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Rhenium diselenide (ReSe2) has gathered much attention due to its low symmetry of lattice structure, which makes it
possess in-plane anisotropic optical, electrical as well as excitonic properties and further enables ReSe2 have an important
application in optoelectronic devices. Here, we report the thickness-dependent exciton relaxation dynamics of mechanically
exfoliated few-layer ReSe2 flakes by using time-resolved pump–probe transient transmission spectroscopies. The results
reveal two thickness-dependent relaxation processes of the excitons. The fast one correlates with the exciton formation
(i.e., the conversion of hot carriers to excitons), while the slow one is attributed to the exciton recombination dominated
by defect-assisted exciton trapping besides photon emission channel. The decrease of scattering probability caused by
defects leads to the increase of fast lifetime with thickness, and the increase of slow lifetime with thickness is related to
the trap-mediated exciton depopulation induced by surface defects. Polarization-dependent transient spectroscopy indicates
the isotropic exciton dynamics in the two-dimensional (2D) plane. These results are insightful for better understanding of
excitonic dynamics of ReSe2 materials and its application in future optoelectronic and electronic devices.
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1. Introduction
ReSe2 is an emerging member in the transition metal

dichalcogenides (TMDs) family.[1] Unlike other 2H-type
TMDs members,[2–5] the metal Re atoms form a one-
dimensional chain in the plane so that ReSe2 contains metal–
metal and metal–sulfur bonds (Fig. 1(a)).[6–9] As a result,
it exhibits a distorted 1T phase with triclinic symmetry of
octahedral crystal structure which results in strong in-plane
anisotropy of physical properties,[1,10,11] such as anisotropic
optical absorbance[12] and photoresponsivity,[13] as well as
orientation-dependent bandgap.[6] Owing to its unique in-
plane anisotropic properties, atomically thin ReSe2 films have
been applied in polarization-sensitive photoelectric device
with a high responsivity,[13] adding an additional degree of
freedom to the design and fabrication of devices.

Moreover, previous theoretical calculation and opti-
cal absorption measurements have explored the variation
of energy bandgap and physical properties of ReSe2 with
thickness.[7,14,15] The results of Zhao et al. indicated the
bandgap in ReSe2 varies with thickness from 1.26 eV (bulk)
to 1.32 eV (monolayer) as ReSe2 is thinned.[16] And, opti-
cal absorption measurements indicate that optical bandgap of
bulk ReSe2 single crystal is 1.19 eV at room temperature.[17]

However, from photoluminescence (PL) measurements, Jari-
wala et al. reported that the bandgap of ReSe2 is weakly layer-
dependent and increases from 1.29 eV (thick flakes) to 1.31 eV
(thin layers).[18] Clearly, the bandgap of ReSe2 has not been
exactly determined.

Since the electronic bandgaps and physical properties of
ReSe2 vary slightly with thickness, thus it seems that we
do not need to use extremely thin ReSe2 layers like other
2D optoelectronic devices when fabricating ReSe2 optoelec-
tronic devices. In other words, the optoelectronic devices with
different-thicknesses of ReSe2 exhibit similar properties. If so,
it will greatly reduce the difficulty of device fabrication, and
further expand the application of ReSe2 in optoelectronic de-
vices. The performance of optoelectronic devices depends on
the optical response process and the carrier dynamic properties
of the materials used. Therefore, a thorough understanding
of these properties is essential. To reveal whether ReSe2 op-
toelectronic devices have strong dependence on ReSe2 thick-
ness, we could first explore how the carrier dynamics varies
with ReSe2 thickness. Up to now, the relaxation of photoex-
cited carriers in monolayer ReSe2 or bulk ReSe2 has been
studied by several groups.[19–23] However, these reports can-
not reveal the dependence of carrier dynamics processes on
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the ReSe2 thickness since the results of available thickness
are very limited and the samples they measured were pre-
pared by direct chemical synthesis methods, which could al-
ter the sample quality and further the carrier dynamics pro-
cess. In addition, it is difficult to obtain identical quality for
adjacent layers in multilayer ReSe2 films produced by direct
chemical synthesis methods, limiting our access to the intrin-
sic thickness-dependence of carrier relaxation in chemically
synthesized ReSe2. To explore the variation of carrier relax-
ation with ReSe2 thickness, it is necessary to study the carrier
dynamics in ReSe2 sample prepared via mechanical exfolia-
tion, which could greatly reduce the quality difference for ad-
jacent layers.

In this paper, the time-resolved pump–probe transient
transmission spectroscopy is employed to study the exciton
dynamics of mechanically exfoliated ReSe2 flakes with thick-
ness varying from 3.6 nm to 49.0 nm. Negative transient
differential transmission (∆T ) signal originating from exci-
ton absorption is observed, and two exciton relaxation pro-
cesses with different lifetimes are extracted from its time-
evolution curves. Lifetimes of both processes monotonically
increase as thickness increases. The independence of the two
relaxation lifetimes on pump power excludes the contributions
of exciton–exciton annihilation (EEA) to exciton relaxation.

Fast recovery times and slow relaxation times are attributed
to the exciton formation and exciton recombination, respec-
tively. Trap-mediated exciton depopulation caused by defects
dominates the exciton recombination process besides the pho-
ton emission pathway. The results of polarization-resolved ∆T
measurements indicate the isotropic exciton relaxation pro-
cesses in the anisotropic 2D plane. This research makes an
important step in understanding and manipulating the proper-
ties of ReSe2 via thickness, which will promote its application
in the nano-optoelectronic devices.

2. Sample preparation and characterization
Few-layer ReSe2 flakes with different thicknesses are me-

chanically exfoliated onto a fused quartz from bulk crystal.
Figure 1(b) depicts the optical microscopic image of a rep-
resentative sample on substrate. Transparent substrate makes
the uncovered area be black. We use atomic force microscopy
(AFM) to determine the height and profile of these few-layer
ReSe2 flakes, and the AFM morphologies indicate these flakes
have good continuity and homogeneity. The AFM morphol-
ogy of flake with thickness of ∼ 18.6 nm is shown in Fig. 1(c).
The AFM morphologies of other samples are depicted in
Fig. S1 (supporting information).

Fig. 1. Crystal structure and characterization of ReSe2 flake. (a) Top and side views of the structure of single ReSe2 layer. (b) Optical microscopic
image of mechanically exfoliated few-layer ReSe2 flake. The red rectangle represents the measured area. (c) AFM image of ReSe2 flake shown
in panel (b), inset: the corresponding height profile. (d) Polar plots of angle-resolved polarized Raman scattering intensities of the A1g mode.
(e) PL spectrum with thickness. (f) Absorption spectra of ReSe2 with different thicknesses.

Polarization dependent Raman spectra measurements,
under 532-nm laser excitation, were performed to assess the
orientation of b axis in the 2D plane. The polarizations of
excitation and scattered light are parallel configuration. The
representative polarized-Raman spectra are shown in Fig. S2,

and two typical Raman modes at ∼ 125 (E2g) and ∼ 160 cm−1

(A1g) are observed. Figure 1(d) summaries the dependence of
the peak intensity of A1g mode on the polarization orientation
(the blue arrow shown in Fig. S2) angle θ , which is defined
as the angle between the polarized direction of excitation light
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and b axis. Clearly, the peak intensity changes with angle θ

with an oscillating periodicity of 180°. Previous reports re-
veal that the strongest scattering of A1g mode occurs nearby
the crystal axis of Re chain (i.e., b axis),[7,24] so the 0◦ corre-
sponds to the direction of the Re chains of ReSe2. The red line
through the experimental data is a cosine function fit.

PL measurements were performed to deduce the variation
of optical bandgap with thickness. Figure 1(e) shows the PL
spectrum of representative ReSe2 samples with different thick-
nesses, the PL emission is extremely weak due to the intrinsic
indirect-bandgap nature of ReSe2. Because carrier recombi-
nation in indirect bandgap semiconductor needs the assistance
from phonons to keep conservation of momentum, as a result,
the radiation probability is greatly reduced. And, the PL spec-
tra show that the exciton peak locates around 1.31 eV, which is
in accordance with the results of Jariwala et al.[18] Moreover,
the PL spectrum of ReSe2 with 3.6-nm thickness indicates the
exciton peak at the ∼ 1.33 eV (Fig. S3). Remarkably, the ex-
citon peak shifts slightly from ∼ 1.33 eV to ∼ 1.29 eV as the
thickness of ReSe2 increases, implying that the bandgap of
ReSe2 is nearly independent on the thickness and weak inter-
layer coupling in the ReSe2 samples. The PL intensity de-
creases as ReSe2 thickness increases, which is in accordance
with previous reports.[18,25–27] The decrease of PL emission
intensity with increasing thickness indicates more difficulty in
the exciton radiative recombination for thicker ReSe2, which
may be caused by limited amount of phonon. Thickness-
dependent optical absorption spectra in the wavelength range
of 400 nm–1045 nm are plotted in Fig. 1(f). The optical ab-
sorbance (Abs) is calculated from the following function:

Abs = log10
(I0 − IB)− (IS − IB)

(I0 − IB)
, (1)

where I0 and IS are the intensities of light transmitted through
the fused quartz substrate and ReSe2 flake, respectively. IB

denotes the background noise intensity from instruments and
surrounding environment. As expected, the measured absorp-
tion spectra show that thicker flake retains much more absorp-
tion which is consistent with the AFM data. The absorption
peak position changes from 410 nm to 420 nm as thickness
increases. In addition, the absorption peak around 950 nm
corresponds to the exciton resonant absorption as shown in
Fig. 1(e).

In order to analyze the chemical composition, the scan-
ning electron microscopy (SEM) and energy dispersive spec-
troscopy (EDS) are performed (Fig. S4). The results indicate
the homogeneous distribution of Re and Se elements, and the
atomic ratio of Re to Se is 1:1.18, implying the vacancy defect
in the measured samples.

3. Experimental details
3.1. Sample fabrication and characterization

ReSe2 flakes were mechanically exfoliated from the bulk
ReSe2 crystal via using a Stock tape to transfer it onto a
fused SiO2 substrate (1-mm thick). Atomic force microscopy
(WITec Alpha 300) in tapping mode was used to deter-
mine the thicknesses of the measured areas (from 3.6 nm to
49.0 nm), with 0.6-nm vertical resolution and 8-nm resolution
in transversal direction. Raman spectra and PL spectra were
measured with 532-nm laser excitation in the WITec Alpha
300 at room temperature. The light source for absorption mea-
surements was a halogen lamp. The transmitted light is cap-
tured with a microscope objective (100×, NA = 0.9) and di-
rected to a spectrometer (PG 2000, Ideaoptics) equipped with
a CCD camera (Exmor CMOS Sensor, Sony). MERLIN Com-
pact (Zeiss) is used to perform scanning electron microscopy
(SEM) and energy dispersive spectroscopy (EDS).

3.2. Transient reflection measurements

A Yb fiber-based laser (Menlo Systems) was used to pro-
vide ultrashort pulses with a central wavelength of 1040 nm
and a 100-MHz repetition rate. The pulse width is ∼ 150 fs
(FWHM). The majority of output was used as probe beam
and a minority is separated to generate 520-nm pulse via sec-
ond harmonic generation and used as pump pulse. The probe
power was attenuated in a combination of half-wave plate and
Glan–Taylor prism. Both pump pulses and probe pulses were
focused onto the sample surface with a Gaussian spot, by using
an objective lens (Tu Plan Flour 50×, NA = 0.8, Nikon). The
transmitted beams were collected via another objective lens
(Ph1 ADL 40×, NA = 0.55, Nikon). The transmitted pump
beam was blocked with filters. This significantly improved the
signal-to-noise ratio. The transmission change (∆T ) of probe
beam due to the pump excitation was measured with a lock-in
amplifier (SR865A, Stanford Research Systems) referenced to
1.5 kHz mechanically chopped pump light (SR542, Stanford
Research Systems).

4. Results and discussion
To study carrier and exciton dynamics of ReSe2 with dif-

ferent thicknesses, we use a home-build pump-probe system
to perform time-resolved ∆T measurement (see Fig. S5 for
details). The time-resolved ∆T traces are obtained by ex-
citing the ReSe2 with 520-nm (2.4 eV) femtosecond pulse
and monitoring the transmittance change of 1040-nm (1.2 eV)
probe pulses as a function of time delay between pump
and probe pulses. The relaxation of equilibrium carriers in
the energy band determines the time-evolution of ∆T signal.
Figures 2(a)–2(f) show the time-resolved ∆T curves of six
ReSe2 flakes whose thicknesses are 3.6 nm, 7.2 nm, 10.2 nm,
14.9 nm, 18.6 nm, and 49.0 nm, respectively.

067203-3

http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acc1d3
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acc1d3
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acc1d3


Chin. Phys. B 32, 067203 (2023)

Fig. 2. (a)–(f) Time-resolved ∆T curves for ReSe2 flakes of different thicknesses. The pump and probe powers are 60 µW and 40 µW,
respectively. The polarization configuration was set parallel for pump and probe, and the pump polarization was along the b axis. The solid lines
represent the fitting corresponding to a bi-exponential function.

After pump excitation, the ∆T signal increases within
0.9 ps which is limited by the resolution of our measure-
ment system, and reaches a negative peak right (around zero-
delay time). Then, the negative ∆T signal recovers slowly to
zero. Negative ∆T signal indicates the photoinduced absorp-
tion (PA). The PA comes from the excited state absorption
of nonequilibrium carriers since the photon energy of probe
(1.2 eV) is smaller than the optical bandgap (> 1.29 eV) or the
exciton energy state of all ReSe2 samples.[19] Therefore, the
intraband absorption of nonequilibrium carrier induces a neg-
ative ∆T signal. The resolution-limited enhancement of ∆T
signal before 0 delay is caused by the carrier thermalization
via carrier-carrier scattering and carrier-phonon scattering,[28]

which rapidly expands the photoexcited carriers from the high-
energy state toward the bottoms of energy bands, and es-

tablishing a quasi-equilibrium distribution for the formed hot
carriers.[29] To analyze the subsequent relaxation process, the
time-resolved curves are fit to a bi-exponential function as fol-
lows:

∆T = Bexp
(
−t
τ1

)
+C exp

(
−t
τ2

)
. (2)

The fit parameters are denoted in B, C. Time-delayed t is the
time interval between pump and probe pulses. τ1 and τ2 repre-
sent the fast decay time and the slow decay time, respectively.
As shown in Figs. 2(a)–2(f), the experimental curves could be
fit well by the bi-exponential decay function convoluted with
a Gaussian response function.

Figure 3 shows the extracted time constants τ1 and τ2

for different thicknesses. Obviously, the fast relaxation times
are in ps time scale in the measured six flakes. This lifetime
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(τ1), which is comparable to the lifetime of WS2, should be at-
tributed to the hot carrier relaxation and exciton formation by
dissipating excess energy.[20,21,30–32] In this process, the de-
crease of signal is due to the fact that hot carriers could more
efficiently induce the absorption coefficient change as com-
pared with excitons. Thus, during the conversion of hot carri-
ers to excitons, the ∆T signal decreases.
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Fig. 3. Time constants extracted from bi-exponential fits as the function
of film thickness.

Now let us explore the thickness-dependent exciton dy-
namics. The fast lifetime τ1 monotonically increases from ∼ 5
to ∼ 34 ps as the ReSe2 thickness increases (Fig. 3). Since
the bandgap of ReSe2 is nearly unchanged with thickness, the
observed thickness dependence of lifetimes could not origi-
nate from band structure variation. It has been proved that
hot carriers can couple to nearby traps or interfacial defects
for relaxation in semiconductor quantum dots.[25,33] Based on
this model, the defect plays an “elevator” role in assisting the
electron transition from the high energy level to the low en-
ergy level, which provides an additional channel for cooling
and accelerating intraband relaxation of carrier.[34] The defect
density is enhanced at the surface and interfaces,[35] as a re-
sult, the defect density in few-layer ReSe2 is larger than that
of thicker flake, therefore the scattering probability caused by
defects decreases with increasing the thickness of ReSe2. As
a result, the time constant (τ1) increases as thickness of ReSe2

increases.
The slow decay time, which corresponds to the recovery

of negative ∆T signal to zero, reflects the bounded exciton re-
combination process between the energy states near the bot-
tom of conduction band and the top of valence band in the
indirect bandgap. Figure 3 shows that the decay time τ2 has
a similar trend to the fast time τ1 as the ReSe2 thickness in-
creases. The τ2 value increases from 81 ps for 3.6 nm to 2.5 ns
for 49 nm. The thickness dependence of slow decay times
τ2 is mainly attributed to trap-mediated decay. Since defect
densities of surface layers are much larger than that of other
layers, the contribution of trap-mediated decay to thin layer is
more efficient than that to thick layer. Our observation is con-
sistent with the result of Wang et al. that τ2 increases as the

thickness increases.[36] Similar result has also been observed
in ReS2.[35]

0
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Fig. 4. (a) Time-resolved ∆T curves of 7.2 nm-thick ReSe2 measured
with different pump powers. (b) The peak value of ∆T (black squares) as
a function of pump power. The red lines are linear fits.

To explore the influence of injected photocarrier densi-
ties, we measure the time-resolved ∆T traces of 7.2-nm-thick
ReSe2 flake with different pump power (Fig. 4(a)). It is found
that the ∆T signal increases with pump power and the ∆T
peak increases linearly with the pump power (Figs. 4(a) and
4(b)). Based on the thickness-dependent optical absorption
spectra of ReSe2 shown in Fig. 1(f), a peak carrier density n0

injected by pump excitation is estimated from 1.4×1012 cm−2

for 7.2 nm (pump power 40 µW) to 8.7×1012 cm−2 for 49 nm
(pump power 80 µW) at the center of the pump laser spot.[37]

The Mott threshold (∼ 1013 cm−2) in typical 2D TMDs is
higher than n0.[38–40] This is confirmed by the linear depen-
dence between pump power and the ∆T peak, as shown in
Fig. 4(b). Generally speaking, slower decay dynamics with in-
creasing pump power is typical hallmark of trapping-assisted
recombination, because of the decrease of unoccupied defect
states when the density of both injected carrier and defect
state is comparable.[41–43] However, no pump power depen-
dence of τ2 is observed in the six measured flakes, which is
supported by the normalized ∆T traces shown in Fig. S6. It
shows that the n0 is lower than the saturation density of de-
fect state. Thus, the result indicates that defect state saturation
hallmarks are absent in the six flakes. As the PL emission is
very weak in these ReSe2 flakes, the contribution of radiative
channel is very limited. Moreover, nonradiative channel like
phonon-involved scattering may also contribute to the exciton
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recombination process, here the exciton recombination trans-
fers its energy to the lattice. The observed τ2 value for 7.2 nm
has the same order of magnitude with the previous result that
the lifetime of phonon-assisted recombination is ∼ 100 ps in
ReS2.[44] These pump power independent characteristics also
rule out the EEA during the carrier relaxation process based on
the following analysis: EEA is a typical Auger recombination
process where a collision between two excitons causes one to
recombine and the other to be excited to higher states.[41,45–52]

The typical feature of EEA is that the fast component shows
pump power dependent behavior and the lifetime of EEA also
decreases when pump power increases since EEA enhances at
high carrier density.[32,41]
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Fig. 5. (a) Time-resolved ∆T traces for the pump polarization along the 0◦

and 90◦ directions when the probe polarization is along 0◦. (b) Peak ∆T
signal as a function of pump polarization, red line is a cosine function fit.

Since ReSe2 has a distorted 1T phase with triclinic sym-
metry of octahedral crystal structure, it is interesting to ex-
plore the effect of crystal symmetry on the ∆T signal. Fig-
ure 5(a) shows the dependence of ∆T curve on pump polariza-
tion for the 7.2-nm-thick ReSe2 flake. The ∆T signal inten-
sity changes with pump polarization while its decay time re-
mains unchanged, which could be manifested by the indepen-
dent normalized ∆T curves of pump polarization (Fig. S7(a)).
It is obvious that the sample orientation does not affect the re-
laxation time. This polarization independence of decay times,
which is consistent with former reports on monolayer, few-
layer and bulk ReSe2, implies that the behavior of excitonic
dynamics is isotropic in the 2D plane.[19,21,22] Figure 5(b) de-
picts the peak ∆T value as a function of pump polarization.
It is found that the peak ∆T value shows a two-fold symme-
try and maximizes along b axis (i.e., Re atom chains). As the

pump polarization with an angle of θ with respect to b axis, the
peak ∆Tθ value can be determined by the following functions:

∆Tθ ∝

(
A1 −A2

2

)
cos2θ +

(
A1 +A2

2

)
, (3)

∆Tmax

∆Tmin
=

A1

A2
. (4)

Here, A1 (A2) is absorption coefficient with respect to the
polarization direction of incident light parallel (perpendicu-
lar) to b axis. ∆Tmax and ∆Tmin are the maximum and min-
imum of cosine function fit. The details of formula deriva-
tion are shown in Fig. S8. As the solid line shown, this
pump polarization dependence of peak ∆Tθ can be well fit-
ted with the cosine function. Based on Eq. (S7), the ra-
tio of ∆Tmax/∆Tmin = 1.26± 0.06 can be obtained from the
fit. According to the previous theoretical calculation[13] of
optical absorption spectra of monolayer ReSe2, we can get
A1/A2 ≈ 1.25 which is in accordance with the fitting result
∆Tmax/∆Tmin = 1.26±0.06, supporting that the anisotropy of
∆T signal comes from the anisotropic optical absorption. To
determine the origin of this polarization dependence, the op-
tical absorption (calculated from α =− log10(T/Tsub), where
T and Tsub are the transmittances of the pump light through
the sample and substrate, respectively) as a function of pump
polarization was measured by blocking the probe beam in the
pump–probe measurement (see Fig. S7(b) for details). The
optical absorption is largest when the polarization of light is
along with the b axis (i.e., Re atom chains), which is consistent
with the previous results[6] and the polarization dependence of
peak ∆T . Therefore, the anisotropy of ∆T signal should come
from the anisotropy of optical absorption. Similar to BP and
SnSe, although the peak ∆T signal is dependent on polariza-
tion, its time evolution is independent of polarization.[53,54]

5. Summary
Time-resolved pump–probe transient transmission spec-

troscopy was employed to study the exciton dynamics of few-
layer ReSe2 prepared by mechanical exfoliation with a thick-
ness ranging from 3.6 nm to 49.0 nm. The results reveal
the pump-induced absorption of probe light at 1040 nm and
thickness-dependent exciton dynamics. The fast relaxation
time is attributed to the hot carrier relaxation and exciton for-
mation and increases with thickness due to the decrease of
scattering probability caused by defects. The slow relaxation
time, corresponding to the exciton recombination is related
to the trap-mediated exciton depopulation induced by defects,
also get a larger contribution for thinner layers since the de-
fect density of surface layers is larger than that of other lay-
ers. The linear pump power dependence of ∆T (peak) con-
firms that EEA are absent. The exciton dynamics is isotropic
in the anisotropic 2D plane of ReSe2. These findings imply

067203-6

http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acc1d3
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acc1d3
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acc1d3
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/acc1d3


Chin. Phys. B 32, 067203 (2023)

that the optical response process of ReSe2 optoelectronic de-
vices varies with the ReSe2 thickness.
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P, Michaelis de Vasconcellos S, Rohlfing M and Bratschitsch R 2017
Nano Lett. 17 3202

[16] Zhao H, Wu J, Zhong H, Guo Q, Wang X, Xia F, Yang L, Tan P and
Wang H 2015 Nano Res. 8 3651

[17] Ho C H, Liao P C, Huang Y S, Yang T R and Tiong K K 1997 J. Appl.
Phys. 81 6380

[18] Jariwala B, Voiry D, Jindal A, Chalke B A, Bapat R, Thamizhavel A,
Chhowalla M, Deshmukh M and Bhattacharya A 2016 Chem. Mater.
28 3352

[19] Jiang S, Yang J, Shi Y, Zhao J, Xie C, Zhao L, Fu J, Yang P, Huan Y,
Xie Q, Jiang H, Zhang Q, Wang X, Su F and Zhang Y 2020 Nano Res.
13 667

[20] Yang J, Jiang S, Xie J, Jiang H, Xu S, Zhang K, Shi Y, Zhang Y, Zeng
Z, Fang G, Wang T and Su F 2021 ACS Nano 15 16760

[21] Liu F, Zhao X, Yan X Q, Xie J, Hui W, Xin X, Liu Z B and Tian J G
2019 J. Appl. Phys. 125 173105

[22] He J, Zhang L, He D, Wang Y, He Z and Zhao H 2018 Opt. Express 26
21501

[23] Zhang L, He D, He J, Fu Y, Bian A, Han X, Liu S, Wang Y and Zhao
H 2019 Opt. Express 27 17851

[24] Choi Y, Kim K, Lim S Y, Kim J, Park J M, Kim J H, Lee Z and Cheong
H 2020 Nanoscale Horizons 5 308

[25] Mak K F, Lee C, Hone J, Shan J and Heinz T F 2010 Phys. Rev. Lett.
105 136805

[26] Liu D, Hong J, Wang X, Li X, Feng Q, Tan C, Zhai T, Ding F, Peng H
and Xu H 2018 Adv. Funct. Mater. 28 1804696

[27] Huang Y, Gu Y, Wu X, Ge R, Chang Y F, Wang X, Zhang J, Akinwande
D and Lee J C 2021 Front. Nanotechnol. 3 782836

[28] Li Y C, Ge C, Wang P, Liu S, Ma X R, Wang B, Song H Y and Liu S
B 2022 Chin. Phys. B 31 067102

[29] Jin T X, Yang J Y, Fang Y, Han Y b and Song Y L 2018 Chin. Phys. B
27 054208

[30] Ceballos F, Cui Q, Bellus M Z and Zhao H 2016 Nanoscale 8 11681
[31] He J, He D, Wang Y, Cui Q, Ceballos F and Zhao H 2015 Nanoscale 7

9526
[32] Zhao S, He D, He J, Zhang X, Yi L, Wang Y and Zhao H 2018

Nanoscale 10 9538
[33] Schroeter D F, Griffiths D J and Sercel P C 1996 Phys. Rev. B 54 1486
[34] Shi H, Yan R, Bertolazzi S, Brivio J, Gao B, Kis A, Jena D, Xing H G

and Huang L 2013 ACS Nano 7 1072
[35] Sim S, Lee D, Lee J, Cha M, Cha S, Heo W, Cho S, Shim W, Lee K,

Yoo J, Prasankumar R P, Choi H and Jo M H 2020 Phys. Rev. B 101
174309

[36] Wang H, Zhang C and Rana F 2015 Nano Lett. 15 8204
[37] Ceballos F and Zhao H 2017 Adv. Funct. Mater. 27 1604509
[38] Chernikov A, van der Zande A M, Hill H M, Rigosi A F, Velauthapillai

A, Hone J and Heinz T F 2015 Phys. Rev. Lett. 115 126802
[39] Pogna E A A, Marsili M, De Fazio D, Dal Conte S, Manzoni C, San-

galli D, Yoon D, Lombardo A, Ferrari A C, Marini A, Cerullo G and
Prezzi D 2016 ACS Nano 10 1182

[40] Steinhoff A, Rösner M, Jahnke F, Wehling T O and Gies C 2014 Nano
Lett. 14 3743

[41] Sun D, Rao Y, Reider G A, Chen G, You Y, Brézin L, Harutyunyan A
R and Heinz T F 2014 Nano Lett. 14 5625

[42] Sim S, Park J, Koirala N, Lee S, Brahlek M, Moon J, Salehi M, Kim J,
Cha S, Sung J H, Jo M H, Oh S and Choi H 2016 ACS Photon. 3 1426

[43] Parkinson P, Joyce H J, Gao Q, Tan H H, Zhang X, Zou J, Jagadish C,
Herz L M and Johnston M B 2009 Nano Lett. 9 3349

[44] Wang X, Shinokita K, Lim H E, Mohamed N B, Miyauchi Y, Cuong N
T, Okada S and Matsuda K 2019 Adv. Funct. Mater. 29 1806169

[45] Kumar N, Cui Q, Ceballos F, He D, Wang Y and Zhao H 2014 Phys.
Rev. B 89 125427

[46] Yuan L and Huang L 2015 Nanoscale 7 7402
[47] Yuan L, Wang T, Zhu T, Zhou M and Huang L 2017 J. Phys. Chem.

Lett. 8 3371
[48] Liu B, Meng Y, Ruan X, Wang F, Liu W, Song F, Wang X, Wu J, He L,

Zhang R and Xu Y 2017 Nanoscale 9 18546
[49] Yu Y, Yu Y, Xu C, Barrette A, Gundogdu K and Cao L 2016 Phys. Rev.

B 93 201111
[50] Cunningham P D, McCreary K M and Jonker B T 2016 J. Phys. Chem.

Lett. 7 5242
[51] Mouri S, Miyauchi Y, Toh M, Zhao W, Eda G and Matsuda K 2014

Phys. Rev. B 90 155449
[52] Zhang T and Wang J 2021 ACS Photon. 8 2770
[53] He J, He D, Wang Y, Cui Q, Bellus M Z, Chiu H Y and Zhao H 2015

ACS Nano 9 6436
[54] Zhang C, Ouyang H, Miao R, Sui Y, Hao H, Tang Y, You J, Zheng X,

Xu Z, Cheng X A and Jiang T 2019 Adv. Opt. Mater. 7 1900631

067203-7

https://doi.org/10.1007/s40042-022-00401-5
https://doi.org/10.1088/1674-1056/28/8/087201
https://doi.org/10.1088/1674-1056/28/8/087201
https://doi.org/10.1088/1674-1056/ac6737
https://doi.org/10.1039/C4NR03607G
https://doi.org/10.1021/acsami.1c17409
https://doi.org/10.1088/0953-8984/16/32/026
https://doi.org/10.1088/0953-8984/16/32/026
https://doi.org/10.1021/nn5053926
https://doi.org/10.1021/nn5053926
https://doi.org/10.1016/S0925-8388(97)00335-6
https://doi.org/10.1016/S0925-8388(97)00335-6
https://doi.org/10.1021/acsami.2c09674
https://doi.org/10.1021/acsami.2c09674
https://doi.org/10.3891/acta.chem.scand.19-0079
https://doi.org/10.1002/smll.v13.12
https://doi.org/10.1103/PhysRevB.58.16130
https://doi.org/10.1103/PhysRevB.58.16130
https://doi.org/10.1021/acsnano.6b04165
https://doi.org/10.1103/PhysRevB.92.115438
https://doi.org/10.1021/acs.nanolett.7b00765
https://doi.org/10.1021/acs.nanolett.7b00765
https://doi.org/10.1007/s12274-015-0865-0
https://doi.org/10.1063/1.365357
https://doi.org/10.1063/1.365357
https://doi.org/10.1021/acs.chemmater.6b00364
https://doi.org/10.1021/acs.chemmater.6b00364
https://doi.org/10.1007/s12274-020-2673-4
https://doi.org/10.1007/s12274-020-2673-4
https://doi.org/10.1021/acsnano.1c06822
https://doi.org/10.1063/1.5093757
https://doi.org/10.1364/OE.26.021501
https://doi.org/10.1364/OE.26.021501
https://doi.org/10.1364/OE.27.017851
https://doi.org/10.1039/C9NH00487D
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1002/adfm.v28.47
https://doi.org/10.3389/fnano.2021.782836
https://doi.org/10.1088/1674-1056/ac422b
https://doi.org/10.1088/1674-1056/27/5/054208
https://doi.org/10.1088/1674-1056/27/5/054208
https://doi.org/10.1039/C6NR02516A
https://doi.org/10.1039/C5NR00188A
https://doi.org/10.1039/C5NR00188A
https://doi.org/10.1039/C8NR03135E
https://doi.org/10.1039/C8NR03135E
https://doi.org/10.1103/PhysRevB.54.1486
https://doi.org/10.1021/nn303973r
https://doi.org/10.1103/PhysRevB.101.174309
https://doi.org/10.1103/PhysRevB.101.174309
https://doi.org/10.1021/acs.nanolett.5b03708
https://doi.org/10.1002/adfm.v27.19
https://doi.org/10.1103/PhysRevLett.115.126802
https://doi.org/10.1021/acsnano.5b06488
https://doi.org/10.1021/nl500595u
https://doi.org/10.1021/nl500595u
https://doi.org/10.1021/nl5021975
https://doi.org/10.1021/acsphotonics.6b00021
https://doi.org/10.1021/nl9016336
https://doi.org/10.1002/adfm.v29.6
https://doi.org/10.1103/PhysRevB.89.125427
https://doi.org/10.1103/PhysRevB.89.125427
https://doi.org/10.1039/C5NR00383K
https://doi.org/10.1021/acs.jpclett.7b00885
https://doi.org/10.1021/acs.jpclett.7b00885
https://doi.org/10.1039/C7NR05174C
https://doi.org/10.1103/PhysRevB.93.201111
https://doi.org/10.1103/PhysRevB.93.201111
https://doi.org/10.1021/acs.jpclett.6b02413
https://doi.org/10.1021/acs.jpclett.6b02413
https://doi.org/10.1103/PhysRevB.90.155449
https://doi.org/10.1103/PhysRevB.90.155449
https://doi.org/10.1021/acsphotonics.1c00932
https://doi.org/10.1021/acsnano.5b02104
https://doi.org/10.1021/acsnano.5b02104
https://doi.org/10.1002/adom.v7.18

	1. Introduction
	2. Sample preparation and characterization
	3. Experimental details
	3.1. Sample fabrication and characterization
	3.2. Transient reflection measurements

	4. Results and discussion
	5. Summary
	References

