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Transition metal dichalcogenides (TMDs) are optically active layered materials providing
potential for fast optoelectronics and on-chip photonics. We demonstrate electrically driven
single-photon emission from localised sites in tungsten diselenide (WSe;) and tungsten
disulphide (WS;). To achieve this, we fabricate a light emitting diode structure comprising single
layer graphene, thin hexagonal boron nitride and TMD mono- and bi-layers. Photon correlation
measurements are used to confirm the single-photon nature of the spectrally sharp emission.
These results present the TMD family as a platform for hybrid, broadband, atomically precise

quantum photonics devices.

Integrating single-photon sources into
optoelectronic circuits is a key challenge to
develop scalable quantum-photonic technologies.
Despite a plethora of single-photon sources
reported to-date, all-electrical operation, critical
for systems integration, is reported for only three
systems [1-3]. Layered materials (LMs) offer
novel opportunities for next-generation photonic
and optoelectronic technologies [4,5], such as
lasers [6,7], modulators [8,9] and photodetectors
[10], and show great promise for integration into
the silicon platform [11]. Here, we demonstrate
that LMs enable all-electrical single-photon
generation over a broad spectrum. We use a light
emitting diode (LED) realised by vertical
stacking of LMs and achieve charge injection into
the active layer containing quantum emitters. We
demonstrate that quantum emitters in tungsten
diselenide  (WSez) [12-16] can operate
electrically. We further report all-electrical
single-photon generation in the visible spectrum
from a new class of quantum emitters in tungsten
disulphide (WSz). Our results highlight the
promise of LMs as a new platform for broadband
hybrid all-integrated quantum-photonic circuits.
The attractiveness of single-photon sources
in LMs [12-17] stems from their ability to
operate at the fundamental limit of few-atom

thickness, providing the potential to integrate into
conventional and scalable high-speed
optoelectronic systems [18,19]. This is in stark
contrast to any other quantum emitter system
hosted in semiconductors or diamond that we
know today, since these suffer from any
proximity to an interface. Transition metal
dichalcogenides (TMDs), being optically active
layered semiconductors, are particularly suitable
to develop integrable devices for quantum-light
generation. With this in mind, we realise an LED
based on a single tunnelling junction made of
vertically stacked LMs (see Appendix). Figure la
is a typical optical microscope image of such a
device. From bottom to top, three layers form a
heterostructure on a silicon/silicon dioxide
(S1/Si02) substrate: A single layer of graphene
(SLG), a thin (2-6 atomic layers) sheet of
hexagonal boron nitride (hBN), and finally a
mono- or bilayer of TMD, such as WSez. The
WSe:, exfoliated from a naturally p-doped bulk
crystal, is the optically active layer hosting
single-photon sources. Metal electrodes provide
electrical contact to the SLG and TMD layers. To
obtain electroluminescence (EL), we inject
electrons from the SLG to the p-doped WSe:
through the hBN tunnel barrier (see Appendix for
current-voltage characteristics of the devices). A



vertically stacked heterojunction allows for EL
from the whole device area, unlike lateral
Schottky junction or split-gate p-n junction
devices [20-22], and provides the benefit of
atomically precise interfaces and barrier
thicknesses [23]. We leave the optically active
TMD layer exposed at the top of the device
purposefully to offer interfacing with other
systems.
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FIG. 1. a, Optical microscope image of a typical device
used in our experiments. The dotted lines highlight the
footprint of the SLG, hBN and the TMD layers
individually. The Cr/Au electrodes contact the SLG and
TMD layers to provide an electrical bias. b, Heterostructure
band diagram. The top illustration shows the case for zero
applied bias and the bottom illustration shows the case for a
finite negative bias applied to the SLG. Tuning the SLG Er
across the conduction band of the TMD allows electron
tunnelling from SLG to TMD resulting in light emission
via radiative recombination of the electrons with the
resident holes in the p-doped TMD layer. ¢, An example of
layered LED emission spectra for an optically active layer
of WSe>. Top (bottom) spectra correspond to 10 K (RT)
operation temperature, where the black and blue spectra are
obtained by optical excitation and electrical excitation,
respectively.

Figure 1b illustrates the operational concept
of our LED. At zero bias between the SLG and
the monolayer TMD contacts, the Fermi energy
(Er) of the system is constant across the
heterojunction, preventing net charge flow
(current) between the layers (Fig. 1b, top). A
negative bias applied to the SLG electrode raises
the SLG Er above the minimum of the conduction

band (Ec) of grounded WSe; and thus electrons
tunnel from the SLG into the monolayer WSe;.
This initiates photoemission through radiative
recombination between the tunnelled electrons
and the holes residing in the optically active
WSe; area (Fig. 1b, bottom). Figure 1c compares
the EL and photoluminescence (PL) spectra from
this monolayer-WSe>-based LED device for two
operation temperatures, room temperature (RT)
and 10 K (see Appendix for measurement setup).
PL at RT is given by the black curve in the lower
panel with a broad peak at 750 nm corresponding
to the monolayer WSe: unbound neutral exciton
emission, X° [24]. Under electrical excitation the
main peak is shifted ~20 nm to longer
wavelengths, which is commensurate with the
charged exciton, X" [25], as shown in the blue
curve. The black and blue spectra in the upper
panel of Fig. lc show the device’s PL and EL
emission at 10 K, respectively. Due to the
increased bandgap at low temperatures, the
unbound exciton emission is shifted to shorter
wavelengths by ~30 nm [26]. Consistent with
recent reports [12—16,26], extra structure arising
from localised exciton state emission (L) appears
at longer wavelengths in the PL spectrum.
Critically, these features are also visible under
electrical excitation. In the low current regime
(<1 pA for this device) they dominate the EL
spectrum, as shown in Fig. lc, indicating that
localised exciton states respond more efficiently
to charge injection than the delocalised ones.
Figure 2a is a spatial map of integrated EL
from a WSez-based LED device at 10K. The
active region of this device consists of adjacent
monolayer and bilayer active areas, both in
contact with the ground electrode. The brighter
area in Fig. 2a corresponds to the bilayer,
suggesting that most of the injected current flows
through this region (see Appendix). In addition to
the spatially uniform light emission from
delocalised excitons, we observe quantum LED
(QLED) operation in the form of highly localised
light emission from both the monolayer and the
bilayer WSe», identified by the dotted circles
(Fig. 2a). These localised states lie within the
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FIG. 2. a, A raster-scan map of integrated EL intensity
from monolayer and bilayer WSe; areas of layered QLED
for an injection current of 3 #A (12.4 V). The dotted circles
highlight the sub-micron localised emission in this device.
b, A schematic energy band diagram, similar to that in Fig.
1b, including the confined (and lower energy) electronic
states for the quantum dots. EL emission from quantum
dots typically starts at lower bias than the conventional
LED operation threshold. ¢, Typical EL emission spectra
for quantum dots in monolayer (top) and bilayer (bottom)
WSe,. The shaded area highlights the spectral window for
LED emission due to bulk WSe, excitons, while QLED
operation produces spectra at longer wavelengths. d,
Comparison of the integrated EL intensity for the WSe;
layer and for a quantum dot as a function of the applied
current. The linear increase in WSe, layer EL contrasts
with the saturation behaviour of the QLED emission. e,
Intensity-correlation function, g?(7), for the same quantum
dot displaying the antibunched nature of the EL signal and
a radiative lifetime of 9.442.8 ns.

bandgap of WSe, and therefore emit at lower
energies (longer wavelength) with respect to the
bulk exciton emission (see Fig. 2b) [12-16].
Figure 2c shows example emission spectra from
these sites, where the top (bottom) spectrum
belongs to a quantum emitter in the monolayer
(bilayer) WSe> section. We observe spectrally
isolated peaks from various locations (and
various devices) with linewidths ranging between
0.8 nm and 3 nm. Electrically excited narrow
lines coming from bilayer WSe: regions are
typically redshifted with respect to those coming
from the monolayer regions [27]. The emission
peaks of Fig. 2c are unpolarised, and the fine
structure splitting reported in PL experiments
(~0.3 nm [12-16]) is not resolvable due to the
broader linewidths we observe in EL. We also see
that, as in PL, the electrically driven emitters
display robust operation, withstanding multiple
cooling/heating cycles and several hours of

measurement under uninterrupted current flow.
At shorter timescales (seconds) they display a
range of behaviours most likely owing to
environmental effects. Most emitters show
spectral wandering up to 2 nm around the
transition energy, similar to that seen in our PL
measurements, but remain stable as a single
spectral line, whereas a fraction of the quantum
emitters display blinking, discrete spectral jumps,
or multiple spectral lines at similar timescales
(see Appendix).

Figure 2d plots the current dependence of
the integrated EL intensity from the quantum
emitters, as well as the unbound monolayer WSe;
excitons. The latter shows a predominantly linear
relationship between emission intensity and
injected current; however, EL emission from the
quantum emitters shows clear saturation as a
function of current, a universal behaviour seen
with single-photon sources [28]. Figure 2e shows
the measured intensity-correlation function,
2%¥(7), of the integrated-EL emission from a
WSez-based QLED using a standard Hanbury
Brown and Twiss interferometer (see Appendix).
The value of the normalised g®(0) drops to 0.3,
well below the threshold value of 0.5 for single-
photon sources [1]. We note that these data are
not corrected for background emission within the
spectral window of detection or for the photon-
counting detector dark counts, which together
contribute to the non-zero value of g*(0).

In TMD-based quantum emitters, the host
material influences the quantised energy levels
and, consequently their emission wavelength.
Therefore, in order to obtain single-photon
emission at a complementary part of the
spectrum, we replace the monolayer of WSe;
with WS, (exfoliated from an n-doped bulk
crystal) as the active layer; the rest of the QLED
device structure remains unchanged. Figures 3a
and 3b display the spatial maps of integrated EL
emission from a WSz-based QLED device at
high- (0.665 xA) and low- (0.570 uA) current
injection, respectively. At high current, the
emission intensity is spatially uniform in the
monolayer. At low currents however, a localised
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FIG. 3. a, A raster-scan map of integrated EL intensity
from the monolayer WS, area of the layered QLED for
0.665 pA injection current (bias 2.08 V). The emission is
delocalised and roughly uniform. b, Similar measurement
as that in panel a, but for injection current of 0.570 uA
(1.97 V). The WS, emission is not yet present, but a highly
localised QLED emission is already visible at this bias. ¢, A
map of the EL spectrum as a function of the applied bias
displaying the evolution of the QD emission spectrum of
WS, at high current. The spectrum at the top (bottom) of
the panel is a line cut for injection current of 1.8 uA (0.578
uA). d, Intensity-correlation function, g®(7), for the same
quantum dot displaying the antibunched nature of the EL
signal and a radiative lifetime of 1.4+0.15 ns, an order of
magnitude faster rate than the WSe,-based quantum dots
measured in such devices.
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emission site dominates, indicating that WS, also
hosts localised quantum emitters. We attribute
this behaviour in part to comparatively greater
oscillator strength of the localised excitons.
Figure 3c shows the EL spectrum as a function of
injection current, demonstrating that the low
current (~0.570 uA) regime leads to a narrow (~4
nm) emission at 640 nm, a line cut (in blue) of
which is in the bottom right panel. Fig. 2¢ (upper
right plot) also shows how the EL spectrum is
broadened significantly when driven strongly at
an injection current of 1.8 uA. Operating in the
low current range ensures that the full EL
spectrum is dominated by single-photon emission
from the quantum emitters obviating any need for
tailored spectral filtering (see Appendix for PL
spectra of the WS»-based device). The intensity-
correlation measurement for EL in this regime

without spectral filtering yields the g?(7) data
shown in Fig. 3d. Similar to the WSe> quantum
dots, the uncorrected, but normalised, g®(0)
reaches 0.26 indicating that WS, supports stable
QLED operation generating single photons in the
visible spectral range.

Our TMD-based QLEDs rely on a single
tunnelling heterojunction design, where a wide
range of TMDs can be active materials. Other
designs, employing a back gate to tune EFr of the
active TMD layer and providing electrostatic
tuning of the EL emission spectrum, can enhance
the versatility of these devices. Such QLEDs can
further offer deterministic control over the
charging states of quantum dot excitons [29], en
route to spin control [30] and entangled photon
generation [31]. We also note that the emission
wavelength range for WSe, emitters can match
rubidium transitions (~780 nm) for exploring
quantum storage possibilities. Similarly, silicon-
vacancy centres (~737 nm) and nitrogen-vacancy
centres (~637 nm) in diamond can have matching
transitions with the WSe> and WS, QLEDs,
respectively, for interfacing hybrid quantum
systems via distributed or on-chip photonic
channels. Other TMDs are likely to yield similar
results decorating different spectral windows. Our
results offer promise to pursue these opportunities
and demonstrate that layered materials are a
platform for fully integrable and atomically
precise  devices for quantum photonics
technologies.
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APPENDIX

1. Materials sourcing, characterization
and device assembly

We exfoliate the LMs on oxidised
Si wafers by micromechanical cleavage of
bulk crystals of graphite (from NGS
Naturgrafit), TMDs (from HQgraphene)
and hBN (hBN single crystals were grown
by the temperature-gradient method under
high pressure and high temperature) [32].
Mono-, bi- and few-layer samples are
identified by a combination of optical
contrast [33], Raman spectroscopy [34],
PL, and atomic force microscopy (AFM).

Single crystals are assembled into
heterostructures  via a  dry-transfer
technique [35]. A transparent stack
comprising a glass slide, a
polydimethylsiloxane =~ (PDMS) layer

attached to the glass and polycarbonate
(PC) as an external film is mounted on a
micromanipulator positioned under an
optical microscope with a temperature-
controlled stage. After adjusting the
alignment and bringing the transfer stack
into contact with the exfoliated TMD
flakes, these are picked up due to their
higher adhesion to PC. The process is
repeated for the hBN tunnel barrier.
Finally, after aligning and bringing in
contacc hBN and TMD on PC with

Optical contrast

exfoliated SLG on  Si/SiO,, the
temperature is raised to ~100 °C, releasing
the PC with hBN/TMD onto SLG. Then,
the sample is soaked in Chloroform to
dissolve the PC film, leaving the
SLG/hBN/TMD heterostructure on the
Si/SiO, substrate. Finally, Cr/Au (3/50
nm) contacts both to SLG and TMD are
patterned by e-beam lithography following

a standard lift-off process.
Heterostructures are characterised by
Raman spectroscopy to ensure no

degradation.

We measured two sets of devices.
The first consists of 1L- and 2L-WSe> on
top of hBN on top of SLG on Si/Si0,. We
use 2L-WSe> in addition to 1L- to compare
SPE in the two cases, as discussed in the
main text. The second set has the same
architecture but uses 1L-WS; instead of
WSe>. The crystals and heterostructures
are characterised at room temperature
using a combination of optical contrast,
AFM, Raman spectroscopy and
photoluminescence.

Optical images are acquired using a
Nikon  Eclipse optical microscope
equipped with a 100x objective (numerical
aperture 0.85). If no filter is specifically
mentioned, a white light is used. AFM
images are acquired using a Bruker
Dimension Icon microscope in PeakForce
Tapping mode. Raman and PL Spectra are
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Fig. 1.1 a) optical picture of SLG on Si/SiO:. Dashed area highlights SLG. The yellow line
indicates pixels where contrast is measured. b) optical contrast along the yellow line.



acquired using a Renishaw inVia micro-
spectrometer (resolution pixel-to-pixel~1.2
cm), a 100x objective (numerical aperture
0.9) and a spot size ~1 um. All spectra are
recorded in back-scattering at 514.5 nm.
The power is kept below 100 uW to
prevent heating effects.

1.1 WSe2/hBN/SLG heterostructures

The first set of devices, based on WSe»,
are assembled in a clean room as follows.

Highly oriented pyrolytic graphite
(HOPG) sourced from NGS Naturgrafit is
exfoliated by micromechanical cleavage
[35,36] with adhesive tape (silicone-free,
Ultron) and deposited on oxidised silicon
wafers (oxide thickness 285 nm) to ensure
good visibility[33]. SLG flakes are
identified by optical contrast (Fig. 1.1)
[33]. Optical contrast is calculated as 1-
I/Is, where I. is the intensity of light
reflected by the flake as measured by the
CCD, and Is is the intensity of the light
reflected by the substrate. In the green

contrast is maximum for SLG on the
specific SiO> thickness, the optical contrast
of SLG is ~6%. SLG is used as the bottom
layer in the heterostructure, in contact with
the Si/SiO> substrate on top of which it
was exfoliated.

In order to build a heterostructure
with clean interfaces, it is crucial to
assemble the layers as soon as possible
after the flakes are exfoliated. Therefore
after optical contrast analysis, further
characterisation is only performed after the
full heterostructure is assembled.

After  the  exfoliation  and
identification of SLG, the second step
consists in fabricating FL-hBN. We start
from bulk hBN single crystals grown by
the temperature-gradient method under
high pressure and high temperature, as
discussed in the main text [32].

exfoliation, bulk hBN
crystals are characterised by Raman
spectroscopy, as shown in Fig. 1.2a
(orange line). The peak at ~1365.5 cm!
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Figure 1.2: Raman spectra of SLG on Si/SiO: (black curve), 5L-hBN on Si/SiO: (red curve), 5L-

1400

1500 1600 1700 2600 2700 2800
Raman Shift (cm™)

hBN/SLG (green curve), and 1L-WSe:/5L-hBN/SLG (blue curve), measured at 514.5 nm.



[37-39]. Its FWHM is ~9.2 cm’'. The
FWHM of hBN is linked to its crystal size
according to the following equation:
FWHM=1417/Lat8.7 [37], where L, is the
hBN crystal size in Angstroms. In our
case, this corresponds to an in plane
average grain size of at least 200 nm [37].

FL-hBN flakes are prepared via
micromechanical cleavage of the bulk
hBN on oxidised Si wafers (SiO2 285 nm
thick). After exfoliation, FL-hBN are
identified on the Si/SiO, substrate by
optical contrast. Optical images are
acquired using a filter at 580 nm to select
the incident wavelength. In these
conditions, the optical contrast of 1L-hBN
on Si/SiO; is highest, ~2%, and it
increases linearly with the number of
layers. Fig. 1.3a shows the optical contrast
of FL-hBN exfoliated on Si/SiO, measured
under these conditions. ~10%, corresponds
to a SL-BN.

Bulk  WSe;, sourced from
HQgraphene, is characterized prior to
exfoliation by Raman spectroscopy and
PL. The Raman spectrum of bulk WSe; is
shown in Fig. 1.4a (orange). The main
peak at ~250 cm™ is the convolution of the
Ajg and E»; modes of WSe; at ~247 and
~251 cm’! respectively [40], and the
shoulder at ~260 cm’ belongs to the
2LA(M) mode [41]. The ~4 cm™ distance
between Ajg and Eog and the ratio between
the intensity of the Ezz and 2LA(M) mode,
[(E2e-WSe2)/I(2LA(M) E2e-WSe2)~1.5, are
the crystal. Under these conditions,
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consistent with the reported spectrum of
bulk WSe; [40]. PL from bulk WSe»
crystals is shown in Fig. 1.4b (orange
curve). The peak at ~890 nm corresponds
to the optical bandgap of bulk WSe> [24].
Bulk WSe, is then exfoliated by
micromechanical cleavage on oxidised
silicon wafers (oxide 285 nm thick)
following the same procedures as for hBN
and graphite. Single-layers are identified
via optical contrast using the green
channel, as for Fig. 1.3b. The contrast of
1L-WSe: is significantly higher than both
SLG and hBN, ~25%.

After having exfoliated and
identified the separate crystals, the
heterostructure is assembled via a dry-
transfer technique [35,42]: a transparent
stack comprising a glass slide, a
polydimethylsiloxane (PDMS) layer (~1-
mm thick) attached to the glass and
polycarbonate (PC) as external film, of
roughly the same size of PDMS, is
mounted on a micromanipulator positioned
under an optical microscope with a
temperature-controlled stage. The
materials forming the stack are all
transparent, which allows the visualization
of the sample below. The Si/SiO substrate
supporting the 1L-WSe; flake is placed on
the stage and is the first to be picked up, as
it will form the top layer of the final
structure. After adjusting the alignment
between the stack and the 1L-WSe; crystal,
the stage is heated to ~50 °C, then the
transfer stack is brought into contact with
crystals can be picked up on the stack due

TR b)

Distance (pixels)

Fig. 1.3 a) optical contrast of SL-hBN at 580 nm. b) optical contrast of 1L-WSe: flake in

the green channel. Contrast is ~25%.



to their higher adhesion to PC compared to
SiO2. The substrate is then changed and
another Si/SiO; substrate with 5L-hBN is
placed on the stage. The procedure is
repeated: the WSez on PC/PMMS/glass is
aligned to the hBN crystal. Then the two
crystals are brought in contact and finally
SL-hBN can be picked up to form a 1L-
WSe2/5L-hBN layer on the supporting
stack. 1L-WSe, and 5L-hBN adhere
strongly to each other. When parts of hBN
stick out of the WSe> layer, the adhesion
of SL-hBN to PC at~50 °C is still enough
to pick up the whole stack without
damage. Finally, the Si/SiO; substrate with
the selected SLG flakes is placed on the
stage. The 1L-WSe2/5L-hBN layer on the
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transfer stack is then aligned to the SLG
flake on S¥/SiO, and all the layers are
brought in contact. The temperature is
raised to ~100 °C, which ensures adhesion
of the whole PC film to SiO,. The PC can
therefore be  released from  the
PDMS/glass. Then, the sample is soaked
in chloroform to dissolve the PC film,
leaving the final heterostructure. This is
then characterised by Raman spectroscopy
on different points: on an area comprising
only SLG on Si/SiO;, on an area
comprising only SL-hBN on Si/SiO>, on an
area comprising only 1L-WSe; on Si/SiOz,
on an area formed only by 5L-hBN/SLG
and on the full 1L-WSe2/5L-hBN/SLG
stack.
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Figure 1.4: Comparison of (a) Raman and (b) PL spectra of 1L-WSe; on Si/SiO: (pink curve)
and 1L-WSe»/5L-hBN/SLG on Si/SiO: (blue curve). Excitation wavelength 514.5 nm.

Fig. 1.2 (black curve), plots the Raman
spectrum of a SLG on Si/SiOz. The G peak
corresponds to the high frequency Eog
phonon at I' [43]. The D peak is due to the
breathing modes of six-atom rings and
requires a defect for its activation [43,44].
It comes from transverse optical (TO)
phonons around the Brillouin Zone (BZ)
edge K [43], is active by double resonance

(DR) [45] and is strongly dispersive with
excitation energy due to a Kohn Anomaly
(KA) at K [46]. DR can also happen as
intra-valley process, i.e. connecting two
points belonging to the same cone around
K or K'. This gives the so-called D' peak.
The 2D peak is the D peak overtone while
the 2D’ peak is the D' overtone. Since 2D
and 2D' originate from a process where



momentum conservation is satisfied by
two phonons with opposite wave vectors,
no defects are required for their activation,
and are thus always present [47]. The 2D
peak is a single Lorentzian in SLG,
whereas it splits into several components
as the number of layers increases,
reflecting the evolution of the electronic
band structure [48]. The 2D peak in Fig.
1.1b is a single Lorentzian, which confirms
the SLG nature of the sample. The position
of the G peak, Pos(G), is ~1591 cm’!, its
full width at half maximum, FWHM(G),
~8.5 cm!, Pos(2D) ~2685 cml,
FWHM(2D)~28.7 cm’!, the intensity ratio
between 2D and G peak, 1(2D)/1(G), ~1.17
and area ratio, A(2D)/A(G), ~3.9. This
allows us to estimate a doping ~0.8x10"}
cm™, corresponding to a Fermi level ~370
meV [49]. The absence of D peak indicates
negligible defect density [44,50,51].

The Raman spectrum of the 5L-
hBN on SiO; is shown Fig. 1.2a (red line).
The E, peak is at ~1367.5 cm™, ~2 cm!
blueshifted compared to the bulk,
consistent with what expected from a
thinner crystal [37,39], while FWHM (E2,-
5L-hBN) is ~10.5 cm?, 0.1 cm?! higher
than the error bar introduced by the
resolution of the spectrometer, which
corresponds to a grain size ~80 nm [37].
Raman and PL spectra of 1L-WSe> on
Si/Si0, (magenta) are shown in Fig. 1.4.
The peak at ~250 cm™ belongs to the Ay’
and E’° modes [40,41], which are
degenerate in 1L-WSe> [40]. I(E2e-1L-
WSe»)/I(2LA(M)-1L-WSe») increases to
~10, consistent with a low number of
layers[40]. The absence of the A%, mode
at ~310 cm™ is also consistent with this
being 1L-WSe; [41], however it is not
advisable to use the absence of a peak as a
characterization tool, because one can
never be sure why something is absent
[34]. So the thickness is further confirmed
by PL (Fig. 1.4b, magenta), where a single
peak arises at ~750 nm, blueshifted ~140
nm compared to bulk WSes. This is due to
emission from the A  exciton,
corresponding to the direct transition

between top conduction and bottom
valence band at the K and K’ points [24].
The peak of 1L-WSe, is ~2 orders of
magnitude more intense compared to the
bulk crystal. No other peaks in the 800-
900 nm region are seen, which would be a
signature of indirect bandgap transitions of
a larger number of layers [24].

Fig. 1.1 (green curve) plots the
Raman spectrum of 5L-hBN on SLG.
Pos(G) is ~1590 cm™!, FWHM(G) ~8.2 cm’
!, Pos(2D) ~2694 cm , FWHM(2D) ~24.4
cm’!, I(2D)/I(G) ~1.53 and A(2D)/A(G)
~4.5. We observe a ~9 cm’ upshift in
Pos(2D) compared to the SLG on SiO:
case, while the G peak is downshifted by
~1 cm’!. From these values we derive a
doping ~0.3 x10"*cm™, reduced compared
to the case of SLG on Si/SiO>. The
reduction in doping can be explained by
the 5SL-hBN flake covering the SLG. 5L-
hBN is not only protecting SLG from the
ambient air and moisture, which contribute
to p-doping, but also removes moisture or
other residuals on top of SLG due to a self-
cleaning process [52]. Pos (E2e-5L-hBN)
~1367.5 cm! and FWHM (E2.-5L-hBN)
~I1 cm' show no significant changes
compared to the spectrum of 5L-hBN on
S1/Si02. The D peak is absent implying no
defects are introduced in SLG after placing
S5L-hBN on top.

The Raman spectrum of the 1L-
WSe2/SL-hBN/SLG  heterostructure is
shown in Figs.1.2 and S1.4 (blue curves).
All peaks belonging to the separate
materials can be identified in the spectrum.
We find Pos(G) ~1590 cm™!, FWHM(G)
~8.7 cm’', Pos(2D) ~2695 cm’,
FWHM(2D) ~26.2 cm™, I2D)/I(G) ~1.58
and A(2D)/A(G) ~4.7. These values are
analogous to the case of SL-hBN on SLG
and correspond to a doping of ~0.3 x10'
cm?. The D peak (Fig. 1.1a) is still absent,
implying no defects are introduced in SLG
from the stacking of the layers. Pos(Eg-
5L-hBN) ~1367.5 cm’, while FWHM
(E2¢-5L-hBN) ~10.5 cm’, implying no



significant change in the spectrum of 5L-
hBN on SLG after adding 1L-WSe>. From
the analysis of the Raman spectrum of 1L-
WSe:; on top of the stack (Fig. Sl.4a),
pos(A1’+E’-1L-WSe») ~250 cml,
unchanged compared to the values
measured on S1/Si0z. The B exciton of 1L-
WSe; at ~610 nm is responsible for PL
background in the ~3000 cm™ region of
the Raman spectrum [24].

The PL  spectrum of the
heterostructure is shown in Fig. S1.4b. The
position of the A exciton remains
unchanged at ~752 nm compared to the
case of 1L-WSe;z on SiOs.

In order to confirm the thickness of
the SL-hBN layer, AFM measurements are
performed once the optical characterisation
is concluded. Fig 1.5 shows the AFM
measurements of the hBN identified by
optical contrast to be ~5 layers thick, on a
step formed by S5L-hBN on SiO>. The
thickness is ~2.4 nm. We measure the hBN
interlayer step to be ~0.38 nm, which
would imply a ~6 layers. However, under
ambient conditions, 2d crystals on SiO»

c)
500 nm
Figure 1.5: a) AFM image of hBN on SiO>. The image is acquired after the fabrication

of the heterostructure. The green rectangle shows the region where the step is
measured,; b) Step height in the green area, corresponding to a thickness ~2.4 nm.
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have been measured to be thicker than that
expected by multiplying the number of
layers by the interlayer distance [53]. This
discrepancy is assigned the presence of a
gaseous species or water intercalating
between the SiO> and the crystal [53]. In
our case, a SL-hBN crystal should have a
thickness~2 nm according to its interlayer
distance, but we assume the extra ~0.5 nm
to be due to the aforementioned increase in
the thickness caused by the presence of
contaminations.

1.2 WS2/hBN/SLG heterostructures

The second set of devices are assembled
and characterised as follows.

HOPG sourced from NGS
Naturgrafit is exfoliated by means of
micromechanical cleavage following the
same procedure described in Section S1.1.
SLG flakes are again identified on Si/SiO>
by optical contrast, see Fig. 1.6a.

hBN is sourced and exfoliated as
described in S1.1. After exfoliation, FL-
hBN flakes are identified on the Si/SiO; by
optical contrast. Fig. 1.6b shows the
contrast of the flake on Si/SiO> chosen for
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2
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Fig. 1.6 a) SLG, with optical contrast ~5.5%, b) 4L-hBN, with optical contrast ~7.4%, c) 1L-

WS>, with contrast ~24%.

this device assembly, which is ~7.4%,
corresponding to a 4L.

Bulk WS> is characterised by Raman and
PL spectroscopy. The Raman spectrum of
bulk WS; is shown in Fig. 5.4a (orange
curve). The most prominent peaks at ~350
and ~420 cm! are assigned to the 2LA(M)
and Ajg modes of WS [54]. At 514.5 nm,
the ratio between the peaks, I(2LA(M)-
WS2)/I(A1g-WS2), is a function of the
number of layers and is expected to
increase with decreasing number of layers
[54]. In the case of bulk WS, the ratio is
~0.6. The PL spectrum of bulk WS; is
shown by the orange curve, with a peak
corresponding to the optical bandgap at
~640 nm. Bulk WS, is exfoliated on
S1/Si0, using the same procedure as
described in Section 1.1. 1L-WS; crystals
are identified by optical contrast, as shown
in Fig. 1.6c, where we measure a

monolayer contrast ~24%.

After having exfoliated and
identified the separate crystals, the
heterostructure is assembled via dry-

transfer with the same procedure described
in S1.1.

Once the fabrication is complete,
we characterise by Raman spectroscopy
first the areas with the separate crystals on
S1/Si0,, then an area with 4L-hBN/SLG
and finally the full stack comprising 1L-
WS2/4L-hBN/SLG. PL is also employed to
further characterise WS, both on SiO; and
on the heterostructure.

Fig. 1.7 (black curve), plots the
Raman spectrum of SLG on Si/SiOz. The
2D peak is a single Lorentzian, which
confirms the SLG nature of the sample.
Pos(G) ~1591 cm™, FWHM(G) ~11.5 cm
!, Pos(2D) ~2687 cm’!, FWHM(2D)~31.1

m’, I(2D)/I(G), ~1.6 and A(2D)/A(G),

T T
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Figure 1.7: Raman spectra of SLG on Si/SiO: (black curve), 4L-hBN on Si/SiO: (red curve),
4L-hBN/SLG (green curve), and 1L-WS2/4L-hBN/SLG (blue curve).
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Figure 1.8: Comparison of (a) Raman and (b) PL spectra of bulk WS (orange curve), of 1L-
WSz on Si/SiO: (pink curve) and of 1L-WS>/4L-hBN/SLG on Si/SiO: (blue curve).

~4.4 indicate doping ~0.5x10". The
absence of a D peak indicates negligible
defects. The Raman spectrum of the 4L-
hBN on S#/Si0O> is shown in Fig. 1.7a (red
curve). Pos (E2g-4L-hBN) is ~1367 cm,
~1.5 cm™ blueshifted compared to the bulk
crystal and consistent with a low number
of layers [39]. FWHM (E2-4L-hBN)~9.3
cm’! is analogous to the bulk crystal and
corresponds to a grain size >200 nm. The
Raman spectrum of 1L-WS; on Si/SiO; is
shown in Fig. 1.8a (pink curve). The
2LA(M) and Aig modes are respectively at
~353 and ~419 cm’'. I(2LA(M)-1L-
WS2)/I(A1-1L-WS3) is ~2.6, over 4 times
higher compared to the bulk case (~0.6).
This is a signature of a monolayer, because
a 2L-WS; is expected to have I(2LA(M)-

2L-WS2)/I(A1g-2L-WS2) ~1 [54]. In order
to further confirm the thickness of the
exfoliated 1L-WS;, its PL spectrum is
acquired, Fig. 1.7b (pink curve). The main
feature at ~618 nm, ~20 nm blueshifted
compared to the bulk case, corresponds to
emission from the A  exciton,
corresponding to the direct optical
bandgap between the top valence and the
bottom conduction band of 1L-WS,.
Furthermore, the intensity is ~250 times
higher compared to the bulk case, as
expected [24].

Fig. 1.7 (green curve) plots the
Raman spectrum of 4L-hBN on SLG.
Pos(G) ~1593 cm’!, FWHM(G) ~14.5 cm
I, Pos(2D) ~2699.5 cm™!, FWHM(G)~14.5
cm’, I(2D)/I(G), ~1.91

3

20 nm b)

wu g

Thickness (nm)

0 nm 50 150 200

Distance (nm)

100

Figure 1.9: a) AFM image of hBN on SiO.. The green rectangle shows the region
where the step is measured; b) Step height corresponding to the area included by

the green rectangle.
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and A(2D)/A(G) ~4.45. This indicates
doping~0.4x10". No D peak is seen. Pos
(E2g-4L-hBN) ~1365.5 cm’!, FWHM(Eog-
4L-hBN) is ~11.8 cm™!, ~2.5 cm™ broader
compared to the case of 4L-hBN on SLG,
indicating a smaller grain size.

We then perform Raman and PL
characterisation on the whole 1L-WS,/4L-
hBN/SLG heterostructure, as shown in
Figs. 1.7 and 1.8 (blue curves). Pos(G)
~1591.5 cm!, FWHM(G) ~153 cm’,
Pos(2D) ~2693.5 cm™!, FWHM(2D) ~38.5
cm!, I2D)I(G) ~1.9 and A(2D)/A(G)
~2.3. This indicates doping~0.3x10'®. Pos
(E2-4L-hBN)  ~1366.5 cm?!, and
FWHM(E,,-4L-hBN) ~11 cm’
Pos(2LA(M)-WS,) ~353 cm’, Pos(Aj,-

2. Current-voltage characteristics of
WSez and WS:-based QLED devices

L l‘-
60 | WSe g
50 | d
30l i;
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-10 0 10 20
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WS2) ~419 cm™!, with no change compared
to 1L-WSe> characterised on Si/SiO».
Figure 1.8b, blue line, shows the PL
spectrum of the 1L-WS,/4L-hBN/ SLG
heterostructure. The A exciton at ~619 nm
is nearly unchanged compared to the PL
spectrum of 1L-WS; on S1/Si0;.

As a last step we perform AFM
characterisation to confirm the thickness
derived from optical contrast, as shown in
Fig. 1.9. The step between 4L-hBN and
SiO, is ~2 nm. As discussed in Section
S1.1, considering an interlayer distance
~0.38 nm and an increase in thickness due
to the effect of the environment ~0.5 nm,
we conclude that the flake is a 4L-hBN.
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Figure 2: Current vs. Voltage measurements taken at 10 K from (a) 1L-WSe> (a) and
(b) 1L-WS> -based QLEDs. A negative bias applied to the SLG raises its Er and allows
electrons to tunnel into the conduction band of WSe>, increasing the current. Similarly
for the WS> device, by lowering the SLG Er with a positive bias, holes can tunnel into
the WS> valence band. The step in the I-V curve in panel b is assigned to the different
current thresholds of the two 1L-WS: flakes present in this specific device.
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3. Quantum Optical Measurements

PL and EL measurements are performed
using a home-built confocal microscope
mounted on a three-axis stage (Physik
Instrumente M-405DG) with a 5-cm travel
range and 200-nm resolution for coarse
alignment and a piezo scanning mirror
(Physik Instrumente S-334) for high
resolution raster scans. PL and EL are
collected using a 1.7-mm working distance
objective with a numerical aperture of 0.7
(Nikon S Plan Fluor 60x) and detected on
a fibre-coupled single-photon-counting
module (PerkinElmer: SPCM-AQRH). A
variable-temperature helium flow cryostat

(Oxford Instruments Microstat HiRes2) is
use to perform PL and EL measurements.
A controlled bias is applied to the QLED
devices by a source measurement unit
(Keithley 2400) for EL experiments.
Intensity correlations from the Hanbury
Brown and Twiss interferometer are
recorded with a time-to-digital converter
(quTAU). A double grating spectrometer
(Princeton Instruments) is used for
acquiring spectra. For PL measurements,
the excitation laser (700 nm / 520 nm,
Thorlabs MCLS1) is suppressed with a
long pass filter (715 nm, Semrock FFOI-
715 / 550 nm Thorlabs FEL0550). A
schematic of the setup is shown in Fig. 3.

|z flow cryostat

"‘*:ﬁtemperature+voltage o
i control photor .

...................... B stag BNC
pulses

cables
APD 1 APD 2?

__ integration

objective i i
: time setting

(+ correction ring)

0.7 NA f—
90:10
beamsplitter

laser input b
532nm v
638nm : ) ) ; :
:scannlng mirror i Ong-pass .
700nm : photodiode L filter

PID coptrol

polariser

A2 Hanbury-Brown

waveplate and Twiss APD
CCD camera Interferometer

L
output Spectrometer

Figure 3: Diagram of the quantum optical measurement setup. A home-built confocal microscope (lefft,
enclosed by dashed lines) is used to obtain micrometre-resolved PL and EL maps. Different laser inputs
are used: 638 and 700 nm for IL and 2L-WSe; and 532 nm for 1L-WS>. The charge-coupled device
(CCD) camera and LED allow wide field illumination of the sample to facilitate locating the QLED on
the substrate. The light output is either sent to a spectrometer or to an avalanche photodiode (APD) for
PL and EL scans. For photon-correlation measurements, the output is sent to a Hanbury Brown and
Twiss interferometer [55], where it is split by a 50:50 beam-splitter and two APDs. The signal from
these detectors is correlated using the time-to-digital converter.
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4. Comparison of monolayer and bilayer
EL emission for WSe;-based LED

One of the WSex-based QLED devices had
an upper contact to both a monolayer and
bilayer region in parallel. PL and EL maps
of this device are shown in Fig. 4 a) and b)
respectively. Interestingly, current is
injected preferentially through the bilayer
region, and as a result only this region
lights up in EL. In contrast, the monolayer
region is brighter than the bilayer in PL.

5. Spectral wandering and blinking
QLED spectra

The narrowest linewidths observed from
the 1L and 2L-WSe;-based devices are 1
nm, in contrast to those seen under PL

PL

~0.05 nm. Measurements of the
electrically driven single emitters over
time show a spectral wandering ~2 nm,
compared to ~0.5 — 1 nm under PL. Under
EL these emitters blink at timescales of
seconds, as shown in Fig. 5. There appears
to be no blinking at the sub-millisecond
timescale. However, we observe no
bunching in the photon correlation
measurements, as reported previously for
PL experiments on 1L and FL-WSe>
quantum  emitters [12-16].  Spectral
measurements over time of the electrically
driven 1L-WS; emitters indicate that the
spectral wandering cannot be well resolved
due to a broader linewidth ~4 nm.

x104

Figure 4: Maps of one of the WSez-based QLED devices taken at 10 K, showing a 1L and a
2L region which appear brighter in (a) PL and (b) EL maps respectively.
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Figure 5: Spectral wandering measurements of electrically-driven quantum emitters taken

at 10K with a time resolution of s per spectra.



10K

8000
7000
6000
5000
4000
3000
2000

1000

2
5]
o

o 4 M W A OO N ® ©

1600

1400

1200

1000
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and (c) at 665 nA (2.08 V). (b) 200 n4 (-2 V) and (d) 900 n4 (-3.2 V).

6. Temperature-dependent EL. maps

An increase of several orders of magnitude
is observed in unbound exciton EL when
lowering the temperature from RT to 10 K:
a 4-fold increase is measured in the 1L-
and 2L-WSe»-based LED and a ~100-fold
increase in the 1L-WS; device as shown in
Figure 6.

7. Comparison of low temperature PL
and EL spectra for WS;-based QLED

Fig. 7 compares the spectra taken in EL
and PL at 10K from the 1L-WS-based
QLED, at the site were single-photon
emission is seen. The PL spectrum
comprises multiple peaks, while the EL is
narrow and predominantly a single peak.
This may be due to generation of multiple
exciton complexes as well as other donor-
based delocalised emission from WS;.
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Figure 7: EL and PL from the 1L-WS>-
based device at the location where single-
photon emission is observed. Py is 225 nW
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is 5754 nA (1.985 V) for the EL spectrum.
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