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Injection-free multiwavelength electroluminescence
devices based on monolayer semiconductors driven

by an alternating field

Jiabin Feng1’2’31', Yongzhuo Li"%34, Jianxing Zhang1’2’3, Yugian Tang1’2’3, Hao Sun™?3,

Lin Gan"??, Cun-Zheng Ning"%3**

Two-dimensional (2D) semiconductors have emerged as promising candidates for various optoelectronic
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devices especially electroluminescent (EL) devices. However, progress has been hampered by many challenges
including metal contacts and injection, transport, and confinement of carriers due to small sizes of materials
and the lack of proper double heterostructures. Here, we propose and demonstrate an alternative ap-
proach to conventional current injection devices. We take advantage of large exciton binding energies in
2D materials using impact generation of excitons through an alternating electric field, without requiring
metal contacts to 2D materials. The conversion efficiency, defined as the ratio of the emitted photons to the
preexisting carriers, can reach 16% at room temperature. In addition, we demonstrate the first multiwave-
length 2D EL device, simultaneously operating at three wavelengths from red to near-infrared. Our ap-
proach provides an alternative to conventional current-based devices and could unleash the great potential

of 2D materials for EL devices.

INTRODUCTION

Two-dimensional (2D) layered semiconductors such as transition
metal dichalcogenides (TMDC:s) or black phosphorus have attracted
a great deal of attention since the first demonstration of indirect-to-
direct bandgap transition when MoS; is reduced from multilayer to
monolayer (I, 2). These 2D monolayer materials have found a wide
range of applications as electronic or optoelectronic devices and are
especially attractive as active materials for light emission devices
such as quantum emitters (3-6), electroluminescent (EL) devices
(7-18), and nanolasers (19-23) due to several favorable optical
properties. These properties (24) include strong exciton emission as
opposed to electron-hole plasma emission in conventional semi-
conductors, thinnest gain media for ultralow-power lasers (24), the
existence of optical gain at ultralow carrier injection level (25), and
flexibility for integration with various substrates and silicon in par-
ticular (15, 21, 23, 26). As a result, 2D material-based lasers (19-23)
and EL devices (7-18) have been an active topic of research for the
past 5 years. However, so far, laser demonstrations have been exclu-
sively based on optical pumping. Despite great efforts in achieving
electrical injection emitters, many challenges remain. Further
progress has been largely stagnant after the initial work (7-9) due to
many challenges of both near-term technical and long-term prin-
ciple nature.

It is therefore critically important to revisit all key design aspects
of an EL device based on 2D materials to assess the near- and
long-term challenges and potential solutions. First, ohmic contact
remains very difficult to achieve with few rare demonstrations so far
(27-29). Contacting 2D materials directly with metallic or conducting
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layers often leads to notable charge transfer and marked degra-
dation of emission properties. Carrier injections have been demon-
strated through the Schottky barriers between monolayer TMDCs
and graphene or metals (30) or ohmic contact to monolayer MoS,
(27, 28), WS, (27), and MoTe; (29), but carrier injection is still not
easy. Second, chemical doping techniques well-established in III-V
semiconductors for creating p-n junctions are not yet mature
enough for monolayer TMDCs. Efforts have been made to create
p-n junctions through electrostatic gating (7-9, 15) for carrier in-
jections. However, these electrically gate-controlled p-n junctions
lead to complicated structures (7-9, 15) and poor surface utilization
of active materials for light emission. Last, 2D materials produced
either through direct growth or by exfoliation from bulk are limited
presently to fragments or flakes on the order of tens to hundreds of
micrometers in sizes (31, 32). These small fragments place a severe
limit on the sizes of devices and the long-term scalability of fabrica-
tion. While some of these challenges are near term or technical,
many of them are intrinsic and long term due to the unique nature
of 2D monolayer materials.

To overcome these challenges, we need go beyond the paradigms
of conventional semiconductor optoelectronic devices in all these
respects. It is interesting to find out whether and how alternative
device designs could avoid these existing challenges while taking
advantage of the unique features of the new 2D materials. Here, we
propose and experimentally demonstrate such an alternative design
for EL devices where we need no doping, no ohmic contact, or any
electrode contacts with gain layers. We do not require large sizes of
flakes of 2D materials, and large devices can be made using small
fragments of materials. Our design of EL devices is based on a
simple metal-insulator-semiconductor structure, where the metal
layer consists of a pair of interdigitated electrodes (IDEs) with
hexagonal boron nitride (h-BN) as an insulator and monolayer
TMDCs as semiconductors, as schematically shown in Fig. 1 (A to C).
We demonstrate that the EL can be achieved by alternating the
voltage polarity of the pairs of IDEs. In these devices, preexisting
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Fig. 1. Device structure and basic properties. (A) Schematic diagram of the device, consisting of monolayer TMDCs and a thin h-BN layer of 20 to 50 nm on Au IDEs.
(B) Cross-sectional view of the device and schematic electric field lines (dark red dashed lines) in the gap between two Au IDEs fingers (yellow). Optical (C) and EL (D) images
of a device with a monolayer (1L) WSe,, respectively. Scale bars, 10 um. (E) EL pulsed emission in time domain and its synchronous square wave voltage applied to the

IDEs, with a period of 4 ps and 50% duty cycle. cts, counts.

charges are accelerated by the high local electric fields from IDEs,
which then generate excitons through impact excitation, instead of
a conventional injection of electrons and holes from electrodes.
This alternative device design takes full advantage of the extremely
large exciton binding energy (200 to 600 meV) in TMDC materials,
leading to a reduced probability of dissociation and increased
probability of radiative recombination of impact-generated excitons.
Because of many intrinsic advantages of this alternative design, our
devices achieved a conversion efficiency (CE) from preexisting
carriers to emitted photons of 16% at room temperature. In addi-
tion, our approach has the feasibility in using fragmented pieces of
materials, and we also demonstrate a multicolor device containing
three different TMDC materials.

RESULTS

Our proposed device is shown schematically in Fig. 1A, with the
vertical structure shown in Fig. 1B. The device consists of a pair of
IDEs as back gates on SiO,/Si substrate. The IDEs are covered first
by alayer of h-BN as a dielectric layer before a monolayer of TMDC
is transferred, which is then capped by another h-BN layer to pre-
vent the degradation of TMDCs. The transfer of h-BN and TMDCs
layers was accomplished through a dry transfer technique (33)
(section S1). Note that the insulating h-BN layer between TMDCs
and electrodes needs to be thick enough to prevent dielectric break-
down and chosen to be 20 to 50 nm in our devices. In our cases, no
dielectric breakdown or tunneling occurs upon AC field applica-
tion, as shown by the alternating voltage and current characteristics
of the device (section S2). The distance between neighboring
electrodes is usually in the range of hundreds of nanometers for a
strong electric field. Figure 1C shows the optical image of a device
using monolayer WSe;, as the active material, with the width of
metal fingers and the gap of 5 pm and 400 nm, respectively. The
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corresponding EL image of the device at room temperature is
shown in Fig. 1D, which is captured by a liquid nitrogen-cooled
charge-coupled device (CCD) camera (section S2). The device was
driven by a 52-V square wave (B1500A, Keysight), whose polarity is
alternating with a period of 100 ps. As seen there, the bright EL
from WSe; mainly appears between the horizontal gaps of the IDE
fingers, where a strong in-plane electric field is generated (see
Fig. 1B). In addition, there is also weak emission from the vertical
edges of the electrodes, where the separation between the IDEs is
significantly larger compared to the region of horizontal gaps. This
emission is related to the enhanced electric field near the edges of
electrodes, as shown in fig. S5B. In addition to the EL image, the
pulsed light emission of our device in time domain is shown in
Fig. 1E, together with the synchronous square wave voltage that
was applied to the IDEs. The voltage between the pair of IDEs
switches between +30 and —30 V here, with a period of 4 us and 50%
duty cycle.

Since there is no injection of carriers from the electrode to the
TMDCs, yet the light emission occurs in TMDCs that are between
the gaps of IDE fingers, the mechanism of light emission deserves
scrutiny. The overall physical processes during the device operation
are depicted in Fig. 2A. First, most 2D TMDCs contain certain
levels of preexisting electrons or holes due to impurities or defects.
Under the driving of a strong in-plane electric field, the preexisting
carriers are accelerated to acquire high kinetic energies. Then, the
collisions of high-energy drifting carriers with lattice (inelastic
impact) transfer their energies to valence electrons, generating exci-
tons. These excitons then recombine radiatively to emit light or
recombine nonradiatively with a certain probability. Obviously, by
this direct electric field driving, the device only emits light in a short
burst once. To make the light emission sustained, the polarity of the
voltage is reversed so that the carriers could be driven to the reverse
direction to generate excitons and light emission. By applying an
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Fig. 2. Mechanism of impact excitation and electrical luminescence. (A) Schematic of the overall physical processes during the device operation under a strong electric

field. (B) EL spectra of a WSe,-based device under different driving voltages and

a PL spectrum pumped by 633-nm laser. a.u., arbitrary units.(C) Photon numbers

as collected versus electric field for six devices using three different TMDCs. The periods of square wave voltages and integration time for EL spectra capture are listed

in table S3.

AC voltage of a given periodicity, the impact excitation and light
emission can proceed periodically with two EL pulses produced at
the switching edges, as shown in Fig. 1E. The delay time of light
pulse after voltage switching is about 200 ns here, which is mostly
attributed to the resistance-capacitance effect of IDEs (section S2).

Note that, in addition to the recombination after impact exci-
tation, the excitons can also dissociate in the strong electric field
with certain probability. In addition, the electrons and holes from
dissociated excitons can participate in the secondary impact exci-
tation to create new excitons or drift outside of the acceleration
region. That is, there are two main mechanisms in the strong
electric field-driven device, namely, the impact excitation and exciton
dissociation. The impact excitation rate (I'¢) follows the relationship
(34, 35) of T'¢ o< exp(—F,/F). The critical field (F.) corresponds to the
minimal field required to accelerate a charge unit to reach the exciton
emission energy (Ex). Because of the requirement of momentum
conservation, the electron needs to acquire ~1.5E, or eA,F. = 1.5E,
(36), where Ay, is the mean free path of carriers in monolayer
TMDCs. Similarly, the exciton dissociation rate (I'g) follows a
similar relationship, I'g o< exp(—F4/F). F4 = Ep/(ed), where Fq and E;,
are the critical dissociation field and exciton binding energy, re-
spectively, and where d is the exciton Bohr radius. Incidentally, a
clear advantage of using TMDCs for impact excitation-based light
emitters is the large exciton binding energy. The critical field for the
exciton dissociation for the TMDCs is expected to be up to two
orders of magnitude larger than for conventional semiconductors.
To verify the mechanism of exciton generation and understand the
details of physical processes, we model the system by the following
coupled rate equations for electrons and excitons (see section S6
for more details)
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where N and # are the exciton and free carrier areal density, respec-
tively. I, is the impact excitation rate, I'q is the dissociation rate of
an exciton, y, = 1/1, is the exciton radiative recombination rate,
Yar = 1/1y, is the nonradiative recombination rate, y4 is the rate for
carriers to drift out of impact region, and J is the carrier flux density
at which carriers are injected into impact region. By solving the rate
equations (section S6), we can theoretically establish the relation-
ship between the collected photon number and the electric field
intensity (eq. S10). Meanwhile, we also experimentally measured
the light-emitting signals under different driving voltages, so we can
verify the model by fitting the experimental results. Figure 2B shows
the EL spectra of a WSe;-based device under different voltages with
a period of 40 ps and an integration time of 5 s, compared with a
normalized photoluminescence (PL) spectrum pumped by a 633-nm
continuous wave (CW) laser. The agreement of the EL and PL spec-
tra verifies that the EL from our device originates from the radiative
recombination of excitons and trions, as fitted in fig. S3. Figure 2C
shows the number of collected photons by the measurement system
as a function of electric field intensity for six devices made with
three different TMDCs at room temperature. The electric field
intensities under different voltages are numerically simulated, as
described in section S5. The periods of square wave voltages and
integration time for EL spectra captured in measurements are
listed in table S3. The solid lines are the fitting results according to
the solutions of the rate equations. The fitted values related to the
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critical field and other key parameters are listed in table S4. The
good agreement between the rate equation results and the experi-
mental results is strong evidence for the exciton generation mecha-
nism by impact excitation. We point out that the other possibility of
thermal emission (37) can be safely excluded (see section S7 for
detailed explanation).

Figure 3A shows the photon number of EL within a fixed inte-
gration time (1 s) and of a single light pulse under different driving
frequencies from 1 kHz to 1 MHz. It is clear that when the frequency
of driving voltage increases, the generated photon number in a
single light pulse decreases monotonically. This is because it takes a
minimal length of time for the carriers to be accelerated to the critical
impact excitation energy to generate an exciton. This minimal time
depends on the sample quality or carrier mobility and, more specifi-
cally, on the local field intensity. As shown in the simulation in
section S5, the fields directly above the IDEs are much weaker than
in the gaps. It therefore takes a much longer time for electrons
directly above electrodes to be accelerated to reach high enough
energy. This is the principal limitation of device speed. In our devices,
the width of electrodes is comparable to that of the gap. Device

A,\ 1000
© 6 . R
gax1otm 8
- | o
g 3 x 10°] " . - 100 :gJ
[ = " " .
9] = - §
S 2% 10° = " £
g L10 S
3 v ) :
©1x10°|m " x
k4 ' , : L
£ 10° 107 107 10°
Frequency (MHz)

B B 5000

e

g‘ 4000 Switching time

< 30004 oom

% —36ns

° ——50ns

_lo. 2000 ——65ns

w ——385ns

E 10004

o

<

5 01

o

0 10 20 30 40 50 60 70 80 90 100110

Time (ns)

C 35
— 5]
25x10°] = o
= \_ {30
E 4 x 10° \ _
[ =
c 5 125 ‘é
S 3 x10°% =
% - 20 2
Ezmos- O/o - =
©
Sixier] \ 115
Q (o)
"E L}

0 r r r , — 10

20 30 40 50 60 70 80 90
Switching time (ns)

Fig. 3. Effects of modulation frequency and switching time. (A) EL integrated
intensities within a fixed integration time of 1 s (black) and a single pulse (red) as a
function of driving frequency for device 3# (MoSe,) with alternating voltage
(+30and —30 V). (B) The single light pulses under different voltage switching time
in the time domain. (C) The integrated intensity (black squares) and width (red circles)
of each pulse versus switching time.
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speed can be improved by reducing the width of IDEs in the future.
While the generated photon number of a single light pulse decrease,
the pulse number within a fixed integration time increase with driving
frequency from 1 kHz to 1 MHz. Therefore, the integrated EL
intensity per unit time shows a nonmonotonic trend and reaches
the highest level around 0.1 MHz. Besides, the switching time
(corresponding to the rising and falling edges in Fig. 1E) of driving
voltage can significantly affect the light pulses. As shown in Fig. 3B,
we zoom in the single pulse in time-resolved measurement under
different switching times, from 25 to 85 ns. The device is based on
monolayer MoSe; operating at room temperature. The AC voltage
between IDEs is 30 V, with a period of 1 us. The integration time for
each pulse is 100 s. The switching time-dependent integrated inten-
sities and widths of the pulses in Fig. 3B are plotted in Fig. 3C. It is
clear that the longer the switching time, the wider the pulse width
(Fig. 3C), the lower the peak intensity of the pulse (Fig. 3B), and the
lower the integrated intensities of a single light pulse (Fig. 3C). This
is because the longer the switching time, the more carriers drift
across the IDE gap at low velocity before reaching the critical energy
for impact excitation. In our results presented in Fig. 2, the switch-
ing time is 40 ns, and it is 25 ns elsewhere that not specifically
declared in this paper.

For our injection-free device, CE is defined as the ratio of the
number of emitting photons within a single light pulse to the entire
preexisting carriers in the material, given as (see eqs. S10 and S11 in
section S6)

_ NphO _ Nph

CE= = 3
N T]'npulse'nO'S ( )

Nppo is the number of the emitted photons in a single pulse, and N,
is the number of preexisting carriers in TMDC materials. N = 1S,
where 1 is the background areal carrier density (measured by the
four-probe method in field-effect transistor devices as described in
section S8) and S is the area of the monolayer TMDC material on
the IDE region. Ny, and #pyie are the number of collected photons
of our measurement system and the number of light pulses within
the integration time, respectively. The detailed calculation for 7,y
is shown in section S6. Significantly, 1 is the overall measurement
efficiency of the measurement system, defined as 1 = NsysNiens. Neys i
the system transmission efficiency, including the transmission effi-
ciency of the optical system including all optical components such
as slit, grating, and Si CCD (see section S4 for details). Nieps is the
collection efficiency of the lens. We carefully estimated njens for the
emission of in-plane-oriented dipoles in TMDCs for our case by
integrating the dipole emission profile over the numerical aperture
(NA) of the objective (in section S4, where we also discuss the Mjens
for isotropic emission and the Lambertian source).

Figure 4A presents the CE determined through Eq. 3 for the
same six devices, as presented in Fig. 2C, versus electric field inten-
sity. The parameters needed for CE are listed in table S3, and the
values of Npp, are taken from Fig. 2C. We see from Fig. 4A that CE
increases exponentially with the driving electric field intensity, con-
sistent with the impact excitation mechanism (see section S6). The
highest CE of 16% is reached at the field value of 103 V/um in a WS,
device (1#). This is the highest CE value among all the devices that
we tested within the field and voltage applied. Note that the calcula-
tion methods of lens collection efficiency in literature are different,
which affects the estimation of CE. The lens collection efficiency
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Fig. 4. CE of the proposed devices. (A) Electric field-dependent CE of the six
devices (same as in Fig. 2C) based on monolayer WSe,, MoSe,, and WS,. (B) Theo-
retical CE versus electric field intensity (lines) for different values of the mean free
path (A, =4, 5,6, 8,10, 14, 20, 30, and 50 nm), with dots representing experimental
results, when E, is 400 meV here. (C) Theoretical CE versus electrical field intensity
(lines) for different values of exciton binding energy (Ey, = 20, 40, 60, 100, 150, 200,
270, 400, and 600 meV), with dots representing the experimental values, where
Am=11nm.

calculation in literature is mostly based on isotropic dipole orienta-
tions in 3D space, which corresponds to an isotropic emission pattern.
In 2D materials, out-of-plane dipoles (dark excitons) typically emit
in a different frequency range from the in-plane dipoles (bright
excitons). That is, there are no out-of-plane dipoles in the frequency
range of bright-exciton emission that we measured. Collection effi-
ciency of 2D TMDCs should be estimated using emission pattern of
dipoles oriented in a 2D plane as we did in section S4. We compared
the lens collection efficiencies and the corresponding CE values for
the two cases in table S1 (section S4). The lens collection efficiency
for 2D oriented dipoles is 0.038 instead of 0.026, estimated on the
basis of isotropic dipoles. Accordingly, our CE of 16% becomes
23.3% if we use the isotropic model as commonly used in the litera-
ture (11, 13). Details are presented in section S4 and table S1.
According to our physical model (see eq. S11), the mean free path
(Am) of carriers and exciton binding energies (Ep,) of TMDC mate-
rials are critical parameters that affect CE through exciton impact
excitation rate (I';) and dissociation rate (I'g). To theoretically study the
influence of A, and E}, on CE, we plot electric field intensity-dependent
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CE based on eq. S11 for different values of A, and Ey in Fig. 4 (Band C,
respectively). In Fig. 4B, we use the data of device 6# for discussion,
where the red dots are obtained by CE = Np,0/N, and blue curves are
based on eq. S11 corresponding to A, ranging from 4 to 50 nm
(in the sequence of 4, 5, 6, 8, 10, 14, 20, 30, and 50 nm), while other
parameters are fixed as listed in table S3 of device 6#. At present,
poor material quality and short A,,, are the main reason for relatively
low CE. As the field of 2D TMDCs becomes more mature with
better material quality, much higher A, and thus higher CE can be
expected using our approach. In addition to A, values of CE for
different E}, are plotted in Fig. 4C, where device 4# is taken for
example. The main advantage of 2D TMDCs compared to the
conventional III-V or II-VI semiconductors lies in the large Ey. In
conventional semiconductors, where E}, ranges from a few to tens of
milli-electron volts, excitons are easily dissociated at zero or small
field value at room temperature. As shown in Fig. 4C, an increase in
binding energy from 20 to 600 meV (corresponding to that of
MoTe,) can lead to more than an order of magnitude increase in CE.

One of the great advantages of our proposed device is that,
unlike conventional electrical injection devices, we do not require
continuous charge transport over a long distance, which would
require high-quality materials with a size of devices. Figure 5A is
the dark-field optical image of a device based on monolayer WSe,,
which was broken into pieces during the transfer process (refer to
fig. S1 for more images), as marked by the white dashed lines. How-
ever, the disjoined pieces can still light up simultaneously, as shown
in Fig. 5B. This advantage could be very consequential for TMDC
materials, since it is still very challenging to produce single-crystal
quality TMDC monolayer with sizes more than tens of micrometers
either through epitaxial growth or by exfoliation. To demonstrate
this advantage, we fabricated an EL device with four disjoint pieces
of monolayers of three different TMDCs by the same pair of IDEs,
as shown in Fig. 5C. When an alternating voltage is applied to the
electrodes, three pieces of monolayer TMDCs light up simultane-
ously in three wavelengths at 620, 750, and 790 nm, as shown in
Fig. 5D, where the emitting patterns were marked by false colors.
Such a multiwavelength device emission in a wide wavelength range
was also achieved previously on the basis of other materials such as
InGaAs/InP nanowire (38) but can be fabricated on the basis of
TMDC:s as readily as a single wavelength one, the significant advan-
tages. Figure 5E shows EL spectra of widely studied TMDCs, in-
cluding monolayer WS;, MoS;, WSe,, MoSe;, MoTe,, and bilayer
MoTe,, with emission wavelengths in the range from 600 to 1200 nm.
These visible near-infrared (NIR) devices could be of great importance
for many applications. Our approach allows large-area EL devices
to be made with fragments of TMDC materials or arbitrarily num-
bers of various TMDCs.

DISCUSSION

Impact excitation has been used for EL devices in carbon nanotubes
(34, 35) with externally injected charges and in AC thin-film devices
with ion emission centers (39-42). In conventional thin-film devices,
carriers can be accelerated in semiconductors or nonsemiconductors
through electron tunneling in the strong electric field. In general,
carriers are more easily to be accelerated with high kinetic energy in
semiconductors than nonsemiconductors. On the other hand, the im-
pact excitation by the high-energy carriers and the subsequent emis-
sion can only occur in the discrete luminescent centers embedded
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Fig. 5. Multiwavelength device with fragmented pieces of materials. (A) Dark-field
optical image of a device with disjoint pieces of monolayer WSe; acting as the
active material. (B) The light-emitting image of the device in (A). (C) Optical image
of a device with three different TMDC materials, MoSe; (red lines), WSe; (blue
lines), and WS, (green lines). 2L, bilayer. (D) EL image of the multicolor device. The
false colors mark emissions from different TMDC materials. (E) EL spectra of typical
semiconductor TMDC materials, including WS,, MoS,, WSe;, MoSe,, and MoTe,.

in host materials (e.g., ZnS:Mn, ZnS:CdSe/ZnS quantum dots, etc.)
(39, 41) for conventional thin-film devices. While in our proposed
devices, carriers are accelerated in the monolayer semiconductors,
and exciton creation by impact excitation occurs everywhere in
monolayer semiconductors rather than some discrete luminescent
centers. This means that the monolayer TMDC semiconductors
have larger impact excitation cross section, which contributes to a
higher impact excitation efficiency in theory.

In summary, we have proposed and demonstrated electric field-
induced light emission in monolayer TMDCs at room temperature
via applying AC voltage to a pair of IDEs. Instead of conventional
carrier injection-based devices, we use the electric field to drive and
accelerate charges to achieve impact excitation of excitons for light
emission. It is an alternative approach to EL devices based on 2D
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layered materials that can avoid many challenging issues related to
ohmic contact, carrier injection, and charge transfer-related degra-
dation of emitting materials that encountered in current approaches.
Excitonic emissions from monolayer TMDC materials span from
visible to NIR wavelengths. Our device demonstration can poten-
tially unleash the potential for multicolor or full-color emission for
red, green, and blue (RGB) display using three different TMDC
materials. All semiconductor RGB displays based on conventional
semiconductors are still extremely challenging, despite great prog-
ress (43). Besides, the repeated light pulses of our devices driven by
AC voltage can achieve a frequency up to 1 MHz, which represents
enormous potential opportunities in the field of high-speed modu-
lated optoelectronic devices with TMDC materials. This modula-
tion speed can significantly be increased with the improvement of
the material quality of TMDCs. High-speed modulation is still a
challenging task in TMDC devices, especially for the direct modula-
tion light sources. Furthermore, the CE, a parameter we define for
our injection-free EL devices, can reach 16% at room temperature.
Last, our design shows better robustness in the fabrication process.
The devices still work even if some line defects were introduced
during the transfer process. This also shows the feasibility of
fabricating large-scale light-emitting devices using only the dis-
continuous pieces of small-size monolayer TMDC materials. We
believe that our approach will greatly facilitate unleashing the
tremendous potential of 2D layered materials in device applications
for a wide variety of applications.

MATERIALS AND METHODS

Device fabrication

The fabrication process of our devices mainly includes three steps.
First, we prepare the IDEs on SiO,/Si substrates through electron
beam lithography, electrodes deposition (30/50 nm, Cr/Au), and
liftoff. Second, TMDCs and h-BN flakes are mechanically exfoliated
from bulk materials (supplier: HQ Graphene and 2D Semiconduc-
tors) and covered onto polydimethylsiloxane (PDMS)/glass slide
substrates, respectively. The transparent PDMS/glass slide substrates
are selected for alignment during the following transfer process.
Last, the h-BN flakes and monolayer TMDCs are transferred onto
the IDEs by the dry transfer technique. An h-BN flake as an insulat-
ing and dielectric layer is firstly transferred onto the IDEs, with the
thickness in the range of 20 to 50 nm. Then, the monolayer TMDCs
and a cap h-BN flake are vertically stacked by repeating the transfer
process. The dry transfer process is carried out on a homemade
micromanipulator with a microscope.

PL and EL measurement

The measurement setup for the micro-PL and -EL includes a home-
made microscope and a spectrometer equipped with a liquid nitrogen-
cooled Si 2D detector and a thermoelectric-cooled InGaAs 2D
detector. The PL and EL spectra and EL imaging of the devices
based on monolayer WSe;, WS,, MoSe,, and MoS, are detected by
Si detector, while those of the devices based on monolayer and
bilayer MoTe, are detected by InGaAs detector. The PL of mono-
layer WSe;, WS;, MoSe;, and MoS; are pumped by a CW semi-
conductor laser at 532 nm. The PL of MoTe; is pumped by a CW
He-Ne laser at 633 nm. The pumped light is vertically incident onto
the sample plane by a x100 (or x20) objective with NA = 0.7 (or 0.4),
which also collects the emission light. In EL measurements, the
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devices are driven by AC voltages generated from a semiconductor
parameter analyzer (B1500A, Keysight), and the emitting light is
collected using the measurement setup mentioned above. The time-
resolved light pulses are detected by a time-correlated single-photon
counter (TCSPC) integrated into the micro-PL setup. The trigger
for TCSPC is also generated from B1500A, having the same fre-
quency and duty cycle (50%) with AC trigger voltage for device
operation.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl5134
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