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SPECIAL TOPIC — Exciton physics: Fundamentals, materials and devices
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Understanding interlayer charge transfer is crucial for elucidating interface interactions in heterostructures. As the
layer number can significantly influence the interface coupling and band alignment, the charge transfer behaviors can be
largely regulated. Here, we constructed two-dimensional (2D) heterostructures consisting of monolayer WS, and few-layer
InSe to investigate the impact of InSe thickness on exciton dynamics. We performed photoluminescence (PL) spectroscopy
and lifetime measurements on pristine few-layer InSe and the heterostructures with different InSe thicknesses. For pristine
InSe layers, we found a non-monotonic layer dependence on PL lifetime, which can be attributed to the interplay between
the indirect-to-direct bandgap transition and surface recombination effects. For heterostructures, we demonstrated that the
type I band alignment of the heterostructure facilitates electron and hole transfer from monolayer WS, to InSe. As the
InSe layer number increases, the reduction in conduction band minimum (CBM) enhances the driving force for charge
transfer, thereby improving the transfer efficiency. Furthermore, we fabricated and characterized a WS;/InSe optoelec-
tronic device. By analyzing bias voltage dependent PL spectra, we further demonstrated that the trions in WS, within the
heterostructure are positively charged (X ), and their emission intensity can be efficiently modulated by applying different
biases. This study not only reveals the layer-dependent characteristics of band alignment and interlayer charge transfer in
heterostructures but also provides valuable insights for the applications of 2D semiconductors in optoelectronic devices.

Keywords: exciton, layer dependence, charge transfer, band alignment
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1. Introduction

From bulk to monolayer,!! two-dimensional (2D) semi-
conductors exhibit distinct optical and electrical proper-
ties, including spin-valley coupling,'™* enhanced excitonic
effects,>® and quantum Hall effect,!” primarily due to
quantum confinement effects and reduced dielectric screen-
ing. The variation in layer number introduces an additional
degree of freedom, which significantly influences excitonic
dynamics.!'%-13] For instance, layer-dependent bandgap vari-
ations directly affect radiative recombination efficiency,!'®!7]
while reduced exciton binding energy with increased layer
number has been shown to diminish exciton stability.!-!3! In
heterostructures, the variation in the number of layers can sig-
nificantly influence the charge transfer process. For instance,
in the Bi;0,Se/WS, heterostructure, the change in Bi;O,Se
thickness induces switching between type I and type II band

191 Increased layers of MoS, can enhance the

[20]

alignments.
charge transfer rate in QD/MoS; heterostructures.

Indium selenide (InSe), with its tunable bandgap ranging
from 1.25 eV in bulk to 2.1 eV in monolayer (ML), has high
carrier mobility[>?!??] and distinctive optical and electronic

s, [23-26]

propertie serving as an ideal platform for investigating
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layer-dependent phenomena.>”] Among its various phases (3,
€-, and Y phases), €-phase InSe exhibits considerable appli-
cation potential and distinctive advantages due to its unique
(28,291 On the other hand, monolayer WS,
is a typical transition metal dichalcogenide (TMD) material

structural properties.

with a direct band gap and rich excitonic states.%) Het-
erostructures combining InSe with varying layer thicknesses
and monolayer WS, enable precise tuning of the conduction
band offset (CBO), providing an ideal system for studying
band alignment and interlayer charge dynamics. While the
layer-dependent dynamics of thicker InSe (> 8 nm) have been
investigated,3!! the properties of thinner few-layer (FL) InSe
remain unexplored. Furthermore, the band alignment and mi-
croscopic mechanisms governing interlayer charge transfer be-
tween InSe with different thicknesses and ML WS, have not
been revealed.

Herein, we investigated the layer-
dependent photoluminescence (PL) lifetime of InSe at room

systematically

temperature, as well as the interfacial interactions between
monolayer WS, and InSe under optical excitation. Our find-
ings reveal that interfacial charge transfer in the heterostruc-
ture significantly modulates the optical properties of both
constituent materials, and we further elucidated the underly-
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ing mechanisms. Through the identification of type-I band
alignment formation between ML WS, and FL InSe (> 3

layers), (321

we demonstrated that optically excited electrons
and holes in WS, transfer to InSe. Additionally, we investi-
gated the impact of InSe thickness variation on the excitonic
states of WS, within the heterostructure, demonstrating the
interplay between charge transfer and dielectric screening in
governing exciton dynamics. Finally, through gate voltage
modulation experiments, we conclusively identified the origin
of trion formation, providing critical insights into the tunabil-

ity of excitonic behavior within the heterostructure.

2. Experiment and method
2.1. Sample preparation

The ML WS, and FL InSe were prepared by mechani-
cal exfoliation from high-quality bulk crystals (Nanjing MK-
NANO Tech. Co., Ltd. and HQ Graphene Inc.). The
layer numbers of InSe and WS, were identified by analyz-
ing PL spectra at room temperature. For optical and spec-
troscopic measurements, pristine InSe, WS, and their het-
erostructures were transferred onto SiO; or glass substrates
using a dry transfer method under an optical microscope. For
the WS,/InSe device, electrodes were fabricated using stan-
dard electron-beam lithography (EBL, Raith 150 Two) and de-
posited onto the heterostructures through metal thermal evap-
oration.

2.2. Optical measurements

The PL lifetime measurements were performed using a
405 nm pulsed laser for excitation, with the signal collected by
a time-dependent single-photon counting (TCSPC, PicoQuant
HydraHarp 400) system. The fluorescence lifetime imaging
microscopy (FLIM) was conducted using the TCSPC system
combined with a PI scanning stage. The fluorescence emis-
sion from the heterostructure samples was collected by two
single-photon avalanche diodes (APDs, PicoQuant PDM Se-
ries) via a 50/50 beam splitter. An 800 nm long-pass filter
and a 700 nm short-pass filter were used to separate the emis-
sion signals of InSe and WS, respectively. The signals were
collected using an oil-immersion objective lens (NA = 1.4).
Samples for FLIM measurements were transferred onto glass
substrates, while other measurements were performed on SiO,
substrates. The steady-state PL spectra were excited by a
488 nm continuous-wave (CW) laser and recorded at room
temperature with a liquid-nitrogen-cooled CCD (Symphony
II) and spectrometer (Horiba iHR320).

3. Results and discussion

We prepared €-InSe flakes from bulk crystals by mechan-
ical exfoliation. To prevent the degradation of samples in air,
the InSe flakes used in this study were encapsulated with poly-
methyl methacrylate (PMMA) and measured within 3 hours

after exfoliation. Figures 1(a)-1(c) present bright-field opti-
cal image, PL intensity, and PL lifetime mapping of a typ-
ical few-layer InSe flake, respectively. The number of lay-
ers in this sample was determined as 4—6 layers (the areas of
which are indicated by colored lines) based on the optical con-
trast and their PL spectra.[®33] The InSe layers with differ-
ent thicknesses all show uniform PL emission within the layer
(Fig. 1(b)). The inset in Fig. 1(b) shows the line profile of
PL intensity across different layers, the position of which is
indicated by the white dashed line. As the number of layers
increases from 4L to 6L, an increased PL intensity is clearly
observed. For the PL lifetime image (Fig. 1(c)) taken by the
fluorescence lifetime imaging microscopy (FLIM), the aver-
aged PL lifetime dramatically decreases when the layer num-
ber increases from 4L to 6L.

We have further measured other InSe layers. Figure 1(d)
shows the PL spectra of InSe layers ranging from 3L to 8L
at room temperature. According to the photon energy of the
emission peaks, we observed the decreased bandgap (from
1.73 eV to 1.25 eV) with increased layer number (from 3L to
8L), which is consistent with previous research. ! Figure 1(e)
presents the time-resolved photoluminescence (TRPL) of InSe
with representative layer numbers (3L, 6L, 7L, and bulk of
approximately 70 nm). Through single-exponential fitting of
the experimental data, we fitted all the TRPL curves and ob-
tained the PL lifetimes. Among these different layers, the bulk
InSe shows the longest PL lifetime of about 5.95 ns. Surface
recombination continues to dominate the carrier dynamics at
this thickness. The prolonged PL lifetime originates from the
reduced surface recombination effect. The PL lifetime of 7L
(0.73 ns) is longer than that of 6L (0.55 ns), while the 3L
shows a much longer lifetime of about 1.3 ns.

To give a comprehensive summary on the layer-
dependent PL lifetime, we conducted systemic TRPL mea-
After fitting the TRPL
curves, the summarized PL lifetimes as a function of layer

surements on various InSe layers.

number are shown in Fig. 1(f), which exhibits a non-
monotonic dependence on the layer number. With increased
layer number, the PL lifetime decreases first and then in-
creases, showing the observed shortest lifetime of about 0.6 ns
at 6L. This non-monotonic dependence can be interpreted by
the indirect-to- direct bandgap transition and the surface re-
combination. For few-layer InSe, the PL lifetime decreases
as the number of layers increases from 3L to 6L, which is
consistent with the layer number where the transition from
indirect to direct bandgap occurs at about 6L.1?%34! For di-
rect bandgap transition, the shorter PL lifetime is expected.
Regarding thicker InSe, the surface recombination of photo-
excited carriers dominates. The long lifetime observed in the
thicker layer and bulk can be attributed to the reduced surface

recombination. 31]
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Fig. 1. (a) Optical image of InSe flakes with varying thicknesses, labeled as 4-6 layers (4L-6L). (b) and (c) PL intensity and lifetime mapping
of the sample shown in (a). The inset shows the PL intensity profile along the white dashed line. (d) PL spectra of InSe layers ranging from 3 to
8 layers (3L-8L). (e) PL intensity decay curves of InSe with different layer thicknesses. (f) PL lifetime of InSe as a function of layer number.

We further investigated the optical properties of
InSe/WS; heterostructures to explore the optical properties of
FL InSe and its interaction with WS,. Based on their band
structures, FL InSe and monolayer WS, form the type-I band
alignment in heterostructures, which leads to the transfer of
photoinduced charge carriers from the wide-bandgap material
(WS>) to the narrow-bandgap material (InSe), as depicted in
Fig. 2(a).1*?! To confirm the band alignment, we performed
KPFM measurements on a heterostructure consisting of mono-
layer WS, and 6L InSe. Figures 2(b) and 2(c) present the
atomic force microscope (AFM) topography image and cor-
responding surface potential mapping of the heterostructure,
respectively. The 6L InSe, WS,, and heterostructure regions
are determined by their heights. In Fig. 2(c), it is observed that
the InSe has a higher surface potential than that of monolayer
WS,, indicating the electron transfer from WS, to InSe.

The band alignment at the interface of the heterostructure
significantly impacts the optical properties of WS, and InSe
compared to their pristine ones. Figure 2(d) presents the op-
tical image of a heterostructure consisting of ML WS, and
an InSe flake with different thicknesses. The InSe flake has

thin layer areas covering from 4L to 8L and bulk areas. Fig-
ure 2(g) presents the PL intensity mapping of the sample with
the WS, emission signal. Compared with the strong PL emis-
sion from pure monolayer WS, the heterostructure regions
show clear PL intensity quenching due to charge transfer to
InSe. In contrast, due to the charge transfer from monolayer
WS,, the PL intensity of InSe in the heterostructure enhances.
As a representative case, Figs. 2(e) and 2(f) show the PL spec-
trum and TRPL of 6L-InSe in the heterostructure, as well as
the corresponding data from pristine 6L-InSe for comparison.
For 6L-InSe in the InSe/WS, heterostructure, the injection of
electrons and holes from WS, via interfacial charge transfer
leads to a twofold increase in PL intensity (Fig. 2(e)) and an
extension of its PL lifetime (Fig. 2(f)), indicating reduced non-
radiative recombination.

Figures 2(h) and 2(i) present the PL intensity and life-
time of InSe with different layer numbers in the heterostruc-
ture region (black solid circles) and pristine InSe (red open cir-
cles), respectively. As all black data points are above the red
points, InSe in heterostructures exhibits enhanced PL inten-
sity and enlarged PL lifetime due to electrons and holes from
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WS,. Notably, the increase in PL intensity observed in 6L is
more pronounced than that in 4L, which is attributed to the
larger conduction band offset. Since the CB offset between
the two materials in the heterostructure is the critical factor
influencing electron transfer, a larger offset enhances the driv-

ing force for charge transfer, thereby facilitating the charge
transfer process.?%33! For InSe layers thicker than 6L, the en-
hancement of PL intensity and extension of lifetime become
less prominent, mainly due to the increased intrinsic carriers
of InSe.
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Fig. 2. (a) Band alignment of 48L-InSe/1L-WS,. (b) AFM topography of 6L InSe and 1L WS,. (c) Kelvin probe force microscopy (KPFM)
of 6L InSe and 1L WS,. (d) Optical images of InSe/WS, heterostructure. The white dashed lines indicate 1L WS;. The layer number of InSe
flakes is labeled. (e) and (f) show PL spectra and lifetime of 6L InSe in heterostructure and pristine InSe. (g) PL mapping of sample shown in
(d). The pristine WS, and heterostructure regions are indicated by colored lines. (h) and (i) show PL intensity and lifetime of pristine InSe and

InSe in heterostructures (HS-InSe) as a function of layer number.

To reveal the interfacial charge transfer effect on the emis-
sion properties of WS;, we investigated the PL spectra and
lifetime of WS, in InSe/WS; heterostructures with different
InSe thicknesses (Fig. 3). Together with the data from pris-
tine monolayer WS,, we show the PL spectra of WS, in het-
erostructures with InSe layers varying from 4L to 8L and bulk
InSe as well in Fig. 3(a). All spectra can be fitted with two
peaks, which correspond to emissions from excitons located
at 2.01 eV (red curves) and from trions located at 1.98 eV
(green curves). The total PL intensities with different InSe
layers are shown in the upper panel of Fig. 3(c), which ex-
hibits a decreasing trend as the thickness of InSe increases.
This observation agrees with the fact that the overall emission
efficiency reduces due to the presence of trions. After fitting
all spectra shown in Fig. 3(a), we obtained the ratio of trion to

exciton PL emission intensity as a function of the InSe layer
number (middle panel of Fig. 3(c)). Figure 3(b) presents the
normalized TRPL of WS, in InSe/WS, heterostructures with
different InSe thicknesses. By using double exponential fit-
ting, we obtained the relationship between the PL lifetime of
WS, and the InSe thickness, as shown in the bottom panel of
Fig. 3(c).

As the number of InSe layers in the heterostructure in-
creases, the ratio of trions and the lifetime of WS, show non-
monotonic dependence. These phenomena can be explained
as follows. In InSe/WS, heterostructures, the CB offset is
much larger than the VB offset, which leads to a significant
transfer of electrons from WS, to InSe. This electron transfer
causes the accumulation of holes in WS,, thereby promoting
the formation of trions. As the number of InSe layers increases
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from 4L to 6L, the CB offset becomes larger, enhancing charge
transfer efficiency and hence increasing the ratio of trions.
When the InSe thickness exceeds 6L, the tunability of the InSe
bandgap with layer thickness is reduced, and the CB offset in-
creases only slightly. Meanwhile, the increase in dielectric
constant begins to influence the exciton binding energy.!”'8]
For heterostructures with thicker InSe, the monolayer WS,
experiences the surrounding with a larger dielectric constant,
which reduces the exciton binding energy in WS,. Because

ratio of trions decreases in heterostructures with thicker InSe.
Regarding the PL lifetime of WS;, from 4L to 6L, the ob-
served reduction in lifetime is attributed to charge transfer.
On the other hand, the increase in the dielectric constant leads
to stronger dielectric screening, which weakens the electron—
hole interaction. This leads to a decrease in the overlap be-
tween the wavefunctions of electrons and holes, thereby re-

ducing the radiative recombination rate and prolonging the PL

trions are more sensitive to the dielectric environment,% the  lifetime.
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Fig. 3. (a) PL spectra of WS, in InSe/WS, heterostructures with different layer numbers. (b) PL decay curves of WS, in different InSe/WS,
heterostructures. (c) PL intensity, trion-to-exciton emission ratio (Xt /Xp), and lifetime of WS, as a function of InSe layer number.

Therefore, we consider that the variations in the trion ra-
tio and PL lifetime are governed by two competing factors:
enhanced charge transfer efficiency and increased dielectric
constant. On one hand, charge transfer reduces the PL lifetime
and enhances hole accumulation, promoting the formation of
trions; on the other hand, an increased dielectric constant with
thick InSe reduces the overall exciton binding energy and the
radiative recombination rate in WS,. According to the exper-
imental observations, we propose that for 4L-6L InSe/WS;
heterostructures, charge transfer dominates, whereas the di-
electric effect dominates for thicker InSe/WS, heterostruc-
tures.

To further tune the excitonic states of WS, within the
heterostructure, we fabricated a single-gate device based
on InSe/WS, and investigated gate-voltage-dependent optical
emission spectra. Figure 4(a) shows the device configuration
and the corresponding optical image, where the areas of InSe

and WS, are indicated by colored lines. The thickness of the
InSe layers in this heterostructure is about 10 nm. The gate
voltage was applied via the Si/SiO; substrate. Figures 4(b)
and 4(c) present the PL mapping of the sample (the area of
which is indicated by red dashed lines in Fig. 4(a)) at a gate
voltage of —15 V for photon energies of 2.005£0.1 eV (neu-
tral exciton) and 1.99 +0.15 eV (trion), respectively. The
WS, region within the heterostructure (labeled as HS-WS5)
exhibits reduced neutral exciton emission (Fig. 4(b)) and en-
hanced trion emission (Fig. 4(c)) compared to pristine WS,.
Figure 4(d) presents the PL spectra taken from WS, in the
heterostructure under gate voltages varying from —15 V to
15 V. As discussed in Fig. 3, due to interfacial charge trans-
fer to InSe, the trions formed in WS5 in the heterostructure are
positively charged (labeled as X ), which is distinct from the
typically observed negatively charged trions in mechanically
exfoliated WS,.37! Under positive gate voltage, the PL emis-
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sion of WS, increases, which is attributed to the neutralization
of positively charged trions by gate-induced electrons, promot-
ing the conversion of trions into neutral excitons. Conversely,
under negative gate voltages, the PL intensity is reduced, fur-
ther confirming that the trions of WS, in the InSe/WS, het-
erostructure are positively charged. This phenomenon clearly
demonstrates that gate voltage regulation can effectively al-
ter exciton PL emissions. Figure 4(e) presents a 2D plot of the
normalized PL spectra of WS, in the heterostructure. This plot
provides clear experimental evidence that trions and neutral
excitons dominate the PL emission under negative and posi-
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tive gate voltages, respectively. To further quantify the relative
changes between trions and neutral excitons, Fig. 4(f) shows
the ratio of integrated PL emission contributions from trions
to neutral excitons in the heterostructure region as a function
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and —15 V with their spectral fitting of trion (red curves) and
exciton (green curves) contributions. The ratio increases from
0.32 to 3.8 when the gate voltage changes from 15 Vto —15V,

clearly demonstrating the impact of gate voltage on the trion

ratio.
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Fig. 4. (a) Device configuration and optical image of the InSe/WS, heterostructure. The scale bar is 10 pm. (b) and (c) PL mapping of the
sample under a gate voltage of —15 V. The pristine WS, and heterostructure regions are indicated by colored lines. The white dashed lines
indicate electrodes. (d) PL spectra of WS, in heterostructure under gate voltages varying from —15 V to 15 V. (e) 2D contour plot of normalized
gate-dependent PL for WS, in heterostructure. (f) Integrated emission intensity ratio of X /Xy of WS; in heterostructure under gate voltages

ranging from —15 V to 15 V. The insets show the normalized PL spectra at —15 V and 15 V.

4. Conclusion and perspectives

In summary, we have carried out a systematic investiga-
tion of layer-dependent exciton dynamics in InSe/WS, het-
erostructures. Through layer-resolved PL lifetime measure-
ments of FL InSe at room temperature, we demonstrated the
crucial role of the indirect-to-direct bandgap transition. This
transition enhances the radiative recombination efficiency of
InSe by simultaneously increasing PL intensity and reducing
PL lifetime, thereby providing deeper insights into its exciton
dynamics.

By fabricating heterostructures comprising InSe layers
of varying thickness and monolayer WS,, we examined how
charge transfer regulates the PL intensity and lifetime of InSe.
Experimental results revealed that the type-I band alignment
facilitates efficient charge transfer, enabling both electron and
hole injection from WS, to InSe. This process enhances the
PL intensity and extends the PL lifetime of InSe.

Through bandgap engineering, we further achieved pre-
cise modulation of the trion-to-exciton ratio in WS,. Notably,
our analysis identified 6L InSe as a critical thickness, where
the conduction band offset is optimized to maximize charge
transfer efficiency, resulting in the highest trion population and
the shortest PL lifetime in WS;. Beyond 6L, the enhanced di-
electric screening effect weakens the influence of interlayer
charge transfer on trion generation and PL lifetime, although
charge transfer still suppresses the PL intensity of WS,.

Moreover, gate voltage modulation experiments further
elucidated the trion formation mechanism and highlighted the
pivotal role of charge transfer in governing excitonic states.
Considering carrier mobility, PL intensity, and the trion-to-
exciton ratio, we conclude that the 6L InSe/ML WS, het-
erostructure offers the most promising potential for optoelec-

tronic applications among the studied configurations.
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