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ABSTRACT: Owing to direct band gap and strong spin−orbit
coupling, monolayer transition-metal dichalcogenides (TMDs)
exhibit rich new physics and great applicable potentials. The
remarkable valley contrast and light emission promise such two-
dimensional (2D) semiconductors a bright future of valley-
tronics and light-emitting diodes (LEDs). Though the electro-
luminescence (EL) has been observed in mechanically
exfoliated small flakes of TMDs, considering real applications,
a strategy that could offer mass-product and high compatibility
is greatly demanded. Large-area and high-quality samples
prepared by chemical vapor deposition (CVD) are perfect
candidates toward such goal. Here, we report the first
demonstration of electrically tunable chiral EL from CVD-
grown monolayer WS2 by constructing a p−i−n heterojunction. The chirality contrast of the overall EL reaches as high as 81%
and can be effectively modulated by forward current. The success of fabricating valley LEDs based on CVD WS2 opens up many
opportunities for developing large-scale production of unconventional 2D optoelectronic devices.

KEYWORDS: WS2, 2D semiconductor, chemical vapor deposition, light-emitting diode, valley polarization, chiral electroluminescence

Layered transition metal dichalcogenides (TMDs) have
attracted rapidly growing scientific interest for next-

generation electrical and optoelectronic device applications1

owing to their unique physical, electrical, and optical properties.
For an individual monolayer that consists of one atomic layer of
transition-metal (typically Mo or W) sandwiched by two layers
of chalcogen (typically S or Se), the band gap is significantly
larger than that of its bulk due to the strong quantum
confinement. The transition from indirect to direct band gap,
the large exciton binding energy, and the strong photo-
luminescence (PL) resulting from the absence of interlayer
coupling plus the lack of inversion symmetry have been
observed.2−7 Particularly, TMDs such as monolayer WSe2,
MoS2, and WS2 with direct band gaps of about 1.65, 1.80, and
2.00 eV,2,3,5 respectively, are highly flexible8 and transparent,2,7

making them promising candidates for ultrathin, flexible, and
transparent optoelectronic devices, such as solar cells, photo-
detectors, and light-emitting devices operating in the visible

range, as well as the displays and wearable electronics.
Additionally, inversion symmetry breaking can make the
electronic states of the two valleys have different chiralities
and further introduce contrasting circular dichroism in different
k-space regions, that is, the transitions at K and K′ points are
allowed for σ+ and σ− circularly polarized light, respectively.9−14

Including the freedom of valley polarization, a novel valley light
emitting diode (LED) has been proposed to obtain the
circularly polarized light.15

As known, the p−n junction is the typical building block for
LED, where electroluminescence (EL) can be realized by
radiative transition between the electrons and holes electrically
injected from n- and p-type semiconductors, respectively. So
far, the EL of exfoliated monolayer MoS2 has been observed
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both in a metal-MoS2 Schottky junction via a hot carrier
process16 and the p−n heterojunction formed by using heavily
p-doped Si and natural n-type MoS2.

17,18 Meanwhile, LEDs
based on exfoliated monolayer WSe2 and WS2 have been
realized by creating lateral p−n homojunction in which the
junction is formed electrostatically within the same layer by
applying two independent gate voltages to in-plane adjacent
regions.19−22 However, the EL that creates through hot carrier
process and in the p−n heterojunction is localized in the region
adjacent to the electrical contacts and at the edge of the
heterojunction, respectively. Meanwhile, the space charge
distribution resulted from the electrostatic doping is usually
inhomogeneous due to the fringe electrical field. Compared
with the conventional LEDs and OLEDs, the gate voltages
applied for the electrostatic doping cost extra energy
consumption. Additionally, the circularly polarized EL of
MoS2, MoSe2, and WSe2 has been realized by Zhang et al.
due to valley overlap polarization (VOP) induced by forward
bias.23 However, the circularly polarized EL of monolayer WS2
has not been realized yet. More importantly, the previously
used MoS2, WSe2, and WS2 in LEDs16−22 are all only a few
micrometer-size exfoliated flakes with randomly distributed
thicknesses and orientations. These monolayer diodes are not
suitable for large-scale lighting device fabrication because the
micromechanical exfoliation technique is unfavorable for good

control over the area and thickness of the film. Such limitations
can be overcome by large-area grown TMDs with high crystal
quality and uniformity. Recently, large-area growth of MoS2,
WSe2, and WS2 monolayers by chemical vapor deposition
(CVD) method has been reported.24−26 We also have reported
the growth of large-area WS2 monolayers with size up to
hundreds of micrometers and high optical quality by a
customized CVD system.27 Here, we report the electrically
tunable EL from CVD-grown monolayer WS2 with optional
intensity, energy, and valley polarization by constructing the p−
i−n heterojucntion.
The used monolayer WS2 samples were grown on cleaned

300 nm SiO2/Si wafers by CVD method via the direct
sulfurization of WO3 powders as reported previously.27 Figure
1a shows the optical image of our CVD-grown WS2 flakes on
SiO2/Si substrate. Most of the flakes present starlike structures
up to hundreds of micrometers in size. The samples are further
characterized by fluorescence (FL) microscopy, Raman, and PL
measurements at room temperature to rapidly analyze the layer
number, uniformity, and quality of the WS2 flakes. Figure 1b,c
illustrates the optical and FL images of one typical WS2 flake.
The WS2 flake shows strong red luminescence, resulting from
the direct exciton emission. Raman and power-dependent PL
spectra were excited by 488 and 532 nm lasers, respectively.
Two prominent Raman peaks, in-plane E1

2g and out-of-plane

Figure 1. Characterization of CVD-grown WS2 at room temperature. (a,b) Optical images of as-grown WS2 on SiO2/Si substrate. (c) Fluorescence
image of the starlike WS2 flake shown in the optical image of (b). (d) Raman spectra of as-grown WS2 excited by 488 nm laser. (e) Normalized
power-dependent photoluminescence spectra of as-grown WS2 monolayer excited by 532 nm laser. (f) Photon energies of the neutral exciton X0 and
the negative trion X− as a function of excitation power. (g) Dependence of integrated intensities of the neutral exciton X0 and the negative trion X−

on excitation power.
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A1g modes, were observed at 360 and 419 cm−1, respectively
(see Figure 1d). The difference between E1

2g and A1g modes
(Δω = 59 cm−1) agrees with others’ reports for either
chemically synthesized or physically exfoliated monolayer
WS2.

3,6,27 These observations indicate the monolayer nature
of the CVD-grown WS2 flakes.
Figure 1e illustrates the normalized PL spectra of as-grown

monolayer WS2 as a function of the excitation power at room
temperature. The overall emission profile evolves from the
single peak at 2.003 eV under low excitation powers to the two-
component completing feature under middle excitation powers,
and finally to a single emission peak at 1.968 eV under high
excitation powers. The higher energy emission assigned to the
neutral exciton X0 dominates the spectra obtained under low
powers, while the lower one becomes dominant under high
powers and is attributed to the negative trion X−. To further
reveal the response of netural exciton and negative trion to
photoexcitation, we fitted the spectra with two Lorentzian
components. Their emission energies and integrated intensities
are plotted as functions of the excitation power (see Figure
1f,g). As the excitation power increases, the peak position of X0

slightly blueshifts while that of X− apparently redshifts.
Consequently, the energy difference between X0 and X−

increases, which is strongly related to phase space blocking28

and manybody effects.29 The slight blueshift of X0 here is
attributed to the reduction of the exciton binding energy with
the increasing electron doping induced by photoexcitation,30

while the redshift of X− is due to increase in the dissociation
energy of trion31 caused by the photon-induced rise of Fermi
level. With the increasing excitation power, the emission profile
broadens toward the lower photon energies due to the
strengthening of the trion emission component and its redshift;
the integrated intensity of X− is weaker than that of X0 at lower
excitation and increases linearly, while that of X0 sublinearly
increases at lower excitation powers (<681 μW) and saturates
at higher excitation powers (>681 μW), resulting in a switch of
the emission profile from the neutral exciton to the negative
trion. The rising intensity ratio of X−/X0 versus neutral exciton

energy (see Figure S1) agrees well with the previous result30

and is mainly caused by the photoinduced electron doping.
The as-obtained and intrinsic WS2 monolayer was further

used to fabricate the LED devices. Different from the reported
LED structure based on the p−i−n homojunction formed by
fabricating an electric-double-layer transistor (EDLT),23 we
constructed a p+-Si/i-WS2/n-ITO heterojucntion in which
heavily p-doped Si and n-ITO are adopted to inject holes and
electrons into i-WS2, respectively, as shown in Figure 2a. The
300 nm thick Al2O3 is used as the insulating layer to prevent
the direct contact between p+-Si and n-ITO. Considering that
ITO is a transparent and highly conductive n-type oxide,32 it is
introduced as both the electron-injecting layer and the
electrode. I−V characteristic of the device was measured at
room temperature in vacuum, as shown in Figure 2b. The inset
of Figure 2b shows the high-magnification optical image of one
final fabricated LED device and the EL image. Also, Figure S2
shows the low-magnification optical images of the different
LED devices that we fabricated. It is found that EL emission
occurs within one region in the vicinity of ITO electrode. The
I−V characteristic clearly exhibits well rectifying behavior with
low leakage current in the reverse bias, indicating that the p−i−
n heterojunction is formed. The LED device is turned on at
about 2 V. Although a rather high ideality factor of 15.7 is
extracted from the forward I−V characteristic by using the
diode equation and taking the series resistance of the device
into account,33 the current reaches 1 μA when the applied
forward bias is increased to 4 V. High ideality factors have been
reported in GaN-based p−n diodes and AlGaN/InGaN LEDs
and such values imply that the tunneling mechanism dominates
the carrier transport rather than diffusion or recombination
process.34−37

Figure 2c,d illustrates the band diagrams of the p+-Si/i-WS2/
n-ITO heterojunction under the equilibrium condition and the
forward bias, respectively. In equilibrium, there is a large
valence band offset of 1.23 eV between p+-Si and monolayer
WS2 due to their different band gaps and electron affinities.38,39

When the heterojunction is forward biased, the holes from p+-Si

Figure 2. Geometry and electrical characteristic of the LED device. (a) Schematic of the p+-Si/i-WS2/n-ITO heterojunction LED device. (b) Room-
temperature I−V characteristic of the p+-Si/i-WS2/n-ITO heterojunction LED. Inset shows the high-magnification optical images of the LED device
and EL mapping image as the white arrow indicated. (c,d) Band diagram of the p+-Si/i-WS2/n-ITO heterojunction in equilibrium condition and
under forward bias, respectively. Electrons injected from the n-ITO and holes from p+-Si can radiatively recombine in the intrinsic WS2 monolayer.
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are injected into monolayer WS2, and the larger valence band
offset between monolayer WS2 and ITO forms a barrier to
block the injected holes from leaking into the n-type layer. The
electrons and holes injected from the ITO layer and p+-Si,
respectively, can give rise to efficient radiative recombination in
the monolayer WS2, resulting in light emission.
To enhance the EL efficiency, the current-dependent EL

measurements were carried out at 77 K unless otherwise
specified. Figure 3a depicts the representative EL spectra

obtained under varied currents. As shown in Figures 3a and S3,
the emission with two main peaks at 1.950 and 1.985 eV,
respectively, can be observed at an injection current of 1.5 μA.
As the current increases, both emission components get
stronger and the EL spectra present the striking feature of
competition between them. In order to clarify the emission
peaks that appeared in the EL spectra, the temperature-
dependent PL measurements were also performed over the
temperature range from 81 to 294 K, as shown in Figure 3b.
For comparison, the PL spectrum collected at 81 K is also
shown in Figure 3a, accompanied by the fitting with three
peaks. As the temperature decreases to 81 K, X− and X0

blueshift to 2.024 and 2.068 eV, respectively. Meanwhile, the
emission component located at a lower energy 1.985 eV
becomes much more obvious at the lower energy shoulder of
X−. Note that the broad emission that can be attributed to
defect-induced bound excitons (Xb) often appears for
monolayer TMDs at low temperature or in vacuum.40,41

Hence, the temperature-dependent PL measurements can also
be used to get further insight into the structural defects of
monolayer TMDs. For CVD-grown monolayer WS2 used in
our device, Xb is much weaker than X− and does not appear as a
dominant emission at low temperature, suggesting few
structural defects or impurities in our CVD-grown monolayer
WS2. On the basis of the temperature-dependent PL spectra,
two emission bands that appear in the low-current EL spectra
with positions of 1.950 and 1.985 eV (see Figure S3), matching
well with the observed Xb and X− in the PL spectra at low
temperature, are assigned to defect-induced bound exciton and
trion, respectively. Compared with the PL spectrum at 81 K,
the obtained EL spectra show a redshift due to the rise of local
temperature induced by the electrical bias.
We further extract quantitative information on current-

dependent EL spectra by fitting the data with Lorentzian
functions corresponding to Xb and X−. Their emission energies
and integrated intensities as functions of the injection current
are plotted in Figure S4 and inset of Figure 3a, respectively. As
the injection current increases, the peak positions of both Xb

and X− remain stable. At the low injection current, the
integrated intensity of Xb is comparable with that of X− because
the carriers are frozen out onto defects at low temperature.
When the current increases from 2.5−4.0 μA, injection of
carriers into the WS2 leads to more formation of negatively
charged excitons, whereas the defects are almost fully occupied
with excitons. As a result, the integrated intensity of X−

increases much more rapidly than that of Xb and X− starts to
dominate the EL spectrum, where the band realignment
probably takes responsibility. This is consistent with the result
that X− increases more rapidly than Xb and keeps increasing
while Xb exhibits saturation behavior as the laser power
increases at 81 K (see Figure S5). As shown in Figure 2d, with
the increase in the forward bias the conduction band offset at
the interface between i-WS2 and n-ITO favors the injection of
electrons while the valence band offset at the interface between
p+-Si and i-WS2 tends to impede injection of holes. As a result,
the imbalanced carrier injection under the forward bias results
in the enhanced n-type doping, that is, the rise of Fermi level,
and thus enhances the negative trion emission. These data
clearly show that the dominant component emission of EL
from CVD monolayer WS2 can be controlled by the injection
current. The result that X− dominates the EL under the high
injection current is in agreement with the observation of
stronger X− than other excitonic emissions in the PL spectra at
low temperature.
Another feature that the EL from the p+-Si/i-WS2/n-ITO

heterojunction LED shows net circular polarization is also
clearly observed. This is the first demonstration of circularly
polarized EL from the CVD grown monolayer WS2. The
current-dependent circularly polarized EL spectra normalized
to the right handed circular (σ+) component at each injection
current are shown in Figure 4a. The degree of circular
polarization, defined as η = [I(σ+) − I(σ−)]/[I(σ+) + I(σ−)],
where I(σ+) and I(σ−) are the integrated intensities of σ+ and
σ− circularly polarized EL components, respectively, is plotted
in Figure 4b,c. For this device, the right-handed circularly

Figure 3. Current-dependent electroluminescence and temperature-
dependent photoluminescence spectra of the LED device. (a)
Electroluminescence spectra of the LED device recorded at 77 K
under different injection current, varying from 1.5 to 4.0 μA. The
multiple colors in each individual curve represent the luminescence
intensity. The data can be well fitted with two Lorentzian functions,
which are assigned to the negative trion X− and bound exciton Xb by
comparing with the below photoluminescence spectrum obtained at
81 K. Inset: Integrated intensities of the negative trion X− and bound
exciton Xb versus injection current extracted from the current-
dependent electroluminescence spectra. (b) Normalized temperature-
dependent photoluminescence spectra of the LED device excited by
532 nm laser.
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polarized EL component σ+ is stronger than the left one σ−. As
shown in Figure 4b, the degree of circular polarization of the
total EL reaches as high as 81% at 0.5 μA, which is much larger
than those of exfoliated WSe2, MoSe2, and MoS2 reported by
Zhang et al.23 Also, it drastically decreases to 30% as the
injected current increases to 1.0 μA, which is quite different
from the result that η has the smaller current dependence
shown in ref 23. The circularly polarized EL spectra can be
fitted by three Lorentizian components (see Figure S6), which
are assigned to X0, X−, and Xb, respectively. All three
components show the similar degradation of polarization with
the increasing forward current while the larger net circular
polarization degrees have been found for X− and Xb than that of
X0. These circularly polarized behaviors will be further
discussed later. Our result demonstrates that the degree of
circular polarization can be modulated simply by the injection
current. In view of the practical device applications, this is very
encouraging and also superior to that modified by different
circularly polarized laser excitation energy and power,13,14,42,43

as well as temperature.13,14

Here, electrically tunable valley-LED has been demonstrated
by use of CVD-grown monolayer WS2. Superior to the
exfoliated samples used in recently reported TMD-based
LEDs16−22 for practical applications, the active emitting 2D
semiconductor in our case is CVD-grown, which is highly
compatible with extensively used large-scale device integration
technology. Note that, the similar circularly polarized EL has
previously been observed in the spin-LEDs and spin-
OLEDs.44−49 However, the emission mechanism and the
environmental surrounding of the valley-LEDs are quite
different from those of the spin-LEDs and spin-OLEDs. In
particular, the typical spin-LEDs requires both injection of spin-

polarized carriers from magnetic materials and operation under
magnetic field in order to observe the circularly polarized EL,
where the polarization sign is typically switched by changing
the direction of magnetic field.44,45 In the case of spin-OLEDs,
metamaterials or chiral polymers are required and the circular
polarization is fixed with a specific material configuration.46−49

In contrast, the valley polarization of EL from our valley-LEDs
is strongly related to the valley asymmetry at K and K′ (i.e.,
different electron−hole overlap) resulted from the build-in
electric field. The degree of circular polarization can be
effectively modulated by the forward current injection without
need of magnetic field and magnetic elements or chiral
molecules. The sign switching of valley polarized EL can be
realized by adjusting the direction of applied forward bias
relative to the crystal orientation, which has been demonstrated
by employing multiple electrodes.23 Remarkably, the emission
components and polarization of EL are electrically tunable. The
dominant emission component can vary among neutral exciton,
trion, and bound exciton species when the prepared p−i−n
heterostructure is under a forward bias. For example, the band
realignment with the applied bias can affect the injection of
electrons and holes, which can be used to manipulated the
doping-sensitive charged exciton emission.
The valley polarization of EL from our LED can be

understood in terms of different electron−hole overlap at K
and K′ valleys, which are induced by the build-in potential
associated with carrier injections23 and the presence of valley
polarized two-dimensional electron gas (2DEG) with the
carrier injection.50 On the one hand, according to the
semiclassical transport theory, Zhang et al. have proposed a
model of valley overlap polarization (VOP) to explain the
circularly polarized luminescence induced by electrical injection

Figure 4. Circularly polarized electroluminescence of the LED device at 77 K. (a) The current-dependent circularly polarized electroluminescence
spectra normalized to the right handed circular (σ+) component at each injection current. Inset: Schematic illustration of valley-contrasting circular
dichroism under different current injection. (b,c) Current dependence of the degree of circularly polarized electroluminescence for the overall
emission and component netural exciton X0, negative trion X−, and bound exciton Xb extracted from panel a.
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into TMDs that possess two isolated anisotropic valleys with
different chiralities, where two key factors are carrier
distribution and build-in electric field.23 In particular, carrier
distributions in TMDs are intrinsically anisotropic due to
trigonal warping.51 Under the effect of build-in electric field,
electron and hole distributions shift toward opposite directions,
respectively, which introduce different overlaps of electron−
hole distributions in the momentum space between the two
valleys nearby K and K′.23 As a result, the unequal electron−
hole overlap causes different luminescence intensities from two
valleys and finally leads to circularly polarized EL. In our case,
out-of-plane bias may exist in the device. To our best
knowledge, for 2D materials there is very limited information
on the out-of-plane resistance in contrast to the in-plane
resistance, which makes the precise determination of the bias
drop in the vertical direction unattainable. Considering the
ultrathin thickness in the vertical direction (<1 nm), the finite
out-of-plane resistivity and the relatively large cross-sectional
area, the typical out-of-plane resistance is much lower than the
in-plane resistance. As a result, the vertical bias drop is
negligible compared to the one caused by the in-plane
resistance at the certain current. Thus, we consider that the
in-plane bias plays the predominant role in the chiral EL. As
shown in Figure 2d, under the forward bias, the electrons and
holes from n-type ITO and p+-type Si, respectively, are injected
into the middle layer where the build-in potential appears
within monolayer WS2. Such a build-in potential shifts
anisotropic carrier distributions at K and K′ and thus results
in chiral EL. Note that although p−i−n LED structures are
formed differently here and in ref 23 (that is, by use of hetero-
and homojunctions, respectively), the emission mechanism of
the chiral EL from the middle layer is similar in principle. On
the other hand, more recently Scrace et al. have suggested that
strong Coulomb interaction and locking of spin and valley
degrees of freedom due to spin orbit coupling can cause the
valley polarized 2DEG and further result in the net circular
polarization of the trion emission.50 In our case, the presence of
the similar 2DEG can account for the observed valley-
dependent X− component with a larger polarization degree
than that of X0 in the EL spectra. Note that the valley
polarization can be affected by several factors, such as current
density, the direction of build-in electric field, build-in potential,
carrier scattering, and emission components. Here, the
observed decrease of the circular polarization degree with the
increasing current is mainly attributed to the rising K↔K′
intervalley scattering with the increasing doping.13,14,42 The
reduced polarization degree in MoS2 has been observed with
the increasing intervalley scattering,42 which is consistent with
our argumentation above. Besides, the bias-induced doping
itself in WS2 has no apparent effect on the observed changes of
circular polarization degree, which is supported by recent
electrically gated measurements on MoS2

52 and WS2
14 devices.

In summary, we report the electrically tunable and circularly
valley-LED by constructing the p−i−n heterojucntion of p+-Si/
CVD-grown i-WS2/n-ITO. The fabricated device shows classic
rectification resulted from the formation of p−i−n hetero-
junction. By injecting the forward current, EL from CVD-
grown monolayer WS2 was obtained successfully and the
excitonic emission from CVD-grown monolayer WS2 was
tunable by varying the injection current. On the other hand, the
EL spectra show the net circular polarization. The degree of
circular polarization reaches as high as 81% and can be also
modulated by the applied current. Our demonstration of EL

from CVD-grown monolayer WS2 paves the way for large-scale
fabrication of the light-emitting device based on atomically thin
TMDs. The electrically tunable and circularly polarized light
from the light-emitting devices open up new opportunities for
the emerging valley-based optoelectronics.

Methods. Sample Growth and Device Fabrication. The
used monolayer WS2 samples were grown on cleaned 300 nm
SiO2/Si wafers by CVD method via the direct sulfurization of
WO3 powders as reported in ref 27. Then, the as-obtained
intrinsic WS2 monolayer was further used to fabricate the LED
devices by constructing a p−i−n heterojunction. First, an array
consisting of Al2O3 circular truncated cone with a thickness of
300 nm and a diameter of 600 μm was deposited on p+-Si by an
electron-beam evaporation deposition system using the copper
hard mask. Then, WS2 monolayers can be placed across the p+-
Si/Al2O3 step and contact with p

+-Si naturally after wet transfer
followed by annealing. The monolayer WS2 flakes across the
edges of the circular truncated cones were chosen to further
fabricate the device. The 220 nm thick ITO layer was patterned
by electron-beam lithography (EBL) and followed by an
electron-beam evaporation deposition and the lift-off of the
PMMA photoresist by acetone.

Optical and Electrical Measurements. The optical and
fluorescence images were taken by an Olympus fluorescence
microscope equipped with a mercury lamp. The fabricated
LEDs based on the p+-Si/i-WS2/n-ITO heterojunction were
bonded to a printed circuit board (PCB) attached to a three-
dimensional piezo-stage in a WITec confocal micro-Raman/PL
spectroscopic system equipped with a liquid-nitrogen cryostat.
Lasers of 488 and 532 nm were used as the excitation sources
for the Raman and PL measurements, respectively, through a
50× objective lens and the signals were collected by a grating
(2400/mm and 600/mm, respectively) spectrometer with a
thermoelectrically cooled detector. The power-dependent PL
measurements were conducted at room temperature in vacuum
(∼1 × 10−5 mBar). The excitation power on samples was tuned
in the range from 0 to 1750 μW. The laser spot size on samples
is ∼1 μm. The temperature-dependent PL measurements were
performed by combined use ofthe WITec system and Linkam
optical DSC600 stage equipped with the T95-Linksys PC
interface controller and LNP95 cooling system with liquid
nitrogen. I−V characteristic and current injecting for the EL
measurements of the LEDs in vacuum were conducted by using
the Keithley 4200-SCS semiconductor characterization system.
The quarter-wave plate converts the circularly polarized light
(σ+/σ−) into the linear polarized light (parallel/perpendicular
to the polarizer). By rotating the polarizer by 90° with a fixed
angle of the wave plate, each circular EL component was
selectively measured.
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photon energy of X0 from the CVD-grown WS2. The
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spectra of the LED device excited by 532 nm laser at 81
K, together with the power dependence of extracted
intensity for the negative trion X− and bound exciton Xb.
(PDF)
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Wang, B.; Lv, R.; Loṕez-Urías, F.; Crespi, V. H.; Terrones, H.;
Terrones, M. Nano Lett. 2013, 13, 3447.
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