
PHYSICAL REVIEW B 101, 174309 (2020)

Role of weak interlayer coupling in ultrafast exciton-exciton annihilation
in two-dimensional rhenium dichalcogenides

Sangwan Sim,1,2,* Doeon Lee,3,* Jekwan Lee,4 Myungjun Cha,4 Soonyoung Cha,2 Wonhyeok Heo,4,5 Sungjun Cho,6

Wooyoung Shim,6 Kyusang Lee,3,7 Jinkyoung Yoo,8 Rohit P. Prasankumar,8 Hyunyong Choi ,4,† and Moon-Ho Jo 2,9,‡

1Division of Electrical Engineering, Hanyang University, Ansan 15588, Korea
2Center for Artificial Low Dimensional Electronic Systems, Institute for Basic Science (IBS), Pohang 37673, Korea
3Department of Electrical and Computer Engineering, University of Virginia, Charlottesville, Virginia 22903, USA

4Department of Physics and Astronomy, Institute of Applied Physics, Seoul National University, Seoul, 08826, Korea
5School of Electrical and Electronic Engineering, Yonsei University, Seoul 03722, Korea

6Department of Materials Science and Engineering, Yonsei University, Seoul 03722, Korea
7Departments of Materials Science and Engineering, University of Virginia, Charlottesville, Virginia, 22903, USA
8Center for Integrated Nanotechnologies, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA

9Department of Materials Science and Engineering, Pohang University of Science and Technology (POSTECH), Pohang 37673, Korea

(Received 7 February 2020; revised manuscript received 13 April 2020; accepted 21 April 2020;
published 19 May 2020)

Strong interactions between excitons are a characteristic feature of two-dimensional (2D) semiconductors,
determining important excitonic properties, such as exciton lifetime, coherence, and photon-emission efficiency.
Rhenium disulfide (ReS2), a member of the 2D transition-metal dichalcogenide (TMD) family, has recently
attracted great attention due to its unique excitons that exhibit excellent polarization selectivity and coherence
features. However, an in-depth understanding of exciton-exciton interactions in ReS2 is still lacking. Here we
used ultrafast pump-probe spectroscopy to study exciton-exciton interactions in monolayer (1L), bilayer (2L),
and triple layer ReS2. We directly measure the rate of exciton-exciton annihilation, a representative Auger-
type interaction between excitons. It decreases with increasing layer number, as observed in other 2D TMDs.
However, while other TMDs exhibit a sharp weakening of exciton-exciton annihilation between 1L and 2L, such
behavior was not observed in ReS2. We attribute this distinct feature in ReS2 to the relatively weak interlayer
coupling, which prohibits a substantial change in the electronic structure when the thickness varies. This work
not only highlights the unique excitonic properties of ReS2 but also provides novel insight into the thickness
dependence of exciton-exciton interactions in 2D systems.
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I. INTRODUCTION

Over the past few years, two-dimensional transition metal
dichalcogenides (TMDs), most often represented by MX2

(M = Mo and W; X = S and Se), have gathered great at-
tention due to their excellent excitonic properties, such as
strong coupling with light [1,2], valley selectivity [3], and
high electrical tunability [4,5]. In particular, strong quantum
confinement and reduced dielectric screening lead to large
exciton binding energies up to hundreds of meV [6,7], en-
abling stable excitons at room temperature. On the other hand,
the large quantum confinement also causes strong scattering
between excitons. This is usually observed as exciton-exciton
annihilation (EEA), an Auger-type process in which a colli-
sion between two excitons leads to the recombination of one
exciton, with the other excited to higher states [8–15]. Since
EEA depopulates excitons rapidly and nonradiatively, it plays
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a key role in determining exciton lifetimes and photolumines-
cence yield in 2D TMDs [13,16,17].

Rhenium dichalcogenides (ReX2) are relatively new mem-
bers of the 2D TMD family [Fig. 1(a)]. Compared to 2D
MX2, ReX2 have reduced in-plane crystal symmetry, accom-
panied by zigzag chains of rhenium atoms [red line in the
bottom schematic in Fig. 1(a)] and a distorted 1T struc-
ture [18–20]. This anisotropic crystal structure gives rise to
strongly anisotropic excitons with respect to linearly polar-
ized light [21–23]. Recently, we have found that excitons
in 2D ReS2 show a light-polarization selective optical Stark
effect [24,25] and coherent quantum beats [26], originat-
ing from their unique polarization dependence and large
exciton binding energies. These studies have demonstrated
that excitons in 2D rhenium dichalcogenides are promising
candidates for realizing transparent and atomically thin ul-
trafast optical switches and modulators [24–26]. Very re-
cently, EEA-like ultrafast dynamics has been observed in
few-layer ReS2 [27,28]. This result implies that EEA might
affect the exciton lifetime and coherence time in ReX2, ulti-
mately affecting the performance of ultrafast devices based
on this nanomaterial.
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FIG. 1. (a) The upper and lower crystal structures represent side
and top views of layered ReS2, respectively. Gray (yellow) dots
represent Re (S) atoms. Interactions between excitons are illustrated
in the upper schematic. (b) Optical image of the 2D ReS2 sample. θ

defines the angle of the light polarization with respect to the crystal b
axis (white line). Scale bar, 20 μm. (c) Layer number-resolved 1-Tr
spectra at θ = 0◦. Blue (red) triangles indicate the resonance energies
for E1 (E2). The black arrow indicates the pump photon energy. Inset:
1-Tr spectra of 1L at θ = 0◦ (gray) and θ = 30◦ (orange). The E1

resonance is represented by a Lorentzian curve along with a linear
background (black solid line).

EEA is also relevant to a fundamental issue in ReX2

physics. In typical 2D TMDs, such as MX2, the electronic
structure and the direct/indirect band-gap nature change with
the number of layers due to interlayer coupling [1,2]. Accord-
ingly, the rate of EEA also varies with layer number, because
the electron-hole recombination process is largely dependent
on the electronic band structure [10]. On the contrary, the
interlayer coupling in ReX2 has been believed to be extremely
weak, because the formation of in-plane Re chains removes
the energy benefits from the ordered stacking of adjacent
layers. This has been supported by measurements of the
thickness-independent vibrational responses [18,29] and poor
thermal conduction between layers [30]. Also, theoretical
calculations showed that, due to the weak interlayer coupling,
the direct gap nature of ReS2 persists for all layer thick-
nesses [18,31–33]. However, other theoretical studies found
that ReX2 exhibits a direct-indirect band-gap crossover as the
layer number changes [34], as in other TMDs, and optical
experiments observed meaningful thickness dependencies of
the excitonic and vibrational properties [22,35,36]. These
findings raise the question of how the interlayer coupling and
the resulting electronic structure affect exciton-exciton inter-
actions in ReX2, and suggest that the thickness dependence of
EEA in ReX2 will be different from those in typical 2D TMDs.

In this work we used time-resolved pump-probe spec-
troscopy to study ultrafast exciton dynamics and its thick-

ness dependence in monolayer (1L), bilayer (2L), and triple
layer (3L) ReS2. For all layer thicknesses, we observe EEA
dynamics that becomes more pronounced with increasing ex-
citation intensity. The rate of EEA decreases with increasing
layer number because the exciton binding energy gradually
weakens with increasing sample thickness. However, unlike
other TMDs (e.g., WS2) that show a sharp drop in the EEA
rate from one to two layers [10,11], such a strong thickness
dependence was not observed in ReS2. This result suggests
that the strength of the exciton-exciton interaction in ReS2

is only weakly dependent on the layer number, due to the
weak coupling between layers. This work not only provides
novel insight into the thickness dependence of exciton-exciton
interactions in 2D systems, but also provides intrinsic exci-
tonic parameters, including EEA rates and exciton diffusion
coefficients, that can be utilized in designing 2D-rhenium-
dichalcogenides-based ultrafast optoelectronic devices.

II. EXPERIMENT

ReS2 flakes on a double-sided polished sapphire substrate
were prepared by mechanical exfoliation of a bulk crystal
[Fig. 1(b)]. The layer number was confirmed by optical
transmission (Tr) spectroscopy (see below) and atomic force
microscopy [37]. The steady-state Tr spectra [Fig. 1(c)] were
obtained with radiation from a broadband continuous-wave
laser source, in conjunction with a monochromator and a
50× objective lens. The percent transmission is defined by
(TReS2+Sub/TSub) × 100, where TReS2+Sub (TSub) represent the
intensity of the light beam transmitted through the ReS2 flake
on the substrate (the bare substrate). Ultrafast pump-probe
spectroscopy was performed using a 250 kHz Ti:sapphire
regenerative amplifier system, where the frequency doubled
output of an optical parametric amplifier and a white-light
continuum generated in a sapphire disk served as the pump
and probe beams, respectively. The ∼110 fs duration laser
pulses were linearly polarized; the polarization orientation
angle (θ ) is defined with respect to the crystal b axis [yellow
line in Fig. 1(b)] [19,22]. A 50× objective lens focused
the pump (probe) beam to a 2 (1) μm spot on the sample.
To investigate exciton dynamics, we measured the differen-
tial transmission (DT), which is defined by �T/T0 = (Tp −
T0)/T0. Here, Tp(T0) represents the intensity of the probe beam
transmitted through the sample with (without) the pump. The
photon energy (Eph) and the polarization of the pump were
fixed at 1.8 eV [arrow in Fig. 1(c)] and θ = 0◦, respectively.
All measurements were performed at room temperature under
ambient conditions.

III. RESULTS AND DISCUSSION

We first identify the resonance energies of the lowest exci-
ton (E1) in the 1L, 2L, and 3L regions using Tr spectroscopy.
The main panel of Fig. 1(c) displays the measured 1-Tr spectra
at θ = 0◦; E1 peaks are well resolved in 2L (magenta) and
3L (green), as indicated by the blue triangles at 1.55 and 1.52
eV, respectively. Note that, although the second lowest exciton
(E2) is located close to E1, it is significantly suppressed at
θ = 0◦ in 2L and 3L due to its strong anisotropy, such that
E1 dominates the 1-Tr response [22,24,26]. In the following
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FIG. 2. (a) DT traces probed at θ = 30◦ and a photon energy of
1.62 eV in 1L ReS2 with varying F are shown with their fit lines
(see main text). The blue shading indicates the region in which
the fast decay component grows with increasing F due to EEA.
(b) Corresponding maximum DT signal as a function of F. The
solid line is a linear guide to the eye. (c) DT spectra for several t
at F = 47 μJ cm−2.

ultrafast DT measurements, the probe polarization angle is
fixed at θ = 0◦ to measure the response of E1 for 2L and
3L. On the contrary, the exciton response in 1L at θ = 0◦
shows two distinct exciton peaks, E1 (blue triangle) and E2

(red triangle), as shown by the gray line in Fig. 1(c). This is
because the orientation angle of E2 in 1L is closer to θ = 0◦
than in thicker layers, where it is closer to 90 deg [22]. To
minimize the contribution of E2, the probe polarization in
DT spectroscopy of 1L is set to θ = 30◦, for which E2 is
suppressed and E1 dominates the optical response, as shown
by the orange line in the inset of Fig. 1(c). There the 1-Tr
spectrum at θ = 30◦ (i.e., the orange line) is well fit by a
single Lorentzian curve for E1 centered at 1.62 eV (black
smooth line). All of the identified exciton energies are in
good agreement with literature values [22]. In the following
ultrafast DT measurements, the probe photon energies are set
at the E1 peaks for each layer number (i.e., 1.62, 1.55, and
1.52 eV for 1L, 2L, and 3L, respectively) to investigate the
dynamics of the lowest energy excitons.

Let us now explore the thickness-dependent exciton dy-
namics. We begin with a time-resolved study of 1L. Figure
2(a) shows the measured DT traces as a function of pump-
probe time delay (t). We assume that these traces reflect the
dynamics of pump-generated excitons, due to the following
reasons. First, the initially photoinjected electron-hole pairs
can form stable excitons, since the exciton binding energy
of 1L ReS2 (∼0.7–1 eV) far exceeds the thermal energy at
room temperature [31,32,38]. Second, the pump-generated
electron-hole pair density per layer n0 ∼ FA/Ephm ranges
from 2.3 × 1011 to 1.3 × 1012 cm−2, which is lower than the
Mott threshold of typical 2D TMDs (∼1013 cm−2) [39–41]
(here, F is the pump fluence ranging from 8 to 47 μJ cm−2,
the absorbance (A ∼ − log Tr) [42] is taken from Fig. 1(c),
and m is the layer number). This is corroborated by the linear
F dependence of the DT peaks [Fig. 2(b)], which indicates
that n0 is below the saturation limit [8]. Third, the DT spectra

exhibit shapes similar to a single Lorentzian peak at the E1

resonance regardless of t , as shown in Fig. 2(c), indicating that
DT signals arise from resonance bleaching due to phase-space
filling by pump-generated excitons. Unbound photoexcited
carriers can also cause exciton bleaching via the screening
of the Coulomb interaction [43]. However, it is unlikely in
our case because these carriers usually lead to a significant
increase in the scattering rate and consequent linewidth broad-
ening that is not observed in our DT spectra [Fig. 2(c)] [44].

With this understanding we now discuss the F-dependent
exciton dynamics for 1L. In Fig. 2(a) we can see that, while
the DT traces exhibit a single-exponential-like decay at low F
(<21 μJ cm−2), an additional fast decay component emerges
and becomes more pronounced with increasing F at t < 30 ps,
as indicated by the blue shaded region. Such F-dependent
behavior of the fast component is the hallmark of EEA,
because this Auger-type interaction is more strongly activated
in the high density regime [8,9]. To confirm this, we consider
a typical rate equation model describing the dynamics of the
exciton density (N), given by

dN/dt = −N2/τ1 − N/τ2, (1)

where τ1 and τ2 are exciton lifetimes [10,14,45]. The first term
on the right-hand side in Eq. (1) describes bimolecular recom-
bination, which can be used to account for the nonradiative
recombination of two excitons in the EEA process [10,45].
We thus define the rate of EEA by γ = 1/τ1. τ2 corresponds
to the exciton lifetime without EEA, which will be discussed
in detail below. Assuming the transient exciton density is
proportional to the DT amplitude, the rate equation yields [10]

�T

T0
(t ) ∝ N (t ) = exp(−t/τ2)

1/n0 + γ τ2[1 − exp(−t/τ2)]
. (2)

Figure 2(a) shows that Eq. (2) fits all sets of DT data well,
where just varying n0 with fixed γ = 0.078 ± 0.015 cm2 s−1

and τ2 ∼ 60 ps is enough to reproduce all the data. Note that,
although these DT traces are probed at θ = 30◦, the probe
polarization does not have a significant effect on the dynamics
of excitons (Fig. S2 of Ref. [37]) for all thicknesses. The lack
of probe polarization dependence indicates that the E2 exciton
is not significantly contributing to the observed dynamics
[38].

We next proceed by investigating exciton dynamics for
thicker regions. Figures 3(a) and 3(b) display F-resolved
DT traces for 2L and 3L, respectively (DT spectra and F-
dependent maximum DT values are shown in Fig. S3 of
Ref. [37]). Although the overall decay timescales are larger
compared to 1L, the dynamics in both 2L and 3L become
faster with increasing F [see shaded regions in Figs. 3(a)
and 3(b)], which is a clear signature of EEA. The DT
traces are also well fit by Eq. (2) with F-independent EEA
rates (γ = 0.047 ± 0.016 cm2 s−1 for 2L and γ = 0.011 ±
0.005 cm2 s−1 for 3L), confirming the occurrence of EEA.
τ2 values for all fluences are almost unchanged for both 2L
(∼83 ps) and 3L (∼139 ps) except for the lowest F in 3L [gray
line in Fig. 3(b)], for which τ2 shortens to ∼110 ps. We found
no signature of EEA in bulk ReS2 [37].

Physically, pump photoexcitation at 1.8 eV directly excite
excitons although the photon energy is somewhat higher than
the exciton resonance energies [1.62 eV for 1L, 1.55 eV for
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FIG. 3. F-dependent DT traces at θ = 0◦ measured in (a) 2L and
(b) 3L ReS2, with corresponding fits. The blue shadings represent the
regions where the fast exciton dynamics due to EEA are clearly seen.

2L, and 1.52 eV for 3L; Fig. 1(c)]. This is because 2D ReS2

has large exciton binding energies up to hundreds of meV
(e.g., ∼0.7–1 eV for 1L and 0.4 eV for 2L [31,32]), such that
the quasiparticle band gap energies are estimated to be larger
than or comparable to the pumping energy. Subsequently, a
fraction of the excitons will be annihilated through EEA (de-
pending on their density) while the rest eventually recombine,
likely through phonon-assisted recombination and/or traps.
We will first discuss the slower, non-EEA dynamics repre-
sented by τ2, which is often associated with trap-mediated
exciton depopulation by defects or impurities in 2D TMDs
[9,11,46,47]. Since surface layers have much larger defect
densities than other layers, trap-mediated decay will be a
larger contribution for thinner samples [48], in agreement with
the observed trend that τ2 decreases with decreasing layer
number (∼60 ps for 1L, ∼83 ps for 2L, and ∼139 ps for
3L). In addition, this mechanism usually exhibits slower decay
dynamics with increasing F, due to the decrease in unoccupied
trap sites when the density of excitons is comparable with

that of traps [9,49,50]. This trap saturation effect may explain
the observation that τ2 at the lowest F is smaller than those
measured at higher Fs in 3L. In contrast, we observe no F
dependence of τ2 in 1L and 2L, indicating no saturation of
trap sites. This is probably because the densities of initially
unoccupied trap states in the thinner layers (1L and 2L) are
likely larger than that of 3L, and the relatively strong EEA in
1L and 2L leads to fast depopulation of excitons [46,47]. Also,
the absence of trap saturation features in 1L and 2L agrees
with the fact that the maximum density of initially excited
excitons (∼1.4 × 1012 cm−2) is lower than the trap density
of 2D ReS2 flakes known from literature (∼1013 cm−2) [51].
We note that the observed τ2 values for 3L are also consis-
tent with the recently reported phonon-assisted electron-hole
recombination time in 3L ReS2 (∼100 ps), indicating that this
mechanism may also contribute to the observed τ2 [27].

Next, we compare the obtained EEA rates with those in
other TMDs. From now on, we will use subscripts to refer
to the layer number of γ to avoid confusion (e.g., γ for
1L is γ1L). As summarized in Fig. 4(a), γ1L in 1L ReS2

is comparable to some of the reported γ1L values in other
TMDs [8–15]. However, its thickness dependence exhibits
quite different behavior. While γ in WS2 is reduced by two
orders of magnitude as the layer number changes from 1L to
2L [10], ReS2 shows relatively weak thickness dependence.
This feature is better displayed in Fig. 4(b), where the ratio
γ1L/γ2L is indicated by red (∼2 for ReS2) and green (∼50 for
WS2) dashed lines, respectively. On the contrary, γ in ReS2

and WS2 in Fig. 4(b) shows a similar layer dependence for
2L and 3L : γ2L/γ3L ratios in ReS2 and WS2 are ∼5 (orange
dashed line) and ∼3 (blue dashed line), respectively.

To figure out this anomalous layer number dependence, we
first consider the effect of exciton diffusion on EEA. In our
measurements, the density of initially excited excitons ranges
from ∼2.3 × 1011 to ∼1.4 × 1012 cm−2, and the correspond-
ing average separation of excitons is ∼9–21 nm. This spacing

(a) (b)
(c) (d)

(e) (f)

FIG. 4. (a) Comparison of EEA rates in ReS2 obtained in this work (red circles) with those of other TMDs taken from the literature.
(b) EEA rates normalized by the value for 1L in ReS2 (red circles) and WS2 (green squares; Ref. [10]). The ratios of EEA rates for adjacent
layer numbers are also indicated. (c)–(h) Simplified band structures for (c) and (d) WS2 and (e) and (f) ReS2. Red (green) dots are excited
electrons (holes). Blue and orange dashed lines represent the direct and indirect gaps, respectively.
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TABLE I. Thickness-dependent EEA rates, exciton lifetimes
without EEA, exciton diffusion coefficients and exciton diffusion
lengths.

Exciton Exciton Exciton
EEA lifetime diffusion diffusion
rate without EEA coefficient length

Layer γ τ2 D L
number (cm2 s−1) (ps) (cm2 s−1) (nm)

1 0.078 ± 0.015 59 ± 3 7 ± 1 ∼210
2 0.047 ± 0.016 83 ± 7 16 ± 2 ∼360
3 0.011 ± 0.005 139 ± 10 22 ± 1 ∼530

is larger than the exciton Bohr radii in typical 2D TMDs
(∼0.6–1.7 nm) [15,52–54], indicating that pump-generated
excitons are sparsely distributed in our F range. In this case,
the exciton diffusion coefficient (D) should be considered
in understanding EEA, because the diffusion precedes the
exciton-exciton interaction [10,13,15]. Moreover, it was re-
cently reported that the hole effective mass in ReS2 can signif-
icantly increase in the 1L limit [32,34]. Thus one might expect
that the exciton diffusivity will be largely reduced for 1L, and
consequently EEA will be much lower. It is thus important to
measure D to accurately understand the influence of exciton
diffusion on γ . Therefore, we performed pump-probe spatial
mapping experiments to obtain D for 1–3L [38,46,55,56]. The
resultant D and corresponding diffusion lengths (L ∼ √

Dτ2)
[38] are displayed with other obtained parameters in Table I
(details of the experiments and data analysis are discussed
in the Appendix). The measured D values are about two or
three orders of magnitude larger than γ for all layer numbers,
indicating that nearly all excitons diffuse far enough to inter-
act with other excitons (and thus undergo EEA). This allows
us to discuss the thickness dependence of the exciton-exciton
interaction merely by comparing γ without including D (the
Appendix provides a more detailed explanation) [10,37]. Our
data thus demonstrates that diffusion of excitons does not play
a significant role in EEA dynamics.

We next consider exciton binding energies. The larger the
exciton binding energy, the stronger the Coulomb potential
for exciton-exciton interactions [52] and the higher the Auger
recombination rate [57]. Since most monolayer TMDs have
large exciton binding energies up to several hundreds of meV,
due to strong quantum confinement and reduced dielectric
screening [7,31,32,53], exciton-exciton interactions in them
are usually strong as well [52]. Stacking additional layers
screens the electron-hole Coulomb interaction, weakening the
exciton binding energy. This screening effect plays a key role
in the decrease in exciton binding energy with increasing
layer number in general 2D systems [7,31,58,59], which is
in line with the decrease in γ with increasing layer number
in both ReS2 and WS2 [Fig. 4(a) and Table I]. However, it
does not explain the large difference in γ1L/γ2L values for
ReS2 and WS2 [red and green dashed lines in Fig. 4(b)].
According to a recent theoretical study, although the direct
electronic interlayer coupling in ReS2 is relatively weak, the
interlayer screening is significant, as in other TMDs, such
that the exciton binding energy is reduced by about half as

the layer number changes from 1L to 2L [32]. This reduction
is almost the same as those in other TMDs, including WS2

[7,60]. Thus, the exciton binding energy is unlikely to cause
the large difference in γ1L/γ2L values for ReS2 and WS2

[Fig. 4(b)].
Finally, let us consider the effect of the electronic struc-

ture on EEA. The fundamental gap of 1L WS2 is direct,
because both the CBM and the VBM are at the K point
[Fig. 4(c)]. However, in 2L and thicker WS2 [Fig. 4(d)],
the position of the CBM is changed by interlayer coupling,
such as interlayer overlap between electron clouds [7]. This
causes the fundamental gap to become indirect, where exciton
recombination via the EEA process requires the assistance of
phonons (illustrated by the wavy line). Thus, EAA for larger
layer thicknesses is less effective than that in 1L WS2 [10].
1L ReS2 is also known to be a direct gap semiconductor,
where the CBM and the VBM are at the � point [Fig. 4(e)].
However, in comparison with MX2, the electronic structure
of ReS2 does not undergo significant changes with layer
number, due to the relatively weak interlayer coupling in
this system; therefore, the fundamental gap remains direct in
thicker layers [Fig. 4(e)] [18,31–33]. This suggests that the
lack (presence) of a sharp drop in γ for 1L–2L ReS2 (WS2)
can be attributed to the relatively weak (strong) change in the
electronic structure. For 2L–3L, a sharp drop in γ was not
observed in both ReS2 and WS2 [Fig. 4(b)], agreeing with
the fact that the electronic structure remains similar for 2L
and thicker layers in both materials, even though they have
different direct/indirect band-gap nature (i.e., direct for ReS2

and indirect for non-1L WS2). This result further supports the
idea that γ drops sharply only when the electronic structure
strongly changes. Therefore, the relatively gentle drop in γ

for 1–2L ReS2 is due to the weak change in the electronic
structure, which results from the weak interlayer coupling.

We note that other theoretical studies have reported dif-
ferent results on the direct/indirect band-gap nature of ReS2

[27,34]. Despite these discrepancies, the common result is
that the highest valence band near the � point is fairly flat
for 1L and/or few layers, due to the strongly localized orbitals
of Re atoms [Fig. 4(f)] [27,32,34]. The position of the VBM
can be slightly displaced from the � point, depending on the
calculation method, resulting in a change in the direct/indirect
nature for a certain layer number. However, this subtle change
in ReS2, due to the relatively weak interlayer coupling, is still
very different from the significant variations of the electronic
structure seen in other TMDs [Figs. 4(c) and 4(d)]. Also, even
when the fundamental gap in ReS2 is calculated to be indirect,
the energy difference between the indirect and direct gaps is
much smaller than the thermal energy at room temperature
(∼26 meV), and thus is not expected to significantly affect
our results.

IV. CONCLUSION

In summary, we have investigated exciton-exciton interac-
tions in 2D ReS2 and its thickness dependence using ultrafast
pump-probe spectroscopy. We directly measured the rate of
exciton annihilation, which decreases with increasing layer
number, as in other TMDs. However, the sharp drop in the
EEA rate between 1L and 2L, observed in other TMDs,
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was not observed in ReS2. To understand this difference, we
considered three factors that could affect the exciton-exciton
interaction. First, we directly measured exciton diffusion co-
efficients, which are unlikely to play a key role in determining
the thickness dependence of EEA because they are much
higher than the rates of EEA for all layer numbers. Second,
the exciton binding energy, which decreases with increasing
thickness, is responsible for the monotonic decrease in EEA
with layer number, but cannot explain the difference in the
EEA rate ratios between ReS2 and other TMDs for 1–2L. In
fact, we can attribute the absence of a sharp drop in the EEA
rate for ReS2 to the relatively weak interlayer coupling, which
prohibits a significant change in the electronic structure when
the layer number changes (unlike conventional TMDs like
WS2). Our study thus not only provides unprecedented insight
into the thickness dependence of exciton-exciton interactions
in 2D systems, but also provides layer number-dependent
parameters, such as EEA rates as well as exciton diffusion
coefficients and lengths, that can be utilized in designing
ReS2-based optoelectronic devices.
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APPENDIX: MEASUREMENT OF EXCITON DIFFUSION

As discussed in the main text, exciton diffusion should
be considered in analyzing EEA because initially excited
excitons are sparsely distributed in our F range. Thus, we
performed spatially resolved pump-probe mapping measure-
ments to obtain layer number-dependent exciton diffusion
coefficients. We measured DT profiles while scanning the
position of the probe beam (x) with respect to the fixed pump
center, as illustrated in Fig. 5(a). The scanning direction is
chosen to be parallel to the crystal b axis. Figure 5(b) shows
the measured DT profile for 1L as a function of t and x. We
can see that the spatial width of the DT profile enlarges with
t ; corresponding data (dots) and Gaussian fits (solid lines) at
two different time delays are shown in Fig. 5(c). This result

directly shows that excitons diffuse out of the initially excited
region.

To obtain the diffusion coefficient, we consider a rate
equation describing the diffusion-related exciton dynamics,
given by [10]

∂N (x, t )

∂t
= D∇2N (x, t ) − N (x, t )

τ
, (A1)

where D is the exciton diffusion coefficient. Assuming a
Gaussian spatial distribution of excitons, the solution of
Eq. (A1) is

N (x, t ) = σ 2
0 n0

σ 2(t )
exp

(
− t

τE

)
exp

(
− x2

σ 2(t )

)
, (A2)

where

σ 2(t ) = σ 2
0 + 4Dt (A3)

is the Gaussian width of the spatial exciton distribution at t .
This result indicates that we can obtain D by fitting Eq. (A3)
to the measured squared Gaussian width of DT profiles [black
open squares in Fig. 5(d)]. The acquired D at 1L is 7.4 ±
1.4 cm2 s−1, roughly agreeing with a previous study [2]. In
a similar way, we measure D at 2L (16 ± 1.9 cm2 s−1) and 3L
(21 ± 1.4 cm2 s−1), as displayed in Fig. 5(d) (corresponding
temporal evolutions of DT profiles are shown in Fig. 6).
We also estimate the corresponding exciton diffusion length,
which is defined by L = √

Dτ . The resultant D and L values
are summarized in Table I in the main text. There we can see
that D increases with increasing layer number. This behavior

pump probe

x

(a) (b)

(c)

(d)

FIG. 5. (a) A schematic describing the spatiotemporal DT mea-
surements. x represents the position of the probe beam with respect
to the pump center. (b) DT signals at 1L as a function of t and x. The
pump fluence is F = 13 μJ cm−2. (c) Spatial profiles of the DT in 1L
at t = 0.5 ps (black dots) and t = 37 ps (red dots). The solid curves
are corresponding Gaussian fits. (d) Squared Gaussian width of the
spatial DT profiles as a function of t at 1L (black squares), 2L (red
squares), and 3L (blue squares). The linear solid lines are fits (see the
text).
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FIG. 6. DT signals as a function of x and t for 1L (left), 2L (middle), and 3L (right). Experimental conditions are described in the caption
of Fig. 5.

may reflect the fact that the defect density decreases with
increasing layer number.

Now let us discuss the relation between D and EEA. This
diffusion-mediated EEA can be described by the reaction
equation E + E ↔ EE → E, whose overall interaction rate
corresponds to γ [10,11]. Here two excitons (E + E) move
toward each other with the rate of D to form an exciton pair
(EE) in which the exciton spacing becomes small enough for
EEA to occur. Then, the annihilation takes place (EE → E)
with the rate of k, which is the parameter that is closely
associated with the annihilation cross section and the in-
teraction probability. Thus k is of particular importance for
understanding and comparing the strength of exciton-exciton

interaction. It is known that k can determined from γ and D
through the relationship given by

k ∼ γ

1 − (γ /D)
. (A4)

However, for all layer numbers, D is about two or three
orders of magnitude larger than γ , such that k in Eq. (A4) can
be approximated to be γ (i.e., k ∼ γ ). This means that D has
little effect on the strength of the pure interexciton interaction,
even though D varies with the layer number, as discussed by
Yuan et al. [10]. This result guarantees that we can discuss the
layer number dependence of the exciton-exciton interaction
merely by comparing γ without considering D.
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