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The performance of semiconductor optoelectronic devices depends
on efficient photodoping of active materials, where optical excitation
generates photocarriers. Despite more than two decades of research,
efficient photodoping in graphene remains elusive due to the for-
mation of neutral excitons with ultrashort lifetimes. Here, by interfa-
cing graphene with a Janus WSSe monolayer, we achieve unipolar
photodoping of graphene with long-lived carriers. The Janus mono-
layer was synthesized via selenium implantation of WS, monolayers
grown by chemical vapor deposition. We fabricated the heterostruc-
ture by transferring a mechanically exfoliated graphene monolayer
onto the Se-terminated side of WSSe. Through photoluminescence
and transient absorption spectroscopy, we demonstrate that photo-
excited electrons in WSSe transfer efficiently to graphene, while a
portion of the photoexcited holes remains confined in WSSe due to
its built-in electric field. This charge separation leads to a net electron
population in graphene. These electrons exhibit extended lifetimes
due to spatial separation from their recombination partners, offering
a promising route to enhancing the performance of graphene-based
optoelectronic devices.

Introduction

Graphene is widely regarded as a promising optoelectronic
material due to its high charge carrier mobility"* and broad-
band optical absorption.> However, photoexcitation of gra-
phene leads to the formation of tightly bound, charge-neutral
excitons® with short recombination lifetimes on the order of
picoseconds. To enhance the performance of graphene-based
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New concepts

This work presents a novel photodoping strategy for monolayer graphene
that overcomes fundamental limitations imposed by its ultrashort carrier
lifetime (picosecond scale). In contrast to conventional transition metal
dichalcogenide (TMD)/graphene heterostructures where rapid transfer and
recombination of both photocarriers occurs in graphene, the Janus/gra-
phene heterostructure in this work exhibits a unique asymmetric charge
transfer mechanism. The intrinsic out-of-plane electric field of a Janus
WSSe layer can cause efficient electron transfer to graphene while confining
holes in WSSe. This engineered charge separation results in a long-lived net
electron population in graphene, thereby addressing the challenge of
optical doping. This simple bilayer architecture achieves the directional
and persistent charge separation, paving the way for innovative graphene-
based optoelectronic devices and high-performance photodetectors.

optoelectronic devices and leverage graphene’s exceptional
charge transport properties, it is crucial to generate long-lived
charge carriers through optical excitation.

Combining graphene with other two-dimensional (2D) semi-
conductors in van der Waals heterostructures offers a promis-
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Fig. 1 Schematic illustrations of the atomic structures (top panels) and
band alignments (bottom panels) of WS,/graphene (a) and Janus WSSe/
graphene (b) heterostructures. In WS,/graphene, energy transfer (ET) to
graphene is followed by rapid recombination. In Janus WSSe/graphene,
the built-in electric field (E) exerts opposing forces (F) on electrons and
holes, enabling electron transfer while suppressing hole transfer to gra-
phene, thereby resulting in a net charge transfer.

F

ing approach to enhancing performance and addressing these
challenges.” Recent efforts have focused on heterostructures
composed of transition metal dichalcogenides (TMDs) and gra-
phene, where the TMD serves as the light absorption layer and
graphene as the charge transport layer.> ™! However, because semi-
conducting TMDs and graphene form a type-I band alignment, both
electrons and holes photoexcited in the TMD layer transfer to
graphene, resulting in no net charge transfer (CT) but only energy
transfer (ET), as shown in Fig. 1(a). Additionally, recent experiments
have shown that the transferred electrons and holes rapidly recom-
bine in graphene within a few picoseconds,'”™ making it difficult
to harness these photocarriers for high-efficiency devices. To achieve
optical injection of charge carriers in graphene, multilayer hetero-
structures with carefully engineered band alignments are often
required.***!

Here, we demonstrate that a heterostructure composed of
graphene and a Janus TMD enables optical injection of charge
carriers into graphene. A Janus TMD monolayer, consisting of a
transition metal atomic layer sandwiched between two different
chalcogen layers, has been recently synthesized.”*>° Its asymmetric
lattice structure gives rise to a built-in out-of-plane electric field, as
illustrated in Fig. 1(b). In previous works, we showed that this built-
in field in Janus MoSSe and WSSe monolayers can displace
photoexcited electrons and holes in opposite directions,* thereby
influencing interlayer charge transfer dynamics.” In this study, as
shown in Fig. 1(b), we hypothesize that in a Janus WSSe/graphene
heterostructure, the built-in field exerts opposing forces on elec-
trons and holes, promoting electron transfer while suppressing
hole transfer into graphene and thus enabling a net electron
injection into graphene.
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Results and discussion

Fig. 2(a) presents an optical microscope image of the sample,
showing individual Janus WSSe and graphene (Gr) regions,
along with their heterostructure region, enabling direct com-
parisons. The monolayer thickness of the graphene flake was
confirmed by Raman spectroscopy, as shown in Fig. 2(b), where
the 2D peak is higher than the D peak.>**°

To probe photocarrier behavior, photoluminescence (PL)
measurements were performed on different regions of the
sample using continuous-wave laser excitation at 1.96 eV with
an incident power of 10 pW. The laser spot was focused to
approximately 0.5 um using a microscope objective lens. When
the excitation spot was positioned on the Janus WSSe region, a
strong PL peak at 1.85 eV was observed [red curve in Fig. 2(c)],
consistent with previous reports.>” However, when the excita-
tion spot was moved to the heterostructure region, the PL
intensity was quenched by a factor of 28. This strong quenching
indicates that photoexcited carriers in WSSe efficiently transfer
to graphene before recombining in WSSe. This observation
confirms both the high quality of the interface and the occur-
rence of efficient charge or energy transfer. We note that the
features in the range of 1.90-1.95 eV are artifacts introduced by
the filter used to block the 1.96 eV laser.

We first conducted transient absorption measurements to
study the photocarrier dynamics in the heterostructure sample
using a 3.02 eV pump and a 0.83 eV probe. In this configu-
ration, the pump excites both layers, while the probe senses
only carriers in graphene, as its photon energy is well below the
optical bandgap of WSSe (1.85 eV). The pump fluence used in
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Fig. 2 (a) Optical microscope image of the sample. The Janus WSSe/

graphene heterostructure region is outlined in blue. (b) Raman spectrum
of the graphene monolayer. (c) Photoluminescence (PL) spectra of the
Janus WSSe monolayer and the heterostructure regions.
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Fig. 3 (a) Differential reflectance of graphene (Gr) and the Janus WSSe/

graphene heterostructure, measured using a 3.02 eV pump and 0.83 eV
probe pulses. (b) Zoomed-in view of the early probe delay region.

this measurement was 7.4 pJ cm 2, corresponding to an

estimated peak carrier density of 4.6 x 10" ecm 2, based on
an absorbance of 0.067 at 3.02 eV.>” The blue symbols in
Fig. 3(a) show the measured differential reflectance signal,
AR/Ry = (R — Ry)/Ry, where R and R, are the reflectance of the
sample with and without the pump, respectively. The most
notable feature is that a portion of the signal persists for several
hundred picoseconds. Due to the low signal-to-noise ratio, we
were unable to reliably extract a decay time constant through
fitting. Nevertheless, the magenta dashed line in Fig. 3(a)
represents an exponential decay function with a time constant
of 300 ps, which captures the overall trend. Although the exact
decay time is uncertain, the presence of a long-lived component
is evident. Notably, such a feature is absent in previous mea-
surements of conventional WS,/graphene heterostructures.™*
When the same measurement was repeated on bare graphene,
the signal decayed within a few picoseconds (black symbols).
We note that the signal magnitudes from the two measure-
ments are not directly comparable due to differences in pump
absorption and carrier-induced transient absorption efficiency.

To analyze the photocarrier dynamics, Fig. 3(b) presents the
same data as in (a), but focused on early probe delays. The
signal from graphene rises to a peak on a time scale limited by
the instrument response. The solid gray curve represents the
integral of a Gaussian function with a standard deviation of
0.15 ps, corresponding to the intensity cross-correlation of the
pump and probe pulses. The signal then decays exponentially
with a time constant of 0.9 £ 0.1 ps, confirming the ultrashort
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lifetime of photocarriers in graphene. In contrast, the rise of
the signal from the heterostructure is slower. Since most
carriers are photoexcited in the WSSe layer due to its higher
absorbance, this rise reflects the transfer of carriers to gra-
phene. Using a simple model, N(t) = Ny[1 — exp(—t/ty)], where N
and N, represent the time-dependent and peak densities of
transferred carriers in graphene, respectively, we extracted a
carrier transfer time of 7t = 0.25 £ 0.03 ps. The majority of
the signal then decays exponentially with a time constant of
1.7 = 0.2 ps, along with the long-lived component discussed
earlier in Fig. 3(a).

We interpret these features as arising from the influence of
the built-in electric field in WSSe on the photocarrier transfer
process. Upon photoexcitation in WSSe, both electrons and holes
can immediately transfer to graphene. Simultaneously, the built-in
field can drive some holes away from the interface, hindering their
transfer to graphene. As a result of these competing processes, a
fraction of the photoexcited holes remains in WSSe, while all
electrons and most holes transfer to graphene. The transferred
holes rapidly recombine with electrons in graphene, leaving
behind a net population of electrons in graphene and holes in
WSSe. The observed 1.7 ps lifetime is longer than the 0.9 ps
lifetime measured in bare graphene. This difference may be
attributed to variations in the dielectric environment, as the
graphene layers rest on Janus WSSe and SiO,, respectively. Slightly
extended carrier lifetimes in graphene within TMD/graphene
heterostructures have been reported previously.'* Based on the
ratio between the peak signal and the long-lived signal, we
estimate that the net electron density injected in graphene is
approximately 5% of the total carrier density.

To confirm the above interpretation, we next compared the
Janus WSSe/graphene heterostructure with the bare WSSe
monolayer region by directly probing the photocarrier popula-
tion in WSSe. We first studied the carrier dynamics in the WSSe
monolayer using a 2.03 eV pump pulse with a peak fluence of
3.7 yJ em ™ ? to inject photocarriers. The peak carrier density was
estimated to be approximately 3.2 x 10' cm > using an
absorbance of 0.007.>” A 1.84 eV probe, near the optical
bandgap of WSSe, was used to monitor the carrier population.
The red triangles in Fig. 4(a) represent the measured differen-
tial reflectance signal, which can be well fit by a biexponential
decay function, AR/R, = A; exp(—t/t1) + A, exp(—t/t,), with decay
time constants of t; = 5.5 £ 0.8 ps and 1, = 41 + 5 ps (purple
curve). The shorter time constant, 4, is attributed to exciton
formation and hot exciton cooling, while the longer time
constant, 7,, can be reliably assigned to exciton recombination.

When the same measurement was performed on the hetero-
structure region, the signal exhibited a rapid decay. An expo-
nential fit yields a decay time constant of 0.9 + 0.2 ps (magenta
curve), which is attributed to the transfer of the majority of
photocarriers from WSSe to graphene. This result is consistent
with the dynamics observed in Fig. 3 and supports our earlier
interpretation. In addition to the fast decay, the signal also
exhibits a long-lived component. As in Fig. 3(a), we include a
300 ps decay function (magenta dashed line) to illustrate the
long-time behavior, which aligns well with the measured data.
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Fig. 4 (a) Differential reflectance of the Janus WSSe monolayer and the
Janus WSSe/graphene heterostructure regions, measured using a 2.03 eV
pump and 1.84 eV probe pulses. (b) Peak differential reflectance as a
function of probe photon energy.

We attribute this long-lived component to holes that were
excited in WSSe but did not transfer to graphene due to the
built-in electric field. Notably, this component accounts for
approximately 5% of the peak signal, in good agreement with
the proportion of the long-lived signal observed when probing
the graphene layer [Fig. 3]. We note that this percentage reflects
the competition between the immediate transfer of holes to
graphene upon photoexcitation and the effect of the built-in
electric field. Within the range of our study, this ratio remains
independent of the injected carrier density.

To further confirm that the probe monitors carriers in WSSe,
we measured the differential reflectance of both samples while
tuning the probe photon energy. As shown in Fig. 4(b), both
samples exhibit a pronounced resonant feature near the optical
bandgap of WSSe, which is approximately 1.85 eV, consistent
with the PL spectrum in Fig. 2(c).

Conclusion

In summary, we have demonstrated, using transient absorption
and photoluminescence spectroscopy, that a heterostructure
composed of Janus WSSe and graphene enables optical electron
doping of graphene. This effect arises from the built-in electric
field in the Janus layer, which exerts opposite forces on
electrons and holes, resulting in asymmetric charge transfer.
Unlike heterostructures based on conventional TMDs, where
both photoexcited electrons and holes transfer to graphene and
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View Article Online

Nanoscale Horizons

thus yielding no net charge transfer, a fraction of the photo-
excited holes in WSSe remains confined. This leads to a net
electron population in graphene with an extended lifetime.

This optical charge doping in a simple bilayer heterostruc-
ture offers a promising strategy for enhancing the performance
of graphene-based ultrathin optoelectronic devices. For exam-
ple, it enables dynamic photo-modulation of charge carrier
density in graphene photodetectors or transistors without the
need for electrostatic gating or chemical doping. Such non-
invasive and reversible doping mechanisms are advantageous
for ultrafast photonic switches and light-driven logic devices.
Furthermore, the ability to engineer charge carrier dynamics
via the built-in electric field of Janus layers in van der Waals
heterostructures opens new avenues for designing multifunc-
tional 2D material platforms tailored for next-generation opto-
electronics and quantum technologies.

Experimental section
Sample fabrication

Janus WSSe monolayers were obtained via selenium implantation
into WS, monolayers. The WS, monolayers were first synthesized
by chemical vapor deposition on a SiO,/Si substrate, which was
mounted on a heater located 10 cm away from a selenium pellet
target inside a cylindrical stainless-steel chamber. A 248 nm
pulsed KrF excimer laser, operating at a repetition rate of
1-5 Hz with a pulse width of 25 ns, was used to ablate the Se
target in an Ar atmosphere. The laser produced a rectangular beam
spot measuring 1.25 mm X 4.5 mm and delivered an energy
fluence of 1.0 ] ecm™? at the target surface. The heater temperature
was controlled by a PID system with a precision of +2 °C and a
ramp rate of approximately 30 °C per minute. High-quality Janus
WSSe monolayers were obtained under optimized conditions of
20 mTorr pressure and a substrate temperature of 30 °C.***”*!

To fabricate Janus WSSe/graphene heterostructures, gra-
phene flakes were obtained by mechanically exfoliating bulk
graphite crystals (2D semiconductors) using adhesive tape via
the push-and-peel method, followed by transfer onto a poly-
dimethylsiloxane substrate. A selected graphene monolayer was
then transferred onto a Janus WSSe monolayer. The resulting
heterostructure was annealed at 200 °C in an Ar atmosphere for
4 hours to promote interface quality and adhesion.

Transient absorption measurements

The transient absorption measurements were performed using
a setup based on an 80 MHz Ti:sapphire laser and an optical
parametric oscillator (OPO). The desired pump and probe
wavelengths were obtained from the Ti:sapphire laser output,
its second harmonic generated using a nonlinear optical crys-
tal, and the signal output of the OPO. The pump and probe
pulses were co-focused onto the sample using a microscope
objective lens. The reflected probe beam was detected by a
photodiode and processed by a lock-in amplifier referenced to a
mechanical chopper that modulated the pump beam at
approximately 3 kHz.

This journal is © The Royal Society of Chemistry 2025
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