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ABSTRACT: Exciton—exciton annihilation (EEA) in counter- 61

doped monolayer transition metal dichalcogenides (TMDCs) g 57

can be suppressed by favorably changing the band structure o 4

with strain. The photoluminescence (PL) quantum yield (QY) S 3]

monotonically approaches unity with strain at all generation z,]

rates. In contrast, here in bilayers (2L) of tungsten diselenide m 1]

(WSe,) we observe a nonmonotonic change in EEA rate at high 0 €=00%
generation rates accompanied by a drastic enhancement in their 14 15 16 17 18 19

PL QY at low generation rates. EEA is suppressed at both 0%
and 1% strain, but activated at intermediate strains. We explain
our observation through the indirect to direct transition in 2L WSe, under uniaxial tensile strain. By strain and electrostatic
counterdoping, we attain ~50% PL QY at all generation rates in 2L WSe,, originally an indirect semiconductor. We
demonstrate transient electroluminescence from 2L WSe, with ~1.5% internal quantum efficiency for a broad range of carrier
densities by applying strain, which is ~50 times higher than without strain. The present results elucidate the complete
optoelectronic photophysics where indirect and direct excitons are simultaneously present and expedite exciton engineering in
a TMDC multilayer beyond indirect—direct bandgap transition.

Photon Energy (eV)
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INTRODUCTION generation rates, we found that the EEA rate changes
nonmonotonically at high generation rates. Unlike monolayers,
EEA is suppressed at both 0% and 1% strain but activated at
intermediate moderate strains. This photophysics is due to an
indirect to direct transition that 2L WSe, undergoes with
moderate uniaxial tensile strain due to a relatively small
difference between the direct and indirect bandgap (~40
meV).” ™’

Three central elements steer the direct exciton recombina-
tion mechanism in TMDC monolayers: exciton generation
rate, background carrier concentration, and electronic band
structure.”’’ In bilayer TMDCs, an additional factor, the
coexistence of direct and indirect excitons, significantly alters
their behavior.''™'* Although the indirect-to-direct transition
in 2L WSe, has been observed before,”®'¢ calibrated PL QY
was not systematically measured as a function of background
carrier concentration and excitation intensity. With optimum
electrostatic doping and tensile strain, we achieved ~50% PL

Recombination in monolayers of transition metal dichalcoge-
nides (TMDCs) is generally dominated by direct transitions;
therefore they have received much more attention than their
indirect-band-gapped multilayer counterparts.' > Near-unity
photoluminescence (PL) quantum yield (QY) can be achieved
in monolayer TMDCs at all generation rates by moving their
Fermi level in the middle of the bandgap by electrostatic or
chemical counterdoping and changing the band structure
favorably by applying strain. Exciton—exciton annihilation
(EEA) is the dominant nonradiative recombination mecha-
nism at high generation rates and is enhanced by van Hove
singularities (VHSs) in the density of states (DOS).
Application of strain moves the process away from VHSs
and monotonically suppresses EEA.°

It is desirable to have direct-bandgap thicker TMDCs due to
their higher absorptivity and better process stability, but the
indirect nature of the multilayer TMDCs limits much of their
practical applications in light-emitting devices, photodetectors,
and photovoltaics. In contrast to their monolayer counterpart, Received:  October 19, 2021
the photophysics of bilayer TMDCs have not been fully Accepted: January 7, 2022
explored quantitatively. Here, first we explore the PL QY of Published: January 11, 2022
bilayer (2L) WSe, as a function of background carrier
concentration, generation rate, and band structure. Although
the PL QY increases monotonically with strain at low
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Figure 1. PL QY in 2L WSe, at various generation rates and gate voltages. (A) Schematic and optical pictures of the device used to explore
the photophysics of 2L WSe,. (B) PL spectra of the WSe, bilayer device under different uniaxial strains of € = 0%, 0.5%, and 1.0% at a

medium generation rate of G = 10" cm™2 s7!

and gate voltage of V,

—15 V, showing the indirect to direct transition. (C—E) PL QY of

bilayer WSe, as a function of gate voltage, generation rate, and strain. At € = 1.0% strain, ~50% PL QY is achieved.

QY independent of pump intensity in 2L WSe,, originally an
indirect semiconductor. Finally, we demonstrate transient-
mode electroluminescence (EL) devices based on 2L WSe,
with ~1.5% quantum efficiency (QE), which is ~50 times
higher than without strain. Our results outline the complete
optoelectronic photophysics where indirect and direct excitons
coexist and instigate exciton engineering in a TMDC
multilayer beyond indirect—direct bandgap transition.

RESULTS AND DISCUSSION

Photogenerated carriers in TMDC bilayers form excitons due
to strong Coulomb interaction. These excitons can turn into
trions in the presence of background carriers, leading to
nonradiative recombination. We tune the background carrier
concentration (electron and hole population densities) of a 2L
WSe, by varying the back-gate voltage (V,) in a capacitor
structure and alter the generation rate (Gs by varying the
pump laser intensity. Generation rate G is the number of
excitons created or the number of photons absorbed per unit
area per unit time. Gate electrodes (Ti/Au/Ti) were fabricated
on top of a polyimide substrate, used as the strain platform
because of its flexibility and process compatibility. A 50 nm
thick Al,O; gate oxide was deposited via an atomic layer
deposition (ALD), followed by fabrication of a source
electrode on top of AL,O; (Figure 1A). An as-exfoliated 2L
WSe, flake (Figure S1) was dry-transferred onto the AL, O; gate
oxide and contacted with the source electrode through few-
layer graphene intermediation, which acts as a flexible
electrode. The applied strain in 2L WSe, was estimated from
a cross-section optical image, assuming the strain is transferred
entirely from a flexible substrate to WSe,. Figure 1B shows PL
spectra under different uniaxial tensile strains at a medium
generation rate of G = 10" cm™ s™' and gate voltage of Vg =
—15V (see Vg-dependent spectra in Figure S2). Unstrained 2L
WSe, shows indirect valley transition at lower energy (I'c—Ky)
with a shoulder peak at the higher energy corresponding to
direct valley transition (Kc—Ky).””'” Under a moderate strain
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of € = 0.5%, a single peak is observed with a smaller full-width
at half-maximum (fwhm) compared to 0% strain. The fwhm
further decreases and a red-shift is observed at a strain of € =
1.0%, the maximum strain without a brittle fracture of ALD
oxide. These results are attributed to the indirect to direct
bandgap transition with increasing tensile strain.”*"®

To further understand the photophysics in the WSe, bilayer,
calibrated PL measurements were performed, extracting the
QY quantitatively as a function of €, V,, and G (Figure IC—E).
Figure 1C shows V, and G dependence of PL QY in unstrained
2L WSe,. At zero and positive gate voltages, the nonradiative
negative trion recombination is dominant'® because of the
large background electron concentration resulting in a low PL
QY of ~1%. At negative gate voltage, radiative recombination
of neutral excitons becomes dominant, leading to PL QY
enhancement.”'’ We note that, at 0% strain, PL QY does not
show a significant dependence on generation rate. PL QY
increases by 1 order of magnitude at low pump with an
application of 0.5% tensile strain due to the indirect—direct
transition, whereas PL QY drastically droops at the high
generation rate (Figure 1D). In excitonic semiconductors, this
droop is caused by exciton—exciton annihilation.”'*'*** With
a tensile strain of 1.0%, PL QY droop is effectively suppressed
again at the high generation rate (Figure 1E). With optimum
electrostatic doping and tensile strain, we achieved ~50% PL
QY in 2L WSe, at all generation rates. The EEA suppression
observed here is markedly different from that of monolayer
WSe, under strain, where strain monotonically changes
EEA.'

The observed spectra and the EEA suppression can be
explained from the strain-dependent band structure of 2L
WSe,. The qualitative change in the band structure with strain
is illustrated in the schematic of Figure 2A. In an unstrained
bilayer, the minimum and maximum energy of the conduction
and valence band are at the I' and K point, respectively,
resulting in the lowest energy transition being indirect and of
low PL QY. With a sufficient tensile strain, the minimum and
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Figure 2. Band structure evolution of 2L WSe, under strain. (A) Free %, °
Schematic band structure, qualitatively showing direct to indirect Cartists
transition of 2L WSe, with different strain conditions and under v
g

illumination. (B) Calculated energy difference for different
transitions of bilayer WSe,. (C) Schematic illustrating how JDOS
at twice the exciton transition energy Ex determines the EEA rate.
(D) EEA final energy cusping VHS on the JDOS of bilayer WSe,.

maximum energy of the conduction and valence band both
reside in the K point, making the lowest energy optical
transition be direct, thus increasing PL QY. Strain-dependent
energy differences of conduction and valence band between I
points and I'=K points calculated with density functional
theory (DFT) are shown in Figure 2B. We observe the
crossover from indirect to direct bandgap at € & 0.4%. Due to
the increasing and decreasing nature of direct and indirect
energy gaps with strain, respectively, the minimum energy of
optical transition, highlighted in gray in Figure 2B, shows a
peak at the transition strain. The indirect to direct transition
explains the change in PL QY with strain at low generation
rate; however we have to look at the joint density of states
(JDOS) to understand the change in EEA with strain at high
generation rate. During EEA one exciton nonradiatively
transfers its energy to another exciton. Momentum and energy
conservation dictate that the electron from the energized
exciton ends up with a wavevector in which the energy
difference between the conduction and valence bands is equal
to twice the exciton transition energy 2Ey. For a direct
bandgap excitonic semiconductor, the JDOS at twice the
exciton transition energy determines the strength of EEA.**!
Because the Coulomb potential in 2D is inversely proportional
to the wavevector of the interacting particles, maximum
interaction occurs when they have opposing crystal momen-
tum.”” Therefore, even in indirect semiconductors, the JDOS
at twice the exciton transition energy determines the strength
of the EEA. If there is a naturally occurring VHS in 2D JDOS
at twice the exciton transition energy 2Ey, strong EEA is
observed. On the other hand, if the JDOS is low at 2Ey, weak
EEA is observed (Figure 2C). Figure 2D shows the calculated
JDOS of 2L WSe, as a function of strain. At around 0.4%
tensile strain, the solid curve representing E = 2Ey has a peak
maximum touching on a sharply enhanced JDOS of VHSs
arising from saddle points in the energy dispersion, which
strongly enhances EEA. This explains why no EEA is observed
at no strain and € = 1.0%, but EEA is observed at € = 0.5%.
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Figure 3. Recombination pathways in 2L WSe,. Interaction of
direct and indirect excitons, trions, and free carriers and their
subsequent recombination channels in bilayer WSe,. Both indirect
and direct excitons can turn into trions in the presence of
background carriers, which is tuned by gate voltage. Strain
controls the ratio of direct and indirect excitons by changing the
indirect and direct bandgap and the nonradiative EEA rate by
moving the EEA process in and out of resonance. The respective
recombination channels of all of these different quasiparticles
determine the radiative efficiency.

nation pathways present in 2L WSe,. Both indirect and direct
excitons can turn into trions, which can be controlled by gate
voltage. Strain controls both the ratio of indirect and direct
excitons and their EEA rates. The interplay of these factors
gives rise to the complex photophysics observed in 2L WSe,.

Time-resolved (TR) PL measurements were performed with
changing gate voltage, pump fluence, and strain. At a low initial
carrier concentration of 3.3 X 10'° cm™, unstrained 2L WSe,
has the longest lifetime of ~0.4 ns at the negative voltage of V,
—15 V and a shorter lifetime of ~0.3 and ~0.07 ns at V, = 0
and 15 V, respectively (Figure 4A). This gate dependence is
consistent with the aforementioned PL QY evolution,
indicating that trion nonradiative recombination, whose
lifetime is much shorter than trion and exciton radiative
lifetimes, is predominant at zero and positive voltage. At the
highest initial carrier concentration of 2.7 X 10'* cm™?, TR PL
decay shows the same gate dependence as that of low carrier
concentration (Figure 4B), and extracted lifetime is almost
constant over 3 orders of magnitude variation in the pump
fluence (Figure 4C), indicating the absence of EEA. Figure
4D—F show TR PL and extracted lifetime as a function of gate
voltage and initial carrier concentration when a tensile strain of
1.0% is applied.””** No significant change in the lifetime with
strain has been observed. Exciton diffusion length is important
for understanding the energy transport physics in excitonic
semiconductors and a key desi7gn consideration in many
optoelectronic applications.”>™>” PL images of 2L WSe,
excited by a diffraction-limited laser at different generation
rates and strain are shown in Figure S3A. Diffusion length is
calculated by deconvolving the PL map with laser spot shape
and then determining the width of the exciton density profile,
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Figure 4. Time-resolved PL of 2L WSe,. (A, B) Time-resolved PL of 2L WSe, as a function of gate at high and low pump fluence at no strain.
(C) Extracted initial lifetime at no strain. (D, E) Time-resolved PL of 2L WSe, as a function of gate at high and low pump fluence at 1%

applied strain. (F) Extracted initial lifetime at 1% applied strain.

as shown in Figure S3B. Unstrained 2L WSe, shows larger
diffusion length DY ~ 420 nm, compared to DL’ ~ 200 nm
observed in the 1% strained bilayer, indicating that the indirect
exciton diffuses faster than the direct exciton. This is possibly
due to fast radiative lifetime of direct excitons, and further
studies are necessary to understand the pump dependence of
the diffusion length.

To demonstrate a potential impact of WSe, bilayer in the
application of light-emitting devices, a transient-mode EL was
measured using a bipolar sine wave applied to the gate
electrode, while the source electrode is grounded (Figure SA).
Figure SB shows EL spectra from 2L WSe, with and without
applying strain at a frequency of f = 1.0 MHz and gate voltage
of V; =25 V. A broad peak is observed with applied 0% strain,
while EL peak intensity at 1% tensile strain is an order of
magnitude higher than that of unstrained. Like the PL
spectrum from unstrained 2L WSe, (Figure 1B), the strained
EL device has two emission peaks at lower and higher energy
corresponding to the indirect and direct bandgap transitions,
respectively. The discrepancy of the spectrum shapes between
PL and EL under the specific strain is probably due to a
different built-in strain from device to device via poly(methyl
methacrylate) (PMMA) transfer or postbaking process or large
changes in background carrier concentration during the
transient EL process. As a function of operating frequency,
the EL intensity monotonically increased with no spectral
shape change. The gate voltage dependence was measured with
and without applying strain at f = 1 MHz (Figure SC). The
turn-on voltage V., was approximately 5.0 and 7.5 V for
unstrained and 1.0% strained devices, respectively, which
depends on the bandgap of materials, gate capacitance, and
parasitic resistances.”””” An order of magnitude EL enhance-
ment was confirmed after the device was turned on over V, =
10 V.

To further quantitatively compare the brightness of 2L WSe,
with previously reported TMDC EL devices,”**” we extracted
internal QE from EL measurement under various measurement
conditions of gate voltage, frequency, and strain. The total
number of carriers injected (1, + p,) in a field-effect transistor
when the gate voltage is swept from —V, to +V is given by

ny + Po = Cox(z‘/g - Eg)/q
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Figure S. Electroluminescence from 2L WSe,. (A) Schematics of
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function of V, at f = 1.0 MHz showing device turn on. (D, E)
Internal QE of EL device as a function of injected carrier density
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where n, and p, are the steady-state electron and hole
concentrations corresponding to a positive and negative Vo
respectively, C,, is the areal gate capacitance, and g is the
elementary charge. When a periodic signal of frequency f is
applied across the device, this transition takes place at f times
per second. Therefore, the injection rate Q can be written as

Q—=f(n0 +p0)
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Taking the ratio between the output EL photons per unit
seconds to the injection rate gives us the quantum efficiency.
Figure 5D,E show the dependence of EL QE for 2L WSe, on
injected carrier density at different V, and strain. The
unstrained device exhibits an EL QE of approximately 0.03%
at maximum, which is comparable to the reported EL QE of
~0.06% in as-exfoliated monolayer WSe,.”* With applying a
tensile strain of 1.0%, the EL QE drastically increases by over
10 times compared to the no strain device. Notably, the
efficiency roll-off was effectively suppressed at the high carrier
density, indicating reduced nonradiative recombination. The
highest EL QE of 2L WSe, reached 1.5%, which is a ~50-fold
enhancement compared to the unstrained device. Here, we
note that the EL QE is underestimated because the parasitic
capacitances are predominant in the current measurement of
micrometer-scale devices. Furthermore, the top sublayer in 2L
WSe, feels a smaller electric field than the bottom layer
because of the single-gate structure, leaving room for further
improvement of EL gerformance with utilizing such as dual-
gate device structure.’® Further improvement of the EL QE is
possible by improving the strain transfer on the emitting
bilayer. Although a WSe, thicker film can show similar EL
enhancement by strain, the trilayer showed poor enhancement
compared to the bilayer (Figure S4), probably because of the
larger energy difference between direct and indirect
bandgap”’' and the experimental limitation in ALD oxide
with applicable strain up to 1.0%. Further strain engineering in
a multilayer beyond bilayer can be achievable by using two-
dimensional heterostructures such as with graphene and h-BN.

CONCLUSION

In conclusion, we have demonstrated high PL QY in bilayer
WSe, at all generation rates with modulating background
carrier concentration and electronic band structure via strain.
Unlike other monolayer and bilayer TMDCs, bilayer WSe,
experiences the indirect—direct transition and enhanced EEA
by VHS resonance at the intermediate tensile strain, making it
a direct bandgap and free from EEA above intermediate strain
values, resulting in the highest PL QY of ~50% at all exciton
densities with applying a 1.0% tensile strain. The observed
photophysics is corroborated by DFT calculation of band
structure correlating the change in the band structure and VHS
on the PL QY. Finally, we showed that the transient mode EL
device is based on 2L WSe, and a gate with ~1.5% QE, as
bright as monolayer EL devices, thus enabling the bilayer to be
a promising candidate for light-emitting materials. Our results
resolve the complete optoelectronic photophysics when
indirect and direct excitons are coexistent and could potentially
be a strategy for strain-engineered optoelectronics in multi-
layered van der Waals semiconductors.

METHODS

Device Fabrication. The PL and EL devices were fabricated on a
polyimide substrate (Kapton, Dupont, 1.5 mm thick). Ti (10 nm)/Au
(100 nm)/Ti (10 nm) were fabricated as back gate electrodes using
standard photolithography and thermal evaporation. As a gate
insulator, 50 nm Al,O; was deposited via ALD at 200 °C. The S0
nm thick Au source electrodes were patterned on ALD oxide adjacent
to gate electrodes. WSe, (HQ_Graphene) was mechanically exfoliated
on a 50 nm SiO,/Si substrate. Bilayers were identified by optical
contrast and AFM height profile. 2L WSe, flakes were picked up with
PMMA and transferred onto the ALD oxide, followed by a postbaking
at 180 °C for S min and dichloromethane treatment to remove
PMMA. As a source contact, mechanically exfoliated few-layer
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graphene (Graphenium, NGS Naturgraphit) was dry-transferred
with PMMA to mediate between the Au electrode pad and 2L
WSe,. Another postbaking (180 °C, S min) was performed to
improve the adhesion between the interfaces of WSe,/Al,O; and
graphene/WSe,.

Electrical and Optical Characterization. Devices were charged
from a Keithley 2410 source meter applied to the gate electrode, while
the Au source was grounded. The PL QY was measured using a
home-built micro-PL instrument described in detail in a previous
study.”® A 514.5 nm line was used as the excitation source. A uniaxial
tensile strain was applied in the 2L WSe, by a two-point linear
actuator.” The nominal applied strain was calculated using the
equation € = t/R, where 2t and R are the substrate thickness and
curvature radius measured through the cross-section optical image.
TR PL spectra were collected using a time-correlated single photon
counting (TCSPC) module. A monochromated line of 514 nm from a
supercontinuum laser was used as an excitation source. PL spatial
images were measured with a fluorescence microscopy setup using the
green laser, the same as the excitation source for PL measurement,
acquiring images by a CCD detector (Andor Luca).”” The samples
were excited by a green laser, same as the PL measurement, focused to
a diffraction-limited spot. EL devices were pumped using a bipolar
sine wave from an Agilent 33522A arbitrary waveform generator
applied to the gate electrode, while the source contact was grounded.
All measurements reported in this paper are taken at room
temperature in an ambient lab condition under nitrogen flow.
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