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Dominant recombination pathways in monolayer ' 100
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on background carrier concentration, generation rate, and §
applied strain. Charged excitons formed in the presence of o
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(EEA) at high generation rates. Strain can suppress EEA,
resulting in near-unity photoluminescence quantum yield (PL
QY) at all exciton densities. Although exciton diffusion is the
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primary channel of energy transport in excitonic materials and a critical optoelectronic design consideration, the combined
effects of these factors on exciton diffusion are not clearly understood. In this work, we decouple the diffusion of neutral and
charged excitons with chemical counterdoping and explore the effect of strain and generation rate on exciton diffusion.
According to the standard semiconductor paradigm, a shorter carrier recombination lifetime should lead to a smaller diffusion
length. Surprisingly, we find that increasing generation rate shortens the exciton lifetime but increases the diffusion length in
unstrained monolayers of TMDCs. When we suppress EEA by strain, both lifetime and diffusion length become independent
of generation rate. During EEA one exciton nonradiatively recombines and kinetically energizes another exciton, which then
diffuses fast. Our results probe concentration-dependent diffusion of pure neutral excitons by counterdoping and elucidate
how strain controls exciton transport and many-body interactions in TMDC monolayers.

WS, exciton, trion, diffusion, transport, quantum yield, strain

Near-unity photoluminescence (PL) quantum yield (QY) is
observed in monolayers of transition metal dichalcogenides
(TMDCs) at low generation rates when neutral exciton
recombination is made the dominant pathway by electrostatic
or chemical counterdoping.”” However, neutral excitons
nonradiatively recombine through exciton—exciton annihila-
tion (EEA) at high generation rates, which drastically reduces
the PL QY.” EEA in monolayer TMDCs can be suppressed by
favorably altering the band structure through strain, resulting
in near-unity PL QY at all generation rates.” Neutral excitons
must be the dominant photocarrier in any efficient
optoelectronic device since PL QY fundamentally limits the
maximum attainable device efficiency. The primary mechanism
of exciton transport is diffusion, and the diffusion length is an
imperative design consideration for most optoelectronic
applications.”™” While diffusion in monolayer semiconductors
has been studied extensively, they are lacking on several fronts.
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Often the effect of background carriers is largely overlooked,
producing an averaged diffusion length of both excitons and
trions. Although the dependence of diffusion on exciton
concentration has been noticed before,%'7!?
these effects was not separated into neutral and charged
excitons. The effect of strain on diffusion has been
reported; °~'° however the pump dependence has been
ignored. Based on our understanding of the involved
photophysics of monolayer semiconductors,” all these
factors—background carrier concentration, strain, and exciton
concentration—must be simultaneously explored to get a
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Figure 1. Strain-induced changes in photoluminescence in monolayer WS,. (A) Schematic of the device used to explore the diffusion of
excitons in monolayer WS,. (B) PL spectra of monolayer WS,: as-exfoliated and chemically counterdoped monolayer WS, at € = 0%, 0.5%.
(C) PL QY of monolayer WS, as a function of generation rate. Points, experimental data; solid lines, model.
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Figure 2. Time-resolved photoluminescence. (A, B) Radiative decay of chemically counterdoped monolayer WS, with tensile strain at

different initial exciton concentrations at € = 0% and 0.5%, as well as the instrument response function (IRF). (C) Effective PL lifetime as a

function of initial exciton concentration: as-exfoliated and counterdoped monolayer at € = 0% and 0.5%.

comprehensive understanding of the exciton diffusion process.
In this work, we measure the temporal decay and spatial
diffusion of pure neutral excitons under various applied strains
and generation rates. We find that in an unstrained monolayer
WS, while the exciton lifetime decreases with exciton density,
the diffusion length increases with generation rate. This is
highly incongruous to the conventional semiconductors, in
which carrier diffusion length decreases with smaller carrier
lifetime.'® This anomalous behavior is a result of the
underlying excitonic photophysics. During EEA one exciton
nonradiatively transfers its energy to another exciton'”'® and
reduces both PL QY and observed lifetime. However, the
energized hot excitons produced by EEA have large center-of-
mass kinetic energy that thermalizes while undergoing rapid
diffusion. Therefore, the average diffusion length increases with
the generation rate when EEA is active. But diffusion is
dominated by cold excitons when strain suppresses the EEA
process, and both exciton lifetime and diffusion length become
independent of generation rate. Our EEA-enhanced diffusion
model considers the population of hot and cold excitons and
predicts an inversely proportional relationship between exciton
diffusion coeflicient and PL QY, which is observed in our
experiments. Strain now provides another knob to control
exciton diffusion in monolayer semiconductors, along with
electrostatic or chemical doping. Increased diffusion with a
pump has also been observed in other excitonic semi-
conductors;'®'® however our results concentrate solely on
neutral excitons and establish EEA as the primary reason
behind this observed enhancement. These findings uncover
EEA-enhanced exciton diffusion in monolayer TMDCs and
enable further engineering of neutral exciton transport in
monolayer semiconductors through strain.

RESULTS AND DISCUSSION

Figure 1A shows a schematic of the device used to explore the
diffusion of neutral excitons in monolayer WS,. We used a 1.5
mm thick polyimide substrate as the strain platform for its
flexibility and thermal stability, on which 10 nm titanium, 100
nm gold, and 10 nm titanium films were sequentially
deposited. A 50 nm thick Al,O; gate oxide was deposited on
top of the metal mirror through an atomic layer deposition
process. Exfoliated monolayer WS, was dry-transferred onto
the Al,O; gate oxide. As-exfoliated WS, is known to be n-type
due to native sulfur vacancies, which generates negative trions
resulting in large nonradiative recombination.” There is a large
sample-to-sample variation in the exact doping concentration
in as-exfoliated monolayers, as the exact doping concentration
of a sample depends on the bulk material source, growth/
exfoliation technique and environment, substrate/dielectric
environment, contaminants, and impurities.20 Such variations
are often translated into fluctuations in various physical
parameters measured by electrical or optical character-
ization.”"”> Measured diffusion of as-exfoliated WS, is
convoluted by coexisting neutral and charged excitons (trions),
and signatures of both neutral excitons and trions are often
observed together in as-exfoliated samples to a varying degree.
It is therefore paramount to untangle the diffusion of neutral
excitons and trions to fully understand the underlying
photophysics and energy transfer. Electrostatic and chemically
counterdoping can compensate for the background electron
concentration and suppress the nonradiative recombination. As
a hole dopant, Nafion was spin-coated on top of the monolayer
to counterdope and move the Fermi level to the middle of the
bandgap.” Calibrated PL measurements were performed to
quantitatively extract the QY as a function of generation rate
and strain (Materials and Methods). Figure 1B shows PL
spectra of as-exfoliated and counterdoped WS, flakes under
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Figure 3. Neutral exciton diffusion. PL images of as-exfoliated and counterdoped monolayer WS, with tensile strain at € = 0% and 0.5%
excited by a CW laser focused on a diffraction-limited spot at different generation rates G.

different uniaxial tensile strains at a generation rate of G = 7.0
X 10" cm™ s7'. At this high generation rate, PL intensity does
not change significantly after Nafion treatment. But when 0.5%
uniaxial tensile strain is applied, PL intensity increases by more
than an order of magnitude. Figure 1C shows PL QY as a
function of generation rate (G) for as-exfoliated and counter-
doped monolayer with a different strain. Although PL QY
decreases at the high generation rate for the counterdoped
unstrained sample, a constant PL QY of ~73% on average was
observed at all generation rates for the strained sample owing
to suppressed EEA.’

Time-resolved (TR) PL measurements were performed on
the unstrained and strained samples to investigate the effect of
strain on the temporal decay of excitons. Figure 2 (A and B)
shows TR PL of counterdoped monolayer WS, under different
initial exciton concentrations at different strains of € = 0% and
0.5%, respectively. We note that the unstrained sample shows
an initial fast decay and then a slow decay tail, which is
indicative of a density-dependent recombination channel
previously attributed to EEA.**** However, the strained
sample shows a monoexponential decay, indicating only one
recombination channel is dominant. The extracted initial decay
time or lifetime for as-exfoliated and counterdoped samples is
shown in Figure 2C. The trend in lifetime with initial exciton
density is consistent with PL QY changes with generation rate.
The lifetime of the unstrained sample shows a decrease at high
initial concentration from EEA, whereas for the 0.5% strained
sample it is independent of initial exciton concentrations,
indicating suppression of EEA. The detailed mechanism of
EEA suppression by strain is discussed in ref 4.

PL imaging is an effective tool for probing steady-state
exciton diffusion in two dimensions. PL images of a WS,
monolayer excited by a diffraction-limited 514.5 nm con-
tinuous-wave laser at different generation rate and strain are
obtained to explore steady-state exciton propagation. Figure 3
shows PL images of as-exfoliated and counterdopoed
monolayer WS, under different generation rates at tensile
strains of € = 0% and 0.5%. The strained monolayer shows a
shorter spread compared to the unstrained monolayer. To
further investigate, we first define the mean squared radius as

frdr dor* I1(r, 6)
/rdr do 1(r, 9) (1)

where I(r, 0) is the steady-state PL intensity, (r, 0) is the radial
coordinate, and the integrations are limited to the area of the
monolayer. The steady-state effective diffusion length (Lp) is
then defined as the mean-square radlus of the diffusion map
deconvoluted by the laser spot size.”> We show the measured
diffusion length as a function of generation rate and strain in
Figure 4A. For as-exfoliated monolayer WS,, we observe a
diffusion length of ~200 nm, consistent with previously
reported values.”” In the unstrained counterdoped WS,, the
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Figure 4. Exciton—exciton annihilation enhanced diffusion. (A)
Diffusion length of neutral excitons in monolayer WS, at different
generation rates and strains. (B) Effective diffusion coefficient D,
versus generation rate for monolayer WS, with different strains at €
= 0% and 0.5%. (C) Inversely proportional relationship between
D, and PL QY, which can be switched by strain. (D) Annihilation
of an exciton provides additional kinetic energy to another nearby
exciton to traverse further and then emit light, resulting in a large
diffusion pattern.
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Figure S. Raman spectra of monolayer WS,. (A, B) Generation rate dependent Raman spectra of monolayer WS, with variant uniaxial strains

of € = 0% and 0.5%.

diffusion length increases monotonically with generation rate
from G ~ 10" cm™ s~ We emphasize that, although such an
increase has been observed before,”'°™'% our result reflects the
diffusion of purely neutral excitons as we have employed
chemical counterdoping, whereas previous results represent
convoluted diffusion of both neutral and charged excitons
(trions) that coexist at room temperature due to natural
background doping. The diffusion length in a counterdoped,
0.5% strained WS, monolayer is ~2 times higher than that of
an unstrained monolayer at low generation rates.'> Moreover,
the diffusion length is independent of generation rate (Figure
4A). Nonlinear spatial PL expansion has been reported on
monolayer MoS,: the PL profile becomes broad above the
threshold laser power density (~8.0 kW/cm?) because EEA
enables lower PL QY at higher excitation.'’ Here we note that
the incident power ranged up to 10.3 kW/cm? in this work,
supporting that 0.5% strain leads to EEA suppression.
Comparing how the generation rate dependence of diffusion
length and PL QY changes with strain, we conclude EEA is the
primary driving mechanism behind enhanced diffusion in
unstrained counterdoped samples.

To extract the diffusion coefficient of neutral excitons, we
use the time-dependent continuity equation for neutral
excitons:

Ony(r, t
M = V-[D(ny)Vng] + g(r, t) — X CEEA”XZ
ot Tx
(2)

where ny and 7y are the neutral exciton population density and
lifetime, respectively. D(n,) is the concentration and time-
dependent diffusion coefficient for the excitons that reflects
both the normal diffusion of excitons and the random faster
events triggered by EEA. Cgg, is the EEA coefficient. Both the
single-exciton lifetime and EEA coefficient are known from the
PL QY and lifetime measurements in Figures 1 and 2. At

on . .
steady state, ()_tx = 0. We assume a Gaussian generation rate

given by

g(r) = g, exp(=2r"/wy?) ©)

where the peak g, is determined by pump intensity and w, the
pump spot size. To simplify the analysis of each experimental
result, we assume that the concentration-dependent diffusion
coeflicient can be replaced by a constant effective diffusion
coeflicient, D.¢. We numerically solve the differential equation
for different generation rates and find an effective diffusion
coeflicient, D.g that yields the experimentally measured PL

map (comparison in Figures S1 and S2). The extracted D.g is
shown in Figure 4B. For an unstrained monolayer, the effective
diffusion coeflicient increases with generation rate. However,
for a strained monolayer D¢ is independent of generation rate
for 6 orders of magnitude change in pump intensity. At low
generation rates D increases with strain, possibly due to
effective mass change with strain.'” The effective diffusion
coefficient as a function of corresponding PL QY is shown in
Figure 4C. An inversely proportional relationship of diffusion
coeflicient and PL QY is observed for unstrained monolayer
WS,

The Boltzmann transport equation (BTE) provides a
complete description of diffusing excitons while they are
recombining through multiple channels, releasing photons and
phonons.”® The momentum and spatial probability distribu-
tion of the nonequilibrium exciton gas found by solving BTE
have previously been used to explain the interplay between
exciton propagation and many-particle interactions in mono-
layer TMDCs.>*”** To explain our results, here we distill the
whole probability distribution into two baths of excitons, hot
and cold, that interact with and transform into each other
(Figure 4D). Upon absorption of photons and thermalization,
cold excitons are created, some of which decay radiatively.
Cold excitons are generated at rate G. The excess energy
available to a single cold exciton is E_—E,,, where E is the
excitation photon energy and E., is the emission photon
energy. In case the EEA channel is active, some excitons relax
to the ground state, transferring all its energy (E,,,) to a nearby
exciton. This hot energetic exciton loses its large kinetic energy
by diffusing very fast in the crystal in a random direction while
emitting phonons. By losing its energy a hot exciton turns into
a cold exciton, which can then luminesce. However, if the EEA
channel is suppressed, no hot excitons are created. Hot
electrons are generated at a rate of Cppany’, and each hot
electron has an average kinetic energy of E,,. The average
kinetic energy per exciton KE provided to the exciton
population in steady state is

- Eem)G + EemCEEAnX2

ﬁ ~ (EEX
nx

where the first term indicates the thermal energy from the
excitation laser and the second term indicates the energy from
the nonradiative recombination of EEA. According to the
semiclassical description,””*" the
determined by the exciton mass My and the scattering time 7:

diffusion coefficient is
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By expressing the average kinetic energy as a function of
quantum yield (detailed derivation in Supporting Informa-
tion), one can show that

fo ~ EEX Eem

T Qy

whereas QY is the quantum yield at any generation rate and
QY, is the maximum quantum yield at low generation rate. We
note that, in Figure 4 (B and C), these simple expressions fit
the experimental value very well with only one proportionality
factor.

If EEA is active, excitons gain kinetic energy at the
nonradiative expense of another exciton (Figure 4D). These
hot excitons diffuse fast but lose their energy by releasing
phonons. This in turn heats up the lattice, which can be
observed in the pump-dependent Raman spectra of monolayer
WS, (Figure S). Both Eig and A;; peaks of unstrained
counterdoped monolayer WS, red-shifted with increasing
generation rate, whereas the strained monolayer does not
show any shift. The lattice temperature of the unstrained
monolayer at G = § X 10" cm™ is estimated to increase by
260 °C from the linear temperature dependence of Raman
modes with temperature coefficients of —1.25 X 107> and
-149 X 107> cm™ K7' for the Eég and A;, modes,
respectively.”’ Note that changing the crystal temperature in
monolayers by heating the substrate does not have the same
effect on exciton diffusion, as this process does not create hot
excitons at the same energy as EEA (Figure S3).

CONCLUSIONS

In conclusion, we have optically explored neutral exciton
transport in monolayer semiconductors at room temperatures.
EEA is shown to have a profound effect on exciton
propagation, resulting in a strong pump dependence of the
measured diffusion drastically different from conventional
semiconductors. Our results reveal strain as another tuning
knob for mobile optical excitations in 2D materials and show
EEA is relevant for the design of optoelectronic devices
because it not only affects PL QY but also enhances exciton

diffusion.

MATERIALS AND METHODS

Device Fabrication. The flexible devices for optical measure-
ments were fabricated on a polyimide substrate (Kapton, Dupont, 1.5
mm thick). To prevent background PL from polyimide substrate, a
metal mirror of Ti (10 nm)/Au (100 nm)/Ti (10 nm) was fabricated
using standard photolithography and thermal evaporation, and 50 nm
AL O; was deposited via atomic layer deposition (ALD) at 200 °C.
WS, (HQ Graphene) was mechanically exfoliated on a 50 nm SiO,/Si
substrate. Monolayer WS, flakes were picked up with poly(methyl
methacrylate) (PMMA) and transferred onto the ALD oxide,
followed by a postbaking at 180 °C for 5 min and dichloromethane
(DCM) treatment to remove PMMA. As a chemical counterdoping, a
3% Nafion perfluorinated resin solution (Sigma-Aldrich) diluted by
ethanol was spin-coated on the prepared monolayer WS,.>

Optical Characterization. PL spectra and QY were measured
using a customized micro-PL instrument described in detail in the
previous study.” An Ar ion laser with a 3 nm line was used as the
excitation source. The calibrated PL QY measurement is also
described in detail in previous studies."” A two-point bendin
method was used to apply a tensile strain in the monolayer WS,.*

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. TRPL measure-
ments were collected using a time-correlated single-photon counting
(TCSPC) module. A monochromated line of 514 nm from a
supercontinuum laser was used as the excitation source. The 150X
objective lens was used to irradiate the sample from the top, and the
same lens was used to collect the PL emission from sample. The
nominal laser diameter (1/¢? intensity in the Gaussian-shaped spatial
distribution) and maximum laser power on the sample were 706 nm
and 40.4 uW, respectively, so the maximum power density was
approximately 10.3 kW/cm?. Exciton diffusion images were measured
with a fluorescence microscopy setup using the green laser, the same
as the excitation source for PL measurement, and a CCD detector
(Andor Luca) to acquire images.* The samples were excited with a
514.5 nm wavelength laser focused to a diffraction-limited spot.
Raman spectra were measured by a Raman microscopic system
(Horiba Labram HR Evolution) using an excitation laser of 532 nm.
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