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We investigates exciton-exciton annihilation (EEA) in tungsten disulfide (WS;) monolayers encapsulated by
hexagonal boron nitride (hBN). It is revealed that decay signals observed by time-resolved photoluminescence
(PL) are not strongly dependent on the exciton densities of hBN-encapsulated WS, monolayers (WS,/hBN).
In contrast, the sample without the bottom hBN layer (WS,/Si0O,) exhibits a drastic decrease of decay time
with increasing exciton density due to the appearance of a rapid PL decay component, signifying nonradiative
EEA-mediated recombination. Furthermore, the EEA rate constant of WS, /hBN was determined as (6.3 £ 1.7) x
103 cm?s~ !, being about 2 orders of magnitude smaller than that of WS,/Si0O,. Thus, the observed EEA rate
reduction played a key role in enhancing luminescence intensity at high exciton densities in the WS, monolayer.
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Two-dimensional transition-metal dichalcogenides
(TMDs) offer a unique platform for realizing an ideal,
atomically thin, and optically accessible two-dimensional
system. In particular, TMDs of M X, stoichiometry (M = Mo,
W; X =8S,Se,Te) are considered promising materials for
fundamental physics research, exhibiting unique properties
such as direct bandgaps of single monolayers (1L) and
extraordinary large binding energies [1-4]. These properties
lead to exciton formation even at room temperature, with
their recombination dynamics being important for TMD
applications in optoelectronic devices [5—11]. The optical
properties of 1L-TMDs are quite sensitive to the nature of
supporting substrates [12] and other environmental conditions
[13,14], which induce changes of background doping levels
and the exciton recombination rate.

The enhanced many-body effects arising from strong
interactions between excitons at high exciton density are an-
other prominent feature of low-dimensional systems. Among
the numerous processes of multiexciton dynamics, involv-
ing species such as charged excitons, [15,16], biexcitons
[17,18], and exciton-trion complexes [19], exciton-exciton
annihilation (EEA) is one of the most extensively studied
ones [20-29]. EEA is a scattering mechanism in which two
excitons come into contact, with one of them undergoing
nonradiative recombination and transferring its energy to
another exciton that is then excited to a high-energy continuum
state. Subsequently, the excited exciton undergoes thermal
relaxation without emitting light. This process is identical to
the Auger relaxation of inner-shell electrons following the
photoionization of atoms, being a source of luminescence
quenching. EEA occurs at ultrafast time scales of several
picoseconds, limiting the radiative decay of excitons under
intense photoexcitation. Thus, EEA suppression is critical
for enhancing the performance of optoelectronic devices. The
recently reported EEA rate constants of suspended TMDs are
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of the order of ~10~! cm? s~!, giving rise to EEA at a markedly
small exciton density of ~10'0 ¢m—2 [24,26]. In contrast, the
corresponding rate constants of TMDs supported by SiO,
films are smaller [23,25,26], still being about two orders of
magnitude larger than those of conventional two-dimensional
quantum wells such as ZnCdSe/ZnSe heterostructure [30].
Interactions of excitons with their surroundings may suppress
nonradiative EEA-mediated recombination in TMDs. Hexago-
nal boron nitride (hBN) is a prominent atomically flat dielectric
surrounding material for layered structures such as graphene
and TMDs, reducing their surface roughness and charged
impurity scattering of carriers [31,32]. Thus, encapsulation of
layered materials by hBN is advantageous not only for device-
related applications, but also for investigating the fundamental
physics of these materials. TMDs encapsulated by hBN have
been reported to exhibit significantly narrow spectral lines
with reduced inhomogeneous broadening [33]. In this study,
we focus on the behavior of excitons in the EEA process
occurring in 1L-WS, encapsulated by hBN (hBN/WS,), with
WS, chosen as a model material due to its low defect density
and a high PL yield at room temperature as compared to
those of other TMDs [25,26,34,35]. Furthermore, molecular
adsorption and/or photoinduced quenching was avoided by
forming an hBN layer on top of the 1L-WS,. We demonstrate
that encapsulation of 1L-WS, by hBN helps to achieve an
EEA rate constant of (6.3 4+ 1.7) x 103 cm?s~!, which is
about two orders of magnitude smaller than that of hBN/WS,
directly deposited on SiO, films.

1L-WS, was grown using the following process sequence:
Deposition of a 10-30-nm-thick W layer on a sapphire
substrate by sputtering, thermal oxidation at 700°C, and
sulfurization at 900 °C [36]. Bulk hBN crystals were grown
by employing a temperature-gradient method at high pressure
(4.0-5.5 GPa) and high temperature (1500—1750°C) [37].
Flakes of hBN were prepared by micromechanical exfoliation
of bulk crystals. Two heterostructured samples were fabricated
on a 300-nm-thick SiO, on nt-doped Si (100) using the
stamping technique through a dry peel/lift process. The first
sample comprised 1L-WS, encapsulated by hBN, with the
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FIG. 1. Optical microscopy images and schematic structures of (a) WS,/hBN and (b) WS,/SiO, heterostructured samples. White broken
lines in (a) depict 1L-WS, regions. The scale bar is 5 wm long. Steady-state PL spectra of WS, /hBN (red) and WS, /SiO, (blue) at an excitation
power of (c) 2.4kW cm~2 and (d) 240 kW cm~2. All spectral line shapes were fitted using a combination of Gaussian and Lorentzian functions.
(e) Integrated spectral intensities of the X peak plotted as a function of excitation power for WS, /hBN (filled circles) and WS, /SiO, (open
circles). The solid line represents a linear fit of the data obtained for WS, /hBN.

top-to-bottom layer sequence being hBN/1L-WS,/hBN/SiO,
[Fig. 1(a)]. The second sample, serving as a reference,
comprised hBN/1L-WS, directly formed on SiO, without the
bottom hBN layer [Fig. 1(b)]. These two samples are further
denoted as WS,/hBN (hBN-encapsulated) and WS,/SiO,
(Si0,-supported).

A standard confocal microscope with a focusing diameter
of ~1 um was used to observe the luminescence of 1L-
WS,. Steady-state photoluminescence (PL) measurements
were carried out using a continuous wave excitation laser
emitting at 532 nm and a spectrometer equipped with a cooled
charge-coupled device detector. Time-resolved PL (TRPL)
measurements were carried out using an optical parametric
oscillator generating picosecond pulses with a wavelength of
550 nm and a repetition rate of 76 MHz. PL decay curves were
analyzed by a synchronously scanned streak camera with a
minimum temporal resolution of 2 ps. All measurements were
performed at room temperature and ambient pressure.

Figures 1(a) and 1(b) show optical microscopy images of
WS, /hBN and WS, /Si0, samples, respectively, and Fig. 1(c)
shows the steady-state PL spectra of each sample at low
excitation power (2.4kW cm~2). The above samples exhibit
similar spectra, featuring an intense peak at ~1.99eV and
a small side peak at 1.95 eV, attributed to neutral excitons
(X) and negative trions (T), respectively. The FWHM of
the exciton peak of WS,/hBN and WS,/SiO; is 21 and
29 meV, respectively. These values are comparable to that of
1L-WS, directly grown on an hBN template [38], indicating
that no crystal damage is inflicted during heterostructure
fabrication. Figure 1(e) shows the dependence of exciton
peak intensity on excitation power, revealing that WS, /SiO,
exhibits a sublinear dependence in the entire power range,
with intensity saturation occurring at excitation powers around
100kW cm~2. This behavior is typical of power-induced
nonradiative recombination, as confirmed for other TMD
systems [23,28,39,40]. In contrast, the intensities exhibited
by WS,/hBN are strictly proportional to excitation power up
to ~100 kW cm~2, which marks the onset of saturation. The

observed luminescence robustness with respect to input power
is specific to the hBN-encapsulated sample. Consequently, at
sufficiently high excitation power (e.g., 240 kW cm~2), the PL
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FIG. 2. Normalized exciton PL decay signals for (a) WS,/hBN
and (b) WS,/SiO, at different initial exciton densities. Instrumental
response function (IRF) signals are shown for reference as dashed
lines. (c) Average decay times as functions of initial exciton
densities for WS, /hBN (filled circles) and WS, /SiO, (open circles).
Broken lines serve as viewing guides. Average decay times were
determined as the inverse of intensity-weighted decay rates, which
were calculated by phenomenological double-exponent fitting of the
measured decay signal.
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FIG. 3. Data expressed in the linearized form of Eq. (2) for (a) WS, /hBN and (b) WS, /SiO, heterostructures, with ny denoting the initial
exciton density and lines representing linear fits to the above data. (c) The slope (1/n¢ + y t) of linear fits as a function of reciprocal initial
exciton density for WS, /hBN (filled circles) and WS,/SiO, (open circles). Inset shows the zoomed-in region for WS, /hBN. Decay curves
derived from Eq. (2) at various initial exciton densities for (d) WS, /hBN and (e) WS, /SiO,. Filled circles represent experimental results, solid
lines denote decay curves reproduced by Eq. (2), and dashed lines represent monoexponential decay curves (n = ny x exp(t/t)).

intensity of WS,/hBN is an order of magnitude higher than
that of WS,/SiO, [Fig. 1(d)].

To demonstrate that encapsulation by hBN strongly affects
exciton dynamics in 1L-WS,, we systematically investi-
gated neutral exciton decay time by TRPL measurements.
Figure 2(a) shows PL decay signals of WS, /hBN normalized
with respect to initial exciton densities. Density estimation
was performed by calculating the photon flux per pulse,
and 1L-WS, was assumed to exhibit a linear absorbance
of 3.5% for simplicity, independent of the substrate choice
[41]. Decay signals observed at initial exciton densities below
2.6 x 10" cm~2 are almost the same, being well described
by a monoexponential curve with a time constant tpgy Of
~60 ps. At a high exciton density of 2.6 x 10'> cm~2, the data
can no longer be fitted by a monoexponential curve due to
the appearance of a rapid decay component in the first 50 ps,
which is more clearly seen in Fig. 3(d), where the experimental
data is plotted in a linear scale axis without the normalization.
Figure 2(b) shows the exciton PL decay signals of WS, /SiO,,
with that for the lowest exciton density (2.6 x 10" cm™2)
described by a monoexponential curve with a decay time
Tsio, of 590 ps. Significantly faster decay is observed for
a tenfold-higher exciton density (2.6 x 10" cm™2), with the
average decay time decreasing to 46 ps. Herein, we utilized the
average decay time as an alternative to the decay time, since
the measured signal deviated from monoexponential decay
behavior. The average decay time is defined as the inverse
of intensity-weighted decay rates, which are calculated by

double-exponent fitting of the experimental curve. A further
increase of exciton density to 2.6 x 10'2cm™2 resulted in
a steeper decay with an average decay time constant of
10 ps. (See Supplemental Material [42] for the IRF signal
and the exciton PL decay signal for a WS,/Si0,.) Notably,
the transient intensity at O ps is roughly proportional to initial
exciton density. (See Supplemental Material [42] for the result
of PL decay signals at various initial exciton densities.) Thus,
the measured exciton density-dependent decay time is purely
governed by the probability of nonradiative recombination.
Figure 2(c) shows a summary of extracted decay times for
two samples as functions of initial exciton densities. For
WS, /Si0,, decay times steeply decrease with exciton density,
remaining unchanged for WS, /hBN under the same conditions
(except for a small reduction at high exciton densities). As
previously reported [22,23,25-27], the decreased dependence
of decay time on initial exciton density is thought to be caused
by EEA-mediated nonradiative recombination.

To quantitatively evaluate EEA rate constants for
WS,/hBN and WS,/Si0,, we focus on exciton PL decay
signals at high initial exciton densities, where the EEA-
mediated optical transition occurs. The decay of exciton
density n accounting for the EEA term is described by

dn n

2
- __ _ , 1
7 c T (1

where y is the EEA rate constant, and 7 is the excitonic decay
time in the absence of EEA [25,27,43]. For a time-independent
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TABLE 1. EEA rate constant of the WS,/hBN and WS,/SiO,
samples given in this study.

WS, /hBN WS, /Si0O,

EEA rate constant (cm?s™') (6.3 4+ 1.7) x 107> (1.24+0.1) x 107!

annihilation rate constant y, the linear solution of Eq. (1) can
be represented by

= Ae'" —yr1, )
n

where A equals (1/ng+ y ), and ng is the initial exciton
density. The intensity-dependent data for WS,/hBN and
WS, /Si0, are replotted in the linear form given by Eq. (2)
[Figs. 3(a) and 3(b)], with A determined as the slope of
the corresponding linear fit including the error. Figure 3(c)
shows a plot of A as a function of 1/n( for both samples.
The above results are successfully fitted by a linear function
with a tilt of 1. EEA rate constants y are estimated from the
values of A at 1/ny = 0. The estimated EEA rate constants
are given in Table I. Notably, the y value of WS,;/hBN
6.3+ 1.7) x 1073 cm?s™!) is much smaller than that of
WS,/Si0, ((1.2£0.1) x 107! cm?s~!") which, in turn, is
very similar to the rate constant (~10"'ecm?s~!) of 1L-WS,
directly deposited on SiO, [25,26]. The error bars of the rate
constant are brought in the linear fitting for inducing the slope
A. To verify the validity of the obtained EEA rate constants,
they are used to reproduce the decay curves using Eq. (2),
achieving good agreement with experimental results for both
WS, /hBN and WS,/Si0; [Figs. 3(d) and 3(e), respectively].
In contrast, the decay curves calculated from the above rate
equation without the EEA term (n = ng x exp(t/t)) obvi-
ously deviate from the experimental results for both samples.
Thus, the reduction of decay time dependence on initial exciton
density is caused by the EEA-mediated optical transition, with
the rate constant of WS,/hBN being about two orders of
magnitude smaller than that of WS, /Si0,. This result strongly
indicates that encapsulation by hBN allows the EEA-mediated
nonradiative recombination in 1L-WS, to be suppressed.

In general, the EEA rate constant is known to be propor-
tional to the exciton diffusion constant D and the separation
R of two excitons at the point of EEA occurrence [26,43].
At first, we discuss the effect of D on the EEA rate constant
of WS, /hBN. Considering the mechanisms of carrier mobility
enhancement in graphene encapsulated by hBN [44], the value
of D for WS, /hBN should exceed that of WS, /Si0;. Thus, the
exciton diffusion coefficient is not related to the extraordinarily
small EEA rate constant of WS;/hBN. On the other hand,
encapsulation by hBN decreases the exciton binding energy
because of the change in the dielectric environment [14,45].
The encapsulation could subsequently increase R since the
exciton Bohr radius increases with decreasing exciton binding
energy [46], accelerating the EEA. Thus, the separation R of
two excitons cannot also explain the extraordinarily small EEA
rate constant of WS, /hBN. To rationalize the abovementioned
EEA rate constant, we proposed a model based on uniform ex-
citon dispersion in the 2D plane. For 1L-WS; on Si0O,, excitons
may be localized due to potential fluctuation in 1L-WS, owing
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to the roughness of the 1L-WS,/SiO, interface and the fixed
charges in the vicinity of the SiO, surface [47]. In this case,
the localized exciton density should be larger than the injected
exciton density due to exciton collection in the potential
minima of 1L-WS,. Therefore, EEA-mediated nonradiative
recombination in WS,/SiO, probably occurs at a lower
injected exciton density. On the other hand, encapsulation by
hBN enables the generation of delocalized excitons in 1L-WS;
due to the smaller interface roughness and the separation
from charged impurities in SiO;. In fact, the faster PL signal
decay observed at low exciton densities [Fig. 2(c)] suggests
the existence of delocalized excitons in WS,;/hBN. When
uniformly dispersed in the 2D plane, these excitons are easily
captured at crystal defects, explaining the quick PL signal
decay of low-density delocalized excitons [48]. Additionally,
we measured steady-state PL spectra of these samples under
cryogenic conditions (around 4 K) and found that strong bound
exciton emissions are clearly observed only for the WS, /SiO,
sample (not shown). For WS,/hBN, exciton delocalization
should contribute to the extraordinarily small rate constant of
EEA, which occurs upon contact of two excitons.

As a guide for further luminescence yield enhancement at
high exciton densities, we calculated the time-integrated form
S n(t)dt of exciton density derived from Eq. (2) (see Supple-
mental Material [42] for the dependence of the time-integrated
exciton density on the annihilation rate constant), which
should correspond to the luminescence intensity generated
by 1L-WS,. For samples with large EEA rate constants,
the exciton PL decay time does not strongly affect the time
integration of exciton density. In contrast, for samples with
smaller EEA rate constants, such as WS,/hBN, an increase
in PL decay time can enhance luminescence intensity. The
exciton PL decay time 7 is related to the radiative decay
time 7, and the nonradiative decay time 7, of excitons:
1/t = 1/7 4+ 1 /1y, with 7, predicted to be of the order of
several nanoseconds [49]. Therefore, reducing the number of
nonradiative recombination centers such as S vacancies should
drastically enhance the luminescence intensity of samples with
smaller EEA rate constants. For example, the quantum yield
of 1L-WS,; has recently been reported to reach a value close
to unity after treatment with a nonoxidizing organic superacid
[50]. Thus, larger luminescence yields might be realized by
suppressing nonradiative pathways involving crystal defects
in hBN-encapsulated 1L-WS,.

In conclusion, we systematically investigated the effect
of encapsulation by hBN on the exciton transition through
the EEA in the 1L-WS,, which takes place at high exciton
density. It was found that the luminescence robustness with
respect to input power was specific to the hBN-encapsulated
sample. We quantitatively evaluated the EEA rate constant
of the hBN-encapsulated 1L-WS, by using time-resolved PL
measurements and demonstrated that the EEA rate constant
of the WS, /hBN was about two orders of magnitude smaller
than that of WS, /Si0O,, indicating that the hBN encapsulation
results in high quantum yields at high exciton density in
1L-WS,. Earlier experiments on 1L-MoS,* suggested the
encapsulation by hBN layers made it possible to access its
intrinsic high optical quality owing to the surface protection
and substrate flatness. Also, for 1L-WS; in the present study,
the hBN encapsulation revealed the extraordinarily small
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EEA rate constant. Thus, the encapsulation by hBN could
be a rational design for wide variety of TMD materials in
optoelectronics and fundamental physics.
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