, such as the on-chip
routing48 and readout49 of single photons.

■ EXPERIMENTAL METHODS

Device Fabrication. FLG flakes and hBN layers are first
exfoliated onto 300 nm SiO2/Si substrates. Monolayer WSe2 is
exfoliated on a polydimethylsiloxane (PDMS) sheet (SI, Figure
S1). The FLG and hBN flakes of the required thickness are
identified by their contrast in an optical microscope.
Monolayer WSe2 is identified by PL measurement as shown
in SI, Figure S5f. About 100 nm high gold pillars, with a 5 nm
chromium adhesion layer are fabricated using electron beam
lithography and thermal evaporation. A home-built transfer
setup is used to fabricate the heterostructure. The stamp
consisting of PDMS and polypropylene carbonate (PPC) is
used to pick up and transfer the flakes following the method
reported in ref 31.
Optical Measurements. The optical experiments are

performed at 5 K in a home-built microluminescence system
equipped with a closed-cycle cryostat. Photoluminescence is
excited using a 633 nm CW diode laser coupled to a long
working distance microscope objective (N.A. = 0.8), mounted
on an XYZ piezo stage. The luminescence from the sample is
collected using the same objective and directed, via a single-
mode (core diameter, ⌀ = 4.4 μm or multimode (⌀ = 50 μm)
fiber to a monochromator/CCD for spectroscopy, or to a
Hanbury-Brown Twiss (HBT) interferometer. The HBT setup
consists of a single mode fiber beam splitter coupled to a pair
of avalanche photo diodes (APD) and a time-correlated single
photon counting module. The luminescence is filtered using a
tunable band-pass filter (bandwidth ∼ 15 nm). The fiber also
acts as a spatial filter and restricts light collection to an area of
the sample determined by the core diameter of the fiber.
Device 1 (2) measurements in the main text are recorded with
single-mode (multimode) fiber. As a result, more emission
lines are observed in the spectra from the pillar sites of device 2
compared to those in device 1. See also SI, Figure S3a, which
presents PL spectra from device 1 recorded with a multimode
fiber. A source-measurement unit is used to apply the voltage
and measure the current passing through the device.

■ ASSOCIATED CONTENT

*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00097.

Optical and topographical characterization data for
devices 1 and 2; Method of second order correlation

background correction; Further low temperature char-
acterization of devices 1 and 2 (PDF)

■ AUTHOR INFORMATION

Corresponding Author
Isaac J. Luxmoore − Department of Engineering, University of
Exeter, Exeter EX4 4QF, United Kingdom; orcid.org/
0000-0002-2650-0842; Email: i.j.luxmoore@exeter.ac.uk

Authors
Shi Guo − Department of Physics and Astronomy, University
of Exeter, Exeter EX4 4QL, United Kingdom

Savvas Germanis − Department of Engineering, University of
Exeter, Exeter EX4 4QF, United Kingdom; orcid.org/
0000-0003-1323-3666

Takashi Taniguchi − International Center for Materials
Nanoarchitectonics, National Institute for Materials Science,
Tsukuba 305-0044, Japan; orcid.org/0000-0002-1467-
3105

Kenji Watanabe − Research Center for Functional Materials,
National Institute for Materials Science, Tsukuba 305-0044,
Japan; orcid.org/0000-0003-3701-8119

Freddie Withers − Department of Physics and Astronomy,
University of Exeter, Exeter EX4 4QL, United Kingdom

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsphotonics.3c00097

Funding
This work was supported by the Engineering and Physical
Sciences Research Council [Grant number EP/S001557/1]
and Partnership Resource Funding from the Quantum
Communication Hub [EP/T001011/1]. K.W. and T.T.
acknowledge support from the JSPS KAKENHI (Grant
Numbers 19H05790, 20H00354, and 21H05233).

Notes
The authors declare no competing financial interest.

■ REFERENCES

(1) Aharonovich, I.; Englund, D.; Toth, M. Solid-state single-photon
emitters. Nature Photonics 2016, 10, 631−641.
(2) Ding, X.; He, Y.; Duan, Z. C.; Gregersen, N.; Chen, M. C.;
Unsleber, S.; Maier, S.; Schneider, C.; Kamp, M.; Hofling, S.; Lu, C.
Y.; Pan, J. W. On-Demand Single Photons with High Extraction
Efficiency and Near-Unity Indistinguishability from a Resonantly
Driven Quantum Dot in a Micropillar. Phys. Rev. Lett. 2016, 116,
020401.
(3) Somaschi, N.; et al. Near-optimal single-photon sources in the
solid state. Nature Photonics 2016, 10, 340−345.
(4) Kurtsiefer, C.; Mayer, S.; Zarda, P.; Weinfurter, H. Stable solid-
state source of single photons. Phys. Rev. Lett. 2000, 85, 290−293.
(5) Bernien, H.; Childress, L.; Robledo, L.; Markham, M.; Twitchen,
D.; Hanson, R. Two-photon quantum interference from separate
nitrogen vacancy centers in diamond. Phys. Rev. Lett. 2012, 108,
043604.
(6) Dobrovitski, V. V.; Fuchs, G. D.; Falk, A. L.; Santori, C.;
Awschalom, D. D. Quantum Control over Single Spins in Diamond.
Annual Review of Condensed Matter Physics 2013, 4, 23−50.
(7) Mizuochi, N.; Makino, T.; Kato, H.; Takeuchi, D.; Ogura, M.;
Okushi, H.; Nothaft, M.; Neumann, P.; Gali, A.; Jelezko, F.;
Wrachtrup, J.; Yamasaki, S. Electrically driven single-photon source
at room temperature in diamond. Nature Photonics 2012, 6, 299−303.
(8) Lohrmann, A.; Iwamoto, N.; Bodrog, Z.; Castelletto, S.;
Ohshima, T.; Karle, T. J.; Gali, A.; Prawer, S.; McCallum, J. C.;
Johnson, B. C. Single-photon emitting diode in silicon carbide. Nat
Commun 2015, 6, 7783.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.3c00097
ACS Photonics 2023, 10, 2549−2555

2553

https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00097/suppl_file/ph3c00097_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00097/suppl_file/ph3c00097_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00097/suppl_file/ph3c00097_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00097/suppl_file/ph3c00097_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00097?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00097/suppl_file/ph3c00097_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Isaac+J.+Luxmoore"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2650-0842
https://orcid.org/0000-0002-2650-0842
mailto:i.j.luxmoore@exeter.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shi+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Savvas+Germanis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1323-3666
https://orcid.org/0000-0003-1323-3666
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takashi+Taniguchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1467-3105
https://orcid.org/0000-0002-1467-3105
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenji+Watanabe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3701-8119
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Freddie+Withers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00097?ref=pdf
https://doi.org/10.1038/nphoton.2016.186
https://doi.org/10.1038/nphoton.2016.186
https://doi.org/10.1103/PhysRevLett.116.020401
https://doi.org/10.1103/PhysRevLett.116.020401
https://doi.org/10.1103/PhysRevLett.116.020401
https://doi.org/10.1038/nphoton.2016.23
https://doi.org/10.1038/nphoton.2016.23
https://doi.org/10.1103/PhysRevLett.85.290
https://doi.org/10.1103/PhysRevLett.85.290
https://doi.org/10.1103/PhysRevLett.108.043604
https://doi.org/10.1103/PhysRevLett.108.043604
https://doi.org/10.1146/annurev-conmatphys-030212-184238
https://doi.org/10.1038/nphoton.2012.75
https://doi.org/10.1038/nphoton.2012.75
https://doi.org/10.1038/ncomms8783
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.3c00097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(9) Bolshedvorskii, S. V.; et al. Single Silicon Vacancy Centers in 10
nm Diamonds for Quantum Information Applications. ACS Applied
Nano Materials 2019, 2, 4765−4772.
(10) Lin, X.; Dai, X.; Pu, C.; Deng, Y.; Niu, Y.; Tong, L.; Fang, W.;
Jin, Y.; Peng, X. Electrically-driven single-photon sources based on
colloidal quantum dots with near-optimal antibunching at room
temperature. Nat Commun 2017, 8, 1132.
(11) Nothaft, M.; Hohla, S.; Jelezko, F.; Fruhauf, N.; Pflaum, J.;
Wrachtrup, J. Electrically driven photon antibunching from a single
molecule at room temperature. Nat Commun 2012, 3, 628.
(12) Koperski, M.; Nogajewski, K.; Arora, A.; Cherkez, V.; Mallet,
P.; Veuillen, J. Y.; Marcus, J.; Kossacki, P.; Potemski, M. Single
photon emitters in exfoliated WSe2 structures. Nat Nanotechnol 2015,
10, 503−6.
(13) Srivastava, A.; Sidler, M.; Allain, A. V.; Lembke, D. S.; Kis, A.;
Imamoglu, A. Optically active quantum dots in monolayer WSe2. Nat
Nanotechnol 2015, 10, 491−6.
(14) He, Y. M.; Clark, G.; Schaibley, J. R.; He, Y.; Chen, M. C.; Wei,
Y. J.; Ding, X.; Zhang, Q.; Yao, W.; Xu, X.; Lu, C. Y.; Pan, J. W. Single
quantum emitters in monolayer semiconductors. Nat Nanotechnol
2015, 10, 497−502.
(15) Chakraborty, C.; Kinnischtzke, L.; Goodfellow, K. M.; Beams,
R.; Vamivakas, A. N. Voltage-controlled quantum light from an
atomically thin semiconductor. Nat Nanotechnol 2015, 10, 507−11.
(16) Tonndorf, P.; Schmidt, R.; Schneider, R.; Kern, J.; Buscema,
M.; Steele, G. A.; Castellanos-Gomez, A.; van der Zant, H. S. J.;
Michaelis de Vasconcellos, S.; Bratschitsch, R. Single-photon emission
from localized excitons in an atomically thin semiconductor. Optica
2015, 2, 347−352.
(17) Peyskens, F.; Chakraborty, C.; Muneeb, M.; Van Thourhout,
D.; Englund, D. Integration of single photon emitters in 2D layered
materials with a silicon nitride photonic chip. Nat Commun 2019, 10,
4435.
(18) O’Brien, J. L.; Furusawa, A.; Vucǩovic,́ J. Photonic quantum
technologies. Nature Photonics 2009, 3, 687−695.
(19) Palacios-Berraquero, C.; Kara, D. M.; Montblanch, A. R.;
Barbone, M.; Latawiec, P.; Yoon, D.; Ott, A. K.; Loncar, M.; Ferrari,
A. C.; Atature, M. Large-scale quantum-emitter arrays in atomically
thin semiconductors. Nat Commun 2017, 8, 15093.
(20) Parto, K.; Azzam, S. I.; Banerjee, K.; Moody, G. Defect and
strain engineering of monolayer WSe2 enables site-controlled single-
photon emission up to 150 K. Nat Commun 2021, 12, 3585.
(21) Luo, Y.; Shepard, G. D.; Ardelean, J. V.; Rhodes, D. A.; Kim, B.;
Barmak, K.; Hone, J. C.; Strauf, S. Deterministic coupling of site-
controlled quantum emitters in monolayer WSe2 to plasmonic
nanocavities. Nat Nanotechnol 2018, 13, 1137−1142.
(22) Cai, T.; Kim, J.-H.; Yang, Z.; Dutta, S.; Aghaeimeibodi, S.;
Waks, E. Radiative Enhancement of Single Quantum Emitters in
WSe2 Monolayers Using Site-Controlled Metallic Nanopillars. ACS
Photonics 2018, 5, 3466−3471.
(23) Chakraborty, C.; Goodfellow, K. M.; Dhara, S.; Yoshimura, A.;
Meunier, V.; Vamivakas, A. N. Quantum-Confined Stark Effect of
Individual Defects in a van der Waals Heterostructure. Nano Lett
2017, 17, 2253−2258.
(24) Roch, J. G.; Leisgang, N.; Froehlicher, G.; Makk, P.; Watanabe,
K.; Taniguchi, T.; Schonenberger, C.; Warburton, R. J. Quantum-
Confined Stark Effect in a MoS2 Monolayer van der Waals
Heterostructure. Nano Lett 2018, 18, 1070−1074.
(25) Chakraborty, C.; Mukherjee, A.; Qiu, L.; Vamivakas, A. N.
Electrically tunable valley polarization and valley coherence in
monolayer WSe 2 embedded in a van der Waals heterostructure.
Optical Materials Express 2019, 9, 1479−1487.
(26) Palacios-Berraquero, C.; Barbone, M.; Kara, D. M.; Chen, X.;
Goykhman, I.; Yoon, D.; Ott, A. K.; Beitner, J.; Watanabe, K.;
Taniguchi, T.; Ferrari, A. C.; Atature, M. Atomically thin quantum
light-emitting diodes. Nat Commun 2016, 7, 12978.
(27) Schuler, B.; Cochrane, K. A.; Kastl, C.; Barnard, E. S.; Wong,
E.; Borys, N. J.; Schwartzberg, A. M.; Ogletree, D. F.; de Abajo, F. J.
G.; Weber-Bargioni, A. Electrically driven photon emission from

individual atomic defects in monolayer WS2. Sci Adv 2020, 6,
eabb5988.
(28) Clark, G.; Schaibley, J. R.; Ross, J.; Taniguchi, T.; Watanabe,
K.; Hendrickson, J. R.; Mou, S.; Yao, W.; Xu, X. Single Defect Light-
Emitting Diode in a van der Waals Heterostructure. Nano Lett 2016,
16, 3944−8.
(29) Schwarz, S.; Kozikov, A.; Withers, F.; Maguire, J. K.; Foster, A.
P.; Dufferwiel, S.; Hague, L.; Makhonin, M. N.; Wilson, L. R.; Geim,
A. K.; Novoselov, K. S.; Tartakovskii, A. I. Electrically pumped single-
defect light emitters in WSe2. 2D Materials 2016, 3, 025038.
(30) Branny, A.; Kumar, S.; Proux, R.; Gerardot, B. D. Deterministic
strain-induced arrays of quantum emitters in a two-dimensional
semiconductor. Nat Commun 2017, 8, 15053.
(31) Pizzocchero, F.; Gammelgaard, L.; Jessen, B. S.; Caridad, J. M.;
Wang, L.; Hone, J.; Boggild, P.; Booth, T. J. The hot pick-up
technique for batch assembly of van der Waals heterostructures.
Nature Communications 2016, 7, 11894.
(32) So, J. P.; Jeong, K. Y.; Lee, J. M.; Kim, K. H.; Lee, S. J.; Huh,
W.; Kim, H. R.; Choi, J. H.; Kim, J. M.; Kim, Y. S.; Lee, C. H.; Nam,
S.; Park, H. G. Polarization Control of Deterministic Single-Photon
Emitters in Monolayer WSe2. Nano Lett 2021, 21, 1546−1554.
(33) Darlington, T. P.; et al. Imaging strain-localized excitons in
nanoscale bubbles of monolayer WSe2 at room temperature. Nat
Nanotechnol 2020, 15, 854−860.
(34) Haldar, S.; Vovusha, H.; Yadav, M. K.; Eriksson, O.; Sanyal, B.
Systematic study of structural, electronic, and optical properties of
atomic-scale defects in the two-dimensional transition metal
dichalcogenides MX2 (M = Mo, W; X = S, Se, Te). Phys. Rev. B
2015, 92, 235408.
(35) Linhart, L.; Paur, M.; Smejkal, V.; Burgdörfer, J.; Mueller, T.;
Libisch, F. Localized Intervalley Defect Excitons as Single-Photon
Emitters in WSe2. Phys. Rev. Lett. 2019, 123, 146401.
(36) Withers, F.; et al. WSe2 Light-Emitting Tunneling Transistors
with Enhanced Brightness at Room Temperature. Nano Letters 2015,
15, 8223−8228.
(37) Britnell, L.; Gorbachev, R. V.; Jalil, R.; Belle, B. D.; Schedin, F.;
Katsnelson, M. I.; Eaves, L.; Morozov, S. V.; Mayorov, A. S.; Peres, N.
M. R.; Castro Neto, A. H.; Leist, J.; Geim, A. K.; Ponomarenko, L. A.;
Novoselov, K. S. Electron Tunneling through Ultrathin Boron Nitride
Crystalline Barriers. Nano Letters 2012, 12, 1707−1710.
(38) Yan, T.; Qiao, X.; Liu, X.; Tan, P.; Zhang, X. Photo-
luminescence properties and exciton dynamics in monolayer WSe2.
Appl. Phys. Lett. 2014, 105, 101901.
(39) Ye, Y.; Dou, X.; Ding, K.; Chen, Y.; Jiang, D.; Yang, F.; Sun, B.
Single photon emission from deep-level defects in monolayer WSe2.
Physical Review B 2017, 95, 245313.
(40) Bishop, S. G.; Hadden, J. P.; Alzahrani, F. D.; Hekmati, R.;
Huffaker, D. L.; Langbein, W. W.; Bennett, A. J. Room-Temperature
Quantum Emitter in Aluminum Nitride. ACS Photonics 2020, 7,
1636−1641.
(41) Aqhili, A.; Darbari, S. A numerical study on the closed packed
array of gold discs as an efficient dual mode plasmonic tweezers. Sci
Rep 2021, 11, 20656.
(42) Sardana, N.; Talalaev, V.; Heyroth, F.; Schmidt, G.; Bohley, C.;
Sprafke, A.; Schilling, J. Localized surface plasmon resonance in the IR
regime. Opt Express 2016, 24, 254−61.
(43) Eisaman, M. D.; Fan, J.; Migdall, A.; Polyakov, S. V. Invited
review article: Single-photon sources and detectors. Rev. Sci. Instrum.
2011, 82, 071101.
(44) Tamarat, P.; Gaebel, T.; Rabeau, J. R.; Khan, M.; Greentree, A.
D.; Wilson, H.; Hollenberg, L. C.; Prawer, S.; Hemmer, P.; Jelezko, F.;
Wrachtrup, J. Stark shift control of single optical centers in diamond.
Phys. Rev. Lett. 2006, 97, 083002.
(45) Kim, K. K.; Hsu, A.; Jia, X. T.; Kim, S. M.; Shi, Y. M.;
Dresselhaus, M.; Palacios, T.; Kong, J. Synthesis and Characterization
of Hexagonal Boron Nitride Film as a Dielectric Layer for Graphene
Devices. Acs Nano 2012, 6, 8583−8590.
(46) Brotons-Gisbert, M.; Branny, A.; Kumar, S.; Picard, R.; Proux,
R.; Gray, M.; Burch, K. S.; Watanabe, K.; Taniguchi, T.; Gerardot, B.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.3c00097
ACS Photonics 2023, 10, 2549−2555

2554

https://doi.org/10.1021/acsanm.9b00580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.9b00580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-017-01379-6
https://doi.org/10.1038/s41467-017-01379-6
https://doi.org/10.1038/s41467-017-01379-6
https://doi.org/10.1038/ncomms1637
https://doi.org/10.1038/ncomms1637
https://doi.org/10.1038/nnano.2015.67
https://doi.org/10.1038/nnano.2015.67
https://doi.org/10.1038/nnano.2015.60
https://doi.org/10.1038/nnano.2015.75
https://doi.org/10.1038/nnano.2015.75
https://doi.org/10.1038/nnano.2015.79
https://doi.org/10.1038/nnano.2015.79
https://doi.org/10.1364/OPTICA.2.000347
https://doi.org/10.1364/OPTICA.2.000347
https://doi.org/10.1038/s41467-019-12421-0
https://doi.org/10.1038/s41467-019-12421-0
https://doi.org/10.1038/nphoton.2009.229
https://doi.org/10.1038/nphoton.2009.229
https://doi.org/10.1038/ncomms15093
https://doi.org/10.1038/ncomms15093
https://doi.org/10.1038/s41467-021-23709-5
https://doi.org/10.1038/s41467-021-23709-5
https://doi.org/10.1038/s41467-021-23709-5
https://doi.org/10.1038/s41565-018-0275-z
https://doi.org/10.1038/s41565-018-0275-z
https://doi.org/10.1038/s41565-018-0275-z
https://doi.org/10.1021/acsphotonics.8b00580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.8b00580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b04889?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b04889?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b04553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b04553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.7b04553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1364/OME.9.001479
https://doi.org/10.1364/OME.9.001479
https://doi.org/10.1038/ncomms12978
https://doi.org/10.1038/ncomms12978
https://doi.org/10.1126/sciadv.abb5988
https://doi.org/10.1126/sciadv.abb5988
https://doi.org/10.1021/acs.nanolett.6b01580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.6b01580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/2053-1583/3/2/025038
https://doi.org/10.1088/2053-1583/3/2/025038
https://doi.org/10.1038/ncomms15053
https://doi.org/10.1038/ncomms15053
https://doi.org/10.1038/ncomms15053
https://doi.org/10.1038/ncomms11894
https://doi.org/10.1038/ncomms11894
https://doi.org/10.1021/acs.nanolett.1c00078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c00078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41565-020-0730-5
https://doi.org/10.1038/s41565-020-0730-5
https://doi.org/10.1103/PhysRevB.92.235408
https://doi.org/10.1103/PhysRevB.92.235408
https://doi.org/10.1103/PhysRevB.92.235408
https://doi.org/10.1103/PhysRevLett.123.146401
https://doi.org/10.1103/PhysRevLett.123.146401
https://doi.org/10.1021/acs.nanolett.5b03740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b03740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl3002205?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl3002205?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4895471
https://doi.org/10.1063/1.4895471
https://doi.org/10.1103/PhysRevB.95.245313
https://doi.org/10.1021/acsphotonics.0c00528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.0c00528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-021-99633-x
https://doi.org/10.1038/s41598-021-99633-x
https://doi.org/10.1364/OE.24.000254
https://doi.org/10.1364/OE.24.000254
https://doi.org/10.1063/1.3610677
https://doi.org/10.1063/1.3610677
https://doi.org/10.1103/PhysRevLett.97.083002
https://doi.org/10.1021/nn301675f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn301675f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn301675f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.3c00097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


D. Coulomb blockade in an atomically thin quantum dot coupled to a
tunable Fermi reservoir. Nature Nanotechnology 2019, 14, 442−446.
(47) Hoang, A. T.; Qu, K.; Chen, X.; Ahn, J. H. Large-area synthesis
of transition metal dichalcogenides via CVD and solution-based
approaches and their device applications. Nanoscale 2021, 13, 615−
633.
(48) Errando-Herranz, C.; et al. Resonance Fluorescence from
Waveguide-Coupled, Strain-Localized, Two-Dimensional Quantum
Emitters. ACS Photonics 2021, 8, 1069−1076.
(49) Steinhauer, S.; Yang, L.; Gyger, S.; Lettner, T.; Errando-
Herranz, C.; Jöns, K. D.; Baghban, M. A.; Gallo, K.; Zichi, J.; Zwiller,
V. NbTiN thin films for superconducting photon detectors on
photonic and two-dimensional materials. Appl. Phys. Lett. 2020, 116,
171101.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.3c00097
ACS Photonics 2023, 10, 2549−2555

2555

https://doi.org/10.1038/s41565-019-0402-5
https://doi.org/10.1038/s41565-019-0402-5
https://doi.org/10.1039/D0NR08071C
https://doi.org/10.1039/D0NR08071C
https://doi.org/10.1039/D0NR08071C
https://doi.org/10.1021/acsphotonics.0c01653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.0c01653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.0c01653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.5143986
https://doi.org/10.1063/1.5143986
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.3c00097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

