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Monolayer transition metal dichalcogenides (TMDs) have drawn significant
attention for their potential in optoelectronic applications due to their direct
band gap and exceptional quantum yield. However, TMD-based light-emitting
devices have shown low external quantum efficiencies as imbalanced free
carrier injection often leads to the formation of non-radiative charged
excitons, limiting practical applications. Here, electrically confined
electroluminescence (EL) of neutral excitons in tungsten diselenide (WSe,)
light-emitting transistors (LETs) based on the van der Waals heterostructure is
demonstrated. The WSe, channel is locally doped to simultaneously inject
electrons and holes to the 1D region by a local graphene gate. At balanced
concentrations of injected electrons and holes, the WSe, LETs exhibit strong
EL with a high external quantum efficiency (EQE) of ~8.2 % at room
temperature. These experimental and theoretical results consistently show
that the enhanced EQE could be attributed to dominant exciton emission
confined at the 1D region while expelling charged excitons from the active
area by precise control of external electric fields. This work shows a promising
approach to enhancing the EQE of 2D light-emitting transistors and
modulating the recombination of exciton complexes for excitonic devices.

platforms for next-generation optoelec-
tronics because the TMDs have shown
large binding energies of excitons and
strong light-matter interactions with near-
unity photoluminescence (PL) quantum
yield (QY) in a monolayer limit due to
broken-inversion symmetry.'””) The ex-
ceptional properties of the TMDs have
facilitated the development of exotic op-
toelectronic quantum devices that exhibit
unique capabilities, such as chiral light
emission, excitonic complexes, and high-
temperature exciton condensation, that
have not been observed in conventional
bulk materials.®'2] Despite the great po-
tential of the monolayer TMDs, the low
external quantum efficiency (EQE) of TMD-
based light-emitting devices and control of
exciton complexes are major challenges to
be addressed for practical applications.[13-18]

Enhancing the EQE of TMD-based light-
emitting devices necessitates the fulfill-

1. Introduction

Transition metal dichalcogenides (TMDs) and their van der
Waals (vdW) heterostructures have been considered promising

ment of two main prerequisites: First, it is
essential to elevate the efficacy of radiative
electron-hole (e-h) recombination within the TMDs. Second,
achieving efficient and balanced injection of charge carriers into
the TMDs is of paramount importance for facilitating effective
light emission."”] However, it is challenging to achieve both
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conditions simultaneously. Facilitating effective carrier injection
into the emission layer requires elevated doping concentrations
using methods, such as electrostatic or chemical doping, aim-
ing to decrease the Schottky barrier height.?’! However, these
increased doping levels in TMDs lead to the creation of exciton
complexes, like charged excitons, predominantly contributing to
non-radiative recombination.[®! This compromise limits the fea-
sible doping range as a viable approach for carrier injection, ne-
cessitating the exploration of alternative injection mechanisms
that enable effective carrier injection without generating exces-
sive charge populations.

Here, we demonstrate electrically confined electrolumines-
cence of neutral excitons in tungsten diselenide (WSe,) LETs
based on the vdW heterostructure consisting of WSe, (chan-
nel), graphene (electrodes and gate), and hexagonal boron nitride
(hBN, dielectric). To achieve highly efficient light emission in the
gate-tunable light-emitting transistors (LETSs), we used WSe, as
an emitting layer due to its ambipolar transport properties, di-
rect bandgap, and high QY at room temperature.[”2-2° Through
the utilization of monolayer graphene as the gate-tunable source
and drain electrodes with vdW contacts, we effectively mitigated
Fermi level pinning and successfully attained appropriate band
alignment for ambipolar transport within the WSe, .126-2] By elec-
trically modulating gate and drain bias, our WSe, LETSs selectively
injected charge carriers of electrons and holes into WSe, from
the respective graphene electrodes and effectively regulated the
movement of these injected charges by modulating the barrier
height at the WSe, homojunction, resulting in reconfigurable
electrical transport properties. By balancing the densities of in-
jected electrons and holes, we achieved strong EL with a high
EQE of ~8.2% at room temperature. The EL measurements re-
vealed that neutral excitons dominantly contribute to the strong
EL due to the confinement of neutral excitons within the 1D re-
gion facilitated by the in-plane electric field created by the local
graphene gate and the expulsion of charged excitons from the 1D
region by the charge interaction.

2. Results and Discussion

Figure 1a illustrates the WSe, LETS consisting entirely of 2D ma-
terials. We used double gates of graphene and Si to electrically
confine the neutral excitons in the 1D region of WSe,. To fab-
ricate the devices, exfoliated flakes were stacked layer-by-layer
using a dry pick-up transfer method.[?? The hBN-encapsulated
monolayer WSe, FETs with the graphene contacts showed am-
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bipolar transport characteristics (Figure S1, Supporting Infor-
mation), which is in contrast to the monolayer WSe, FETs on
a Si0,/Si substrate with metal electrodes that exhibit only p-
type conductance.[3*31] For local gating, the graphene flake was
aligned precisely to overlap half of monolayer WSe,. After trans-
ferring two monolayer graphene flakes for source and drain elec-
trodes, the whole stack was encapsulated with the hBN because
the hBN encapsulation can neutralize the doping level of TMDs
and improve their optical and electrical properties.[**34] Note that
the WSe, used in this work was grown by the flux method, which
is known as a method to synthesize high-quality 2D crystals with
low defect density (Figure S2, Supporting Information).[>] After
the transfer, the stack was annealed at 300 °C in a forming gas of
hydrogen and argon for 3 h to remove residual bubbles between
the stacked layers.3®) Raman and PL maps of the stacked sample
show that the WSe, is in conformal contact with graphene elec-
trodes (Figure S3, Supporting Information). Since the stacked
sample of WSe, and graphene are embedded in the hBN, we
used the graphene etch stop technique to form the via contacts
to the embedded graphene electrodes, as described in our pre-
vious report.’738] The stacked sample was patterned by e-beam
lithography and exposed to XeF, gas to etch the top hBN (hBN1),
followed by metal deposition. There were no contamination and
cracks in the devices, indicating the clean interfaces in the vdW
heterostructure (see Figure S4, Supporting Information, for the
fabrication process). As shown in the energy band diagram of
Figure 1c, the Fermi energy levels of two graphene electrodes
and the band offset of WSe, can be separately modulated by dou-
ble gates of graphene and Si. By controlling the contact barrier
heights at graphene-WSe, interfaces, two graphene electrodes
can selectively inject electrons and holes into the WSe,, respec-
tively. Then, injected electrons and holes emit light through e-h
recombination in the 1D region of WSe,.

The double gate structure in the WSe, LET is crucial for the
simultaneous modulation of injection and transport of both elec-
trons and holes, unlike conventional ambipolar FETs with a sin-
gle gate configuration that can transport only one type of charged
carrier at a specific gate voltage. To validate gate-tunable car-
rier injection and transport in the WSe, LETs, we manipulated
gate voltages of graphene (Vi) and Si (Vi) gates, as shown
in Figure 2. Depending on the applied gate voltages of V¢
and Vj., the WSe, LET can reconFigure the polarity of trans-
fer characteristics between n-type and p-type modes within a sin-
gle WSe, channel, as shown in Figure 2a,b. When the Si back
gate is biased at 60 V for n-type mode, the Fermi energy level
of graphene source contact (Gr (S)) shifts close to the conduc-
tion band of WSe,. Simultaneously, the conduction band of W Se,
is bent down, resulting in efficient electron injection from Gr
(S) to WSe,, as illustrated in Figure 2c. At Vg = 0.5 V, WSe,
LET exhibits n-type switching behavior with no noticeable hys-
teresis, consistent with previous reports.*) This behavior can
be attributed to the modulated transport of injected electrons by
the energy barrier of WSe, homojunction through sweeping V.
(see Figure 2c(i),(ii)). Meanwhile, at a larger drain bias of V¢
= 2V, the transfer curve exhibited ambipolar transport behav-
ior with a higher on-current compared to Vg = 0.5 V. Under
positive voltage conditions of V injected electrons from Gr (S)
transport across the energy barrier at the WSe, homojunction
(Figure 2c(ii)). At Vg = —6 V, the current increases owing to
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Figure 1. Device geometry and working principle of WSe, LET. a) Schematic illustration of 1L WSe, LET with 1L graphene contact encapsulated by hBN.
WSe, LET has double gates of graphene and silicon gates. b) Optical image of the fabricated device. A portion of 1L WSe, is overlapped by the graphene
gate. ¢) Band diagrams of the device at electroluminescence operation. The double gates can modulate individual regions of the divided WSe, layer,
leading to injecting electrons or holes from graphene into the WSe, layer and transporting charge carriers in the WSe, layer. Light emission occurs in
the 1D region between the p—n junction in a WSe, layer due to the e-h recombination of transported carriers.

the recombination of electrons and holes that are simultaneously
injected from corresponding graphene contacts (Figure 2c(iii)).
Conversely, when a negative gate voltage of Vi = —6 V is ap-
plied for p-type operation, holes can be injected from the Gr (D)
into the WSe, layer, leading to p-type transport (Figure S5, Sup-
porting Information). These results indicate that our device can
efficiently control both the selective injection of charge carriers
and the transport of injected carriers through WSe,.

Because of modulation of charge injection and local doping,
the p—n homojunction in the WSe, shows rectifying behaviors
in the output curves of Figure 3a (green dots at V3, = 60 V and
Vee = —6 V and blue dots at Vy; = —60 V and V; = 6 V). The
increase in forward bias current is attributed to the elevated re-
combination probability of injected electrons and holes from cor-
responding graphene electrodes at the 1D region of WSe,. There-
fore, when Vs was applied at 3 Vat V=60 Vand Vo =-6V,
a strong EL peak was observed through the e-h recombination at
the 1D region, which is similar to the PL spectrum of WSe, as
shown in Figure 3b. This correspondence indicates that the EL
at 1.65 eV originates from the e-h recombination across the di-
rect bandgap of WSe,. As estimated, the EL was clearly observed
at the 1D region of WSe,, as shown in the optical microscopic
image of Figure 3c. Our photocurrent measurements also show
that the photocurrent predominantly generates at the 1D region
(Figure S6, Supporting Information). This indicates that the ex-
citons generated by a laser can be dissociated into free carriers
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at the p—n junction owing to a built-in electric field.[2**% In addi-
tion, we observed long EL retention over ~10* s, indicating high
stability of the WSe, LETs (Figure S7, Supporting Information).
To investigate the electrical tunability of the WSe, LETs, we
measured the EL and EQE by varying drain bias and gate voltages
in Figure 4. As the V4 increased (current density increases in
the output curve in Figure 3a) at fixed gate voltages of V, =60V
and V. = -8V, the EL intensity increased with no EL peak shift
as shown in Figure 4a. The EL intensity monotonically increased
with the Vg owing to the effective injection of electrons and
holes over a reduced contact barrier, reaching a high EQE of
~5.3% at Vpg = 2.5 V at room temperature (Figure 4b and
Figure S8, Supporting Information). The EQEs of the WSe, LETs
were extracted using the method described in other reports!!7-2!
(see Note S1 and Figure S9, Supporting Information). At Vi
> 2.5V, the EQE decreased due to non-radiative recombination
paths, such as exciton—exciton annihilation at high exciton
concentration.?”) To modulate the density of injected electrons,
we measured the EL and EQE by varying the Vj at fixed V¢ =
—8 Vand Vg =2.5V (Figure 4¢,d). In this condition, the density
of injected holes is fixed and more electrons are injected into the
WSe, owing to reduced contact barrier by increasing the V. As
aresult, the EL increased with Vj, maintaining the EL peak posi-
tion at 1.65 eV, as shown in Figure 4c. Similarly, we also observed
an increase in the EL by varying V at fixed V¢ and V¢ due to
the lowered contact barrier for hole injection (Figure S10,
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Figure 2. Reconfigurable transport properties using electrical modulation of WSe, LET. a) Transfer curve (Ips—V) of the device at a fixed voltage of
Vg = 60V for n-type transport operation. b) Transfer curve (Ips—Vpgg) of the device at a fixed voltage of Vo = —6V for p-type transport operation. c)
Schematics of band diagrams of three conditions at the n-type operation of the device using electrical modulation. By adjusting the double gate and
drain voltages, the carrier type injected into WSe, can be selected, and the carrier transport can be switched by modulating the potential barrier at the

WSe, homojunction.

Supporting Information). It is worth noting that the
monochromic EL peaks in the contour plots of Figure 4a,c
were consistently maintained at 1.65 eV, regardless of applied
bias and gate voltages. It is because the EL of the WSe, LETs oc-
curs by e-h recombination through the intrinsic direct bandgap
of WSe,. At fixed V5 = —8 V which observed the highest EQE in
Figure S10 (Supporting Information), the EQE of the WSe, LET
extracted by varying the V. increased as a function of the Vj,
reaching a maximum EQE of ~8.2% at room temperature, as
shown in Figure 4d. At the larger Vj, the EQE slightly decreased
along with the saturation of EL intensity, which indicates that
balanced concentrations of electrons and holes are required for
high light emission efficiency. We measured the EQEs of several
WSe, LETs, where flux-grown and purchased samples of WSe,
were used. The flux-grown WSe, showed higher EQEs than
the purchased one, which is in agreement with the higher PL
efficiency of the flux-grown samples (Figure S11, Supporting
Information).®]

Figure 5a,b shows the PL and EL spectra of the WSe, LET. All
spectra can be deconvoluted into two peaks of neutral exciton (X°)
and charged exciton (X). When the WSe, LET was partially p-
and n-doped by applying V. = —6V and V., = 60V as shown
in the inset of Figure 5a, the PL spectra of these regions exhib-
ited two dominant PL peaks corresponding to X" and X°. Notably,
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the X" peak is stronger than the X° peak for both p- and n-doped
regions. In contrast, X° is more dominant than X" in the EL spec-
trum of Figure 5b. As shown in Figure 5c, the EL intensity ratio
of the neutral excitons to charged excitons (X°/X") is 14 times
higher than PL intensity ratios of X°/X" in p- and n-doped re-
gions. As shown in the schematic device geometry and energy
band diagram of Figure 5d, the injected electrons and holes from
n- and p-doped regions form exciton complexes at the 1D region.
Notably, the in-plane electric field within the 1D region leads to
the confinement of neutral excitons.[*!! To investigate the effect of
in-plane field and doping on the exciton behaviors, we calculated
charge densities of electrons and holes, and potentials of neutral
excitons and charged excitons (X* and X~) using the electrostatic
simulation of the device as shown in Figure 5e (See Experimental
Section and Note S2, Supporting Information). The local doping
by graphene and Si gates dopes the WSe, separately into adjacent
p- and n-doped regions with large charge densities and in-plane
electric field along the edge of graphene gate.[*”) The in-plane
electric field confines neutral excitons at the 1D nanoscale region
of WSe, with minimum exciton potential. In addition, neutral
excitons are pushed toward the 1D region by repulsive interac-
tion that is caused by the charge density gradient.*!l This unique
phenomenon is mainly observed in the ultrathin TMDs with
large exciton binding energies, enabling excitons to withstand the
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due to the p—n junction formation at WSe,. b) Normalized PL and EL spectra of the device. The EL spectrum is consistent with the PL spectrum, which
indicates that EL originated from e—h recombination across the direct bandgap of WSe,. c) Optical image of light emission of the device. Strong EL is
observed at the p—n junction of WSe,
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Figure 4. Electrical tunability of electroluminescence of WSe, LET. a) EL spectrum and contour plot of the device at varying Vs and fixed Vg = —8V

and Vg = 60V. b) EQE (purple) and EL intensity (green) as a function of Vys. V5 and Vi were fixed at —8 and 60V, respectively. c) EL spectrum and
contour plot of the device at varying Vg and fixed Vpg = 2.5V and V¢ = —8V. d) EQE (purple) and EL intensity (red) as a function of V5. Vps and Vg
were fixed at 2.5 and —8V, respectively. By optimizing with Vs, Vg, and Vg, a maximum EQE of 8.2% was obtained with WSe, LET and EL intensity
exhibits no peak shift.
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Figure 5. Electroluminescence of electrically confined neutral exciton at the 1D region in the p—n junction of WSe,. a) Normalized PL spectrum of hole-
doped (blue) and electron-doped (red) WSe, in the WSe, LET measured at V55 = —6V and Vg = 60V, respectively. b) Normalized EL spectrum of the
device. All spectrums were deconvoluted into the two distinct peaks of the neutral exciton (X, green) and charged exciton (X*, purple). c) Comparison
of X /X" ratio of integrated intensity in PL and EL. Compared to PL, the EL intensity of the device primarily arises from the neutral exciton. d) Schematic
of the device structure and energy band diagram in WSe, LET. e) Electrostatic simulation of the spatial dependence of charge density of holes (blue
dashed line) and electrons (red dashed line), exciton potential (green line), and potential of the positively charged exciton (blue line) and negatively
charged exciton (red line), and voltage (black dashed line) in WSe,. Since neutral excitons are electrically confined to the 1D region in WSe, and charged
excitons are pushed away from the 1D region by the potential difference, WSe, LET can emit predominantly neutral excitons.

in-plane electric fields.[*?) Furthermore, the charged excitons drift
away from the 1D region by potential gradients of charged exci-
tons (bottom of Figure 5e).[**] As a result, the EL from neutral
excitons is predominant owing to their electrical confinement in
the 1D region of WSe, LETs,

3. Conclusion

In conclusion, we demonstrate the efficient light-emitting de-
vices based on monolayer WSe, that satisfy the prerequisites for
high EQE: efficient injection of charge carriers and predominant
emission of neutral excitons. Through precise band alignment of
WSe, and graphene, and double gate geometry, the WSe, LETs
can achieve efficient charge injection and e-h recombination for
strong EL with a high EQE of ~8.2%. Our results show that the
strong EL peak of WSe, LET is attributed to the electrical con-
finement of neutral excitons due to the in-plane electric field and
strong charge interactions. Our work not only highlights the po-
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tential of 2D light-emitting devices but also provides a new av-
enue for modulating the recombination of neutral and charged
excitons for excitonic devices.

4. Experimental Section

Device Fabrication: Al the flakes were mechanically exfoliated from a
bulk crystal onto a SiO, /Si substrate with a thickness of 285 nm of SiO,.
Two types of WSe, crystals were used, one grown by the self-flux method
and the other purchased from SPI Supplies. A stack of flakes consisting
of top hBN, graphene electrodes, WSe,, and bottom hBN was fabricated
using the pick-up transfer technique with a polydimethylsiloxane (PDMS)
stamp coated with a polycarbonate (PC) film.[2°] The stacked heterostruc-
ture was transferred onto graphene as a gate on a SiO, (285 nm)/Si sub-
strate by releasing the PC film from the PDMS at 180 °C. The PC film
was dissolved in chloroform overnight. The stacked heterostructure was
annealed at 300 °C for 3 h in a 107* Torr vacuum to enhance adhesion
between layers.[3¢] To form connections between the metal and embed-
ded graphene, the sample was patterned using e-beam lithography (Raith
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pioneer 2) and then it was exposed to XeF, gas of 2 Torr for 200 s at
room temperature using XeF, etcher (VPE-4F, SAMCO).37] The metals Cr
(1 nm)/Pd (40 nm)/Au (50 nm) were deposited by an e-beam evaporator
(Korea Vacuum Tech.) under ultrahigh vacuum conditions of ~10~7 Torr,
followed by a lift-off process.

Raman and PL Measurements: Raman and PL spectra were measured
using Raman spectroscopy (LabRAM HR Evolution) with 532 nm laser ex-
citation under ambient conditions. To obtain Raman and photolumines-
cence mapping images, samples were scanned on an x—y stage with laser
illumination.

Electrical and Optoelectrical Measurements: For electrical measure-
ment, a semiconductor parameter analyzer (Keithley 4200A-SCS) was
used at room temperature under 1073 Torr. EL spectra were measured
using a customized optical measurement system with a photodetector (Si
avalanche), and electrical bias and gate voltage were applied by source me-
ters (Keithley 2400). All EL measurements were performed in a 1072 Torr
vacuum chamber, with light signals collected through X100 objective lens.
The use of vacuums enabled stable measurement of the devices.

Electrostatic Simulation for Electrical Confinement of Exciton Complexes:
To obtain quantitative information on the in-plane electric field, charge
density distributions, voltage, and excitonic confining potential of exciton
and charged excitons in the device, commercial finite element analysis
software (COMSOL Multiphysics) was used. The simulated device geome-
try is depicted in Figure 5, including double gates of graphene gate and sili-
con back gate, 1L graphene electrodes, and hBN with 30 nm thickness. The
semiconductor behavior of WSe, was calculated using the drift-diffusion
model with the density-gradient theory.[*] The carrier density was deter-
mined based on the Fermi—Dirac distribution, considering the band struc-
ture, Fermi level, and density of states (DOS) of WSe,. The following ma-
terial parameters were used in the calculation: bandgap of WSe, = 1.65 eV,
dielectric constant = 21, carrier mobility = 31 cm? V=1 571 election affin-
ity = 3.7 eV, effective DOS = 6 x 102 m~3. The dielectric constants for
hBN were 3.76 and 6.93 along the out-of-plane and in-plane directions,
respectively.[*>=>1] The excitonic confining potential was calculated using
an equation derived from the previous studies, based on electric field and
charge density obtained from calculation and measurement constants.[4]
The constants used in this calculation were exciton polarizability (10.027 x
107° meV cm? kV2), trion polarizability (411.367 x 107> meV cm? kV~2),
trion hyperpolarizability (8.48 x 1077 meV cm* kv—4), effective exciton—
electron coupling strength (~0.7 peV um?), and trion—electron coupling
strength (1.32 peV um?).[32-34]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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