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emission in monolayer p-MoS, and its
hetero-bilayer by reverse charge injectionf

{ M) Check for updates ‘

Cite this: Nanoscale, 2025, 17, 1473

a

Rashed H. Lone,
E. S. Kannan (2?2

*12P Shreya Gaonkar, (2 12 B. Manoj Kumar €22 and

Monolayer 2D transition metal dichalcogenides (TMDs) are known for their direct bandgaps and pro-
nounced excitonic effects, which facilitate efficient light absorption and high photoluminescence (PL). In
this study, we report a significant enhancement in PL emission from monolayers of p-type molybdenum
disulfide (p-MoS,), fabricated on conductive substrates—such as indium tin oxide (ITO) and gold (Au). We
attribute this behaviour to the reverse injection of charge carriers from substrates to p-MoS, and the sub-
sequent localization of electrons and holes in the substrate and p-MoS,, respectively. Such injection of
charge carriers was suppressed when few-layer graphene (FLG) was used as a barrier layer. Further inves-
tigation of the PL emission characteristics from a vertically stacked hetero-bilayer (the p—n interface) of
p-MoS, and n-MoSe; revealed a single resonant high-emission PL peak at 1.64 eV with the PL emission
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from this heterostructure significantly higher than that from free-standing monolayers. This finding con-
trasts sharply with the PL quenching often seen in hetero-bilayers with an n—n interface. These findings
offer valuable insights into the fundamental optical and electronic properties of 2D TMDs and their

Open Access Article. Published on 25 November 2024. Downloaded on 5/9/2026 6:46:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/nanoscale

Introduction

Two-dimensional (2D) transition metal dichalcogenides
(TMDs), characterized by their atomically thin layered struc-
tures, strong spin-orbit coupling, and broken inversion sym-
metry, have gained prominence as a promising class of
materials for both fundamental research and technological
applications."™ The isolation of individual monolayers in these
structures is easier as the layers are held together by weak van
der Waals forces.” Upon photoexcitation, these monolayers
generate tightly bound excitons (electron-hole pairs), resulting
in exceptionally strong light-matter interactions. This unique
property of excitonic emission makes monolayer TMDs highly
promising for optoelectronic applications, including photo-
detectors, light-emitting diodes, and photovoltaic devices.>®
However, the performance (such as excitonic emission) of these
devices is often limited by the presence of a large number of
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heterostructures, which are essential for optimizing these materials for optoelectronic applications.

intrinsic defects in TMDs, such as chalcogen vacancies, which
initiate non-radiative decay processes occurring on the sub-
picosecond timescale [0.1 ps]. Consequently, the radiative
decay process, which is typically slower [100 ps to 1 ns], contrib-
utes to less than 1% of the overall recombination, leading to a
very low PL quantum yield and reduced device efficiency.

To overcome these challenges, various methods have been
employed to tune the excitonic emission in 2D van der Waals
materials, including chemical functionalization and surface
passivation (defect engineering, doping, and chemical
treatment),”** light-matter interactions (optical cavity coup-
ling and plasmonic enhancement),’**® structural manipu-
lation (layer number control and twist angle engineering),"”°
and interface engineering (metal-semiconductor interfacing
and van der Waals heterostructures)®’°. Although being
effective, chemical functionalization and surface passivation
methods can introduce defects, alter excitonic behavior, and
compromise long-term stability, ultimately reducing PL
enhancement. These approaches also add complexity, increase
costs, and create scalability challenges in device fabrication.
Additionally, solution-based post-treatment processes may
negatively impact the material’s structure and properties due
to solvent interactions. Plasmonic-mediated light-matter inter-
actions involve complex synthesis and device fabrication pro-
cesses, which are often not feasible for practical applications,
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and the PL quantum yield tends to be low. Structural manipu-
lation, such as controlling the number of layers (often achieved
through laser treatment), can lead to defect formation.
Moreover, prolonged treatment may result in etching of the
material layers, which alters both the electronic and optical
properties of the material.'” Although twist angle engineering
holds promise for achieving a high PL quantum yield, precisely
controlling the twist angle remains a challenging task.>
Interface engineering is one of the most widely adopted
methods to control the neutral and charged exciton popu-
lations in material systems, due to its straightforward synthesis
process and ease of device fabrication.*' >’

In interface engineering, upon growing n-type TMDs
directly on a conductive substrate such as gold and copper,
charge transfer from the semiconductor to the metal was
found to yield more positively charged excitons (A") than a
neutral exciton (A°) which leads to quenching in PL emission.
Similarly, it is expected that a metal interfaced with a p-type
semiconductor will create more A° than charged excitons. In
both these cases, one type of exciton gets enhanced at the
expense of the other leading to a moderate increment in the
PL intensity. Another widely used technique to tune the PL
emission is by stacking monolayers of different van der Waals
materials with a similar charge phenotype (i.e. the n-n inter-
face). This combination will create a type II band alignment,
where electrons and holes reach their minimum energy in
adjacent layers. Upon excitation, photo-generated electrons
and holes are driven by the band offset and they drift towards
the neighboring layers. Theoretically, this spatial separation in
heterostructures is expected to produce indirect excitons with
large binding energies, leading to enhanced PL emission.
However, experimental results and first-principles calculations
contradict this expectation, revealing that PL is quenched in
this type of bilayer.”>>* To address this challenge and to miti-
gate charge localization effects caused by built-in electric
fields, it is essential to introduce carrier relaxation sites within
the interlocking layers. These sites can be readily achieved in
hetero-bilayers composed of p- and n-type TMDs, where both
acceptor and donor levels are present. In such a configuration,
electrons in the p-type semiconductor can efficiently relax to
the acceptor level, releasing energy as they return to their
ground state.>' Conversely, holes in the n-type semiconductor
undergo radiative transition by recombining with the excess
electrons. Studies have shown that carrier relaxation in p-type
TMDs often occurs at the acceptor level rather than at the
spin-split valence band.?* This preferential relaxation pathway
significantly increases the likelihood of exciton recombination
and enhances the PL intensity by suppressing the carrier local-
ization typically observed in n-n type hetero-bilayers.

Despite the promising potential of p-n type hetero-bilayers,
no experimental or theoretical studies have been conducted to
explore their PL emission characteristics. We speculate that
this is primarily due to the challenges associated with synthe-
sizing high-quality, highly crystalline p-type monolayers via
chemical vapor deposition (CVD) using substitutional doping
techniques. Although intrinsic p-type TMDs, such as WSe,,
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have been successfully realized through mechanical
exfoliation,*** there have been scarcely any reports on high-

quality monolayers of doped p-type TMDs (e.g., niobium-
doped p-MoS,) achieved with this method. In this work, we
fabricated monolayers of doped p-MoS,, n-MoS,, and n-MoSe,
and a hetero-bilayer consisting of monolayers p-MoS, and
n-MoSe, using a two-step exfoliation process, combining
mechanical exfoliation with photo-exfoliation.®> A significant
enhancement in PL emission was observed in monolayers of
p-MoS, fabricated on ITO and Au substrates and strong res-
onant PL emission was observed at the heterojunction of
p-MoS, and n-MoSe, compared to free-standing monolayers.
These findings not only offer deeper insights into exciton
dynamics in hetero-bilayers but also open new avenues for
research and applications in optoelectronics.

Methods

Materials and methods

Thin flakes (~50 nm) of p-MoS, (niobium doped) and n-MoSe,
were mechanically exfoliated from bulk crystals (purchased
from HQ Graphene) using Nitto tape. These flakes were then
transferred to a polydimethylsiloxane (PDMS) stamp. Using a
2D transfer stage, the flakes on the PDMS stamp were trans-
ferred onto a conductive thin film (gold and indium tin oxide
(ITO)) coated glass substrate [Fig. 1]. A control study was also
conducted using flakes with few-layer graphene (FLG) as a
buffer layer. FLG not only acts as a barrier between the conduc-
tive thin film and the flakes but also provides a defect-free inter-
face. To convert the thin flakes of p-MoS,, n-MoS,, and n-MoSe,
into monolayers, a photo-exfoliation technique was employed.>*
In this process, deionized (DI) water was drop-cast onto the
area covered by the flakes using a micropipette. Light from a
halogen lamp was then directed onto the sample area via a
mirror, while a 5 V bias was applied through the conducting
thin film for 5 minutes. The positive bias drives photo-gener-
ated electrons toward the conducting layer, leaving excess holes
in the TMD flakes. These holes interact with oxygen in water to
form oxide layers which dissolve in water, reducing the flake
thickness. This light-induced exfoliation is self-limiting, halting
once the flakes reach monolayer thickness. This occurs because
monolayer TMDs have a direct bandgap with strong exciton
binding energy, unlike multilayers in which the binding energy
is weaker. The photo-generated electrons and holes which are
strongly bound to each other can no longer be separated by the
applied field which prevents the formation of oxide layers.
Additionally, strong interlayer interactions between the mono-
layers and the substrate provide extra stability. It is important to
note that a conducting substrate is essential for the photo-exfo-
liation technique. Following a similar two-step exfoliation
process, monolayers of n-type MoS, and MoSe, were prepared.
Optical images are shown in Fig. S1 (ESI?}).

In this work, we first demonstrate the realization of mono-
layers of p-type MoS, on different substrates and investigate
their optical characteristics. To fabricate the p-n hetero-

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Process of mechanical exfoliation to obtain thin flakes from the bulk crystals using a PDMS stamp, followed by dry transfer onto desired sub-
strates. The flakes are then subjected to photo-induced exfoliation, where a 5 V voltage bias is applied through the conductive substrate for
5 minutes in the presence of light from a halogen lamp. DI water is drop-cast onto the area covered by the flakes using a micropipette to facilitate

monolayer production.

bilayer, thin flakes of p-MoS, and n-MoSe, were sequentially
stacked, and the photo-exfoliation process was carried out to
reduce their thickness. The formation of monolayers was con-
firmed through Raman spectroscopy and atomic force
microscopy (AFM) measurements. For field effect measure-
ments (to electrically establish electron-dominated conduction
in intrinsic MoSe, and hole-dominated conduction in
niobium-doped MoS,), hexagonal-boron nitride (h-BN) is used
as a gate dielectric and FLG as a back gate electrode. The
source and the drain contacts are made with Au. The channel
length between the source and drain is around 10 pm, and the
thickness of h-BN is around 100 nm. The whole device is fabri-
cated on a silicon substrate with a 300 nm silicon dioxide
layer. The presence of niobium in p-MoS, is confirmed
through an electron dispersive spectrum [Fig. S2, ESIT].

Results and discussion

Initially, we studied p-MoS, and n-MoSe, electrical transfer
characteristics via field-effect measurements. This study aimed
to electrically establish electron-dominated conduction in
intrinsic MoSe, and hole-dominated conduction in niobium-
doped MoS,. The transfer characteristic of n-MoS, was not
shown here for brevity. Fig. 2a-c shows the schematics and
optical micrograph of the field-effect devices fabricated using
these materials respectively. The resistance of p-type MoS, is
found to be three orders of magnitude lower than that of
intrinsic MoSe,, indicating a significantly higher hole concen-
tration in p-MoS,. As a result, tuning the carrier density in
p-MoS, requires a larger electric field compared to its intrinsic

This journal is © The Royal Society of Chemistry 2025

counterparts, as evidenced by the high gate voltage (V)
needed to modulate the channel current [Fig. 2d]. The channel
resistance of p-MoS, decreases as V, shifts from 10 to —10 V,
confirming holes as the majority carriers. Conversely, for elec-
tron-rich n-MoSe,, the channel resistance increases for nega-
tive Vy, [Fig. 2e]. Our study clearly establishes the p-type and
n-type nature of niobium-doped MoS, and intrinsic MoSe,,
respectively.

Fig. 3a—c shows the optical microscopy images of p-MoS, on
three different substrates (ITO, Au, and FLG passivated ITO)
before and after the photo-exfoliation process. The comparative
images clearly demonstrate that the p-MoS, flakes became
highly transparent photoexfoliation. Atomic force
microscopy (AFM) measurements had shown the flake thickness
after exfoliation to be 0.64 nm on ITO, 0.74 nm on Au and
0.76 nm on FLG (Fig. 3d-f). To further verify the formation of
monolayers after photo-exfoliation, Raman spectroscopy was

after

carried out and the Raman spectra are provided in Fig. 3g-i.
Intrinsically, multilayer MoS, (both n-type and p-type) exhibits
two vibrational peaks in its Raman spectra: the E,, (in-plane
vibration) peak at 380 cm™" and the A, (out-of-plane vibration)
peak at 406 cm™".>*78 As the thickness of the multilayer MoS, is
reduced, interlayer interactions decrease, causing the E,, peak to
blue-shift, while the A;, peak undergoes a red shift.
Consequently, the Raman peak difference (Araman) between the
E,, and A;; modes was approximately 26 cm™' before photo-
exfoliation and reduced to 19 cm™" afterward. This shift is con-
sistent with previous studies.*® For n-MoSe,, AFM measurements
had shown the flake thickness after photoexfoliation to be
0.77 nm and a Aggman Of 4 cm™" was observed from 242 cm™ to
238 cm™' (characteristic peak value for monolayers) after the
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Fig. 2 (a) Schematic representation of the FET device designed to establish electron-dominated conduction in intrinsic MoSe, and hole-dominated
conduction in niobium-doped MoS,. h-BN (~100 nm thick) serves as the gate dielectric, while FLG acts as the back gate electrode. Source and drain
contacts are made with gold (Au). The channel length between the source and drain is approximately 10 um. The device is fabricated on a silicon
substrate with a 300 nm silicon dioxide layer. Optical images of FET devices: (b) p-MoS; and (c) n-MoSe;. I4s vs. V4s characteristics of (d) p-MoS, and
(e) n-MoSe, based FET devices.
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Fig. 3 Optical images of p-MoS, before and after photo-exfoliation on (a) ITO, (b) Au and (c) FLG. AFM images of monolayer p-MoS,
obtained from the regions highlighted by red square boxes in the optical images (a, b and c) and height profiles of the monolayer of p-MoS; on (d)
ITO, (e) Au and (f) FLG. Raman spectra of p-MoS, before and after photo-exfoliation on (g) ITO, (h) Au and (i) FLG. Both AFM measurements and
Raman spectroscopy confirm the successful production of monolayers via photo-induced exfoliation.
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Fig. 4 PL emission spectra of p-MoS, before (solid black) and after (solid red) photo-exfoliation on (a) ITO, (b) Au and (c) FLG illustrating the tran-
sition of the material from an indirect to a direct bandgap, further confirming the successful production of monolayers. A Comparison of the PL
emission spectra of monolayers of n-MoS, and p-MoS; on ITO at (d) RT and (e) LNT shows a significant enhancement in PL emission in p-MoS; rela-

tive to n-MoS,.

photoexfoliation process [Fig. S3, ESIf]. All the exfoliated flakes
exhibited Raman signals that were consistent with the previous
reports, which indicates that the photoexfoliation process did
not induce any structural alterations in MoS, (both n-and p-type)
and MoSe,. For the control study on a non-conductive substrate,
the intrinsic Raman spectra of MoS, (both n-type and p-type) on
a Si0,/Si substrate are provided in Fig. S4a and b [ESI{], which is
consistent with previous studies.**® Further evidence of mono-
layer formation is provided by the PL spectrum. No PL emission
from p-MoS, was detected on any of the three substrates prior to
exfoliation. However, after photo-exfoliation, a strong PL peak at

Charge Transfer

Fig. 5

742 nm (A peak) confirms the material’s transition to a direct
bandgap semiconductor [Fig. 4a-c]. Multiple shoulder peaks
between 690 nm and 740 nm are observed on all three substrates
originating from the glass substrate [Fig. S5, ESIf]. For the
control study on a non-conductive substrate, temperature depen-
dent intrinsic PL spectra of MoS, (both n-type and p-type) on a
SiO,/Si substrate are provided in Fig. S4b [ESI{], which is consist-
ent with previous studies.”** 23"

The origin of PL emission in the monolayer p-MoS, can be
understood by comparing its PL spectrum with that of the
monolayer n-type MoS,, both fabricated on the ITO coated
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(a) Schematic of spin splitting of the valence band of p-MoS, causing the excitation of electrons from two different energy levels in the

valence band to the conduction band. (b) Schematic of charge transfer across the metal-semiconductor interface due to work-function differences
between the two materials, causing variations in the spectral weights of neutral excitons and charged excitons (trions). Charge transfer is hindered

when FLG is used as a passivating layer between two ITO and p-MoS,.

This journal is © The Royal Society of Chemistry 2025

Nanoscale, 2025,17,1473-1483 | 1477


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr04009k

Open Access Article. Published on 25 November 2024. Downloaded on 5/9/2026 6:46:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

glass substrate. In n-MoS,, the PL peaks (A and B) arise from
electron transitions between the spin-split valence band and
the conduction band (see schematics given in Fig. 5a).>°
However, the B peak emission is either weak or falls in the
broad range of peaks emerging from the glass substrate. The A
peak consists of charged excitons (A”) and neutral excitons
(A%). In p-MoS,, the A and B peaks are significantly red-shifted,
such that the A peak shifts by 180 meV while the B peak shifts
by 130 meV, and the energy separation between the A and B
peaks is larger by 72 meV compared to n-MoS, [Fig. 4d]. This
suggests that the A peak in p-MoS, originates from an energy
level above the valence band maximum, likely an acceptor
level.

The significantly enhanced PL emission observed from
p-MoS, on the conductive ITO substrate compared to n-MoS,
is attributed to charge transfer from ITO to p-MoS,. This
charge transfer is facilitated by the work function difference
between the two materials which causes the electrons to flow
from the substrate into the semiconductor (see schematics
given in Fig. 5b). In p-MoS,, the excess hole concentration
favours the formation of positive trions (A") over neutral exci-
tons (A°), resulting in a higher spectral weight for A* in the PL
emission compared to A°. As trion formation requires more
energy than neutral excitons, the overall PL intensity is typi-
cally lower. However, by fabricating a monolayer of p-MoS, on
a low work function metal substrate, such as ITO, spectral
weights of A" and A° can be tuned. Here, charge transfer from
the ITO substrate causes variations in spectral weights, with an
increase in the A° concentration and a decrease in the A" con-
centration, as the transferred electrons neutralize the excess
holes typically involved in the three-particle bound system of
A", consequently resulting in enhanced PL emission [Fig. 4d].
The higher intensity of the A peak in p-MoS, compared to
n-MoS, can also be attributed to more favourable electron tran-
sitions from the conduction band minimum to the acceptor
level above the valence band than those to the valence band
states (as in n-MoS,). In n-MoS,, charge transfer from ITO to
n-MosS, is largely inhibited due to the similarity in their work
functions. Consequently, the formation of A~ excitons is

View Article Online
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favoured, resulting in reduced PL emission. Repeating the
study at LNT to minimize substrate and phonon effects and
enhance spectral resolution’®*" produced a similar PL spec-
trum to that at room temperature (RT), with a red shift
(10 nm) in the A peak in both p-MoS, and n-MoS, [Fig. 4e].
This redshift observed at LNT is attributed to the coupling of
free electrons from the substrate with neutral excitons, leading
to the formation of more A~ species with lower recombination
energy. This reduction in the recombination energy is due to
the binding energy cost associated with the additional elec-
trons involved in trion formation. The degree of this shift
depends on both the temperature and the work function
difference between the monolayer and the substrate. At low
temperatures, a significant increase in the PL peak intensities
is observed due to the suppression of phonon-assisted non-
radiative transitions, reduced screening effects, and stronger
Coulomb interactions.

To demonstrate the effects of charge transfer in modulating
the PL emission, the PL behaviour of p-MoS, on an Au sub-
strate was studied. Since Au has a higher work function than
ITO, the reversible charge transfer from the Au substrate to
p-MoS, is less pronounced compared to ITO, which causes
lower PL emission compared to that on ITO [Fig. 6a, solid red].
At LNT, the PL emission is enhanced compared to RT due to
the suppression of phonon-induced non-radiative transitions,
with no observable peak shift [Fig. 6b, solid red]. To further
confirm the role of reversible charge injection in controlling
the spectral weights of A° and A", a passivating layer of FLG
was placed between ITO and p-MoS,. Since FLG and p-MoS,
have similar work functions, no charge accumulates at the
interface and FLG will act solely as a barrier layer. Its role is to
inhibit charge transfer from ITO to p-MoS,, thereby favoring
A" formation. As a result, the PL intensity decreases, which
was confirmed experimentally. At RT, increased screening
effects, thermal excitation, weakened Coulomb interactions,
and enhanced non-radiative recombination paths for A" result
in reduced PL intensity [Fig. 6a, solid black].

However, at LNT, an enhanced, red-shifted PL peak is
observed at 765 nm. This redshift observed at LNT is attribu-
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Fig. 6 Comparison of PL spectra of p-MoS, on substrates ITO (solid blue), Au (solid red) and FLG (solid black) at (a) RT and (b) LNT, illustrating a sig-
nificant enhancement in PL emission on conductive substrates due to charge transfer from the substrates to p-MoS,, induced by work function
differences between the substrates and p-MoS,. (c) PL peak intensity and PL peak wavelength distribution of monolayer p-MoS, on three different

substrates at LNT.
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Fig. 7 Temperature-dependent PL spectra of p-MoS; on (a) ITO, (b) Au and (c) FLG. As the temperature decreases from 0 °C to —175 °C, the PL
intensity increases monotonically on all substrates, attributed to a reduction in carrier scattering and suppression of non-radiative recombination

processes.
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Fig. 8 PL mapping images of monolayers of p-MoS,, obtained from the regions highlighted by red square boxes in the optical images, on (a) ITO,
(b) Au and (c) FLG. The images illustrate consistent emission intensity and wavelength, indicating a uniform, high-quality monolayer flakes.

ted to the same cause as that for the ITO substrate. However,
the shift observed on FLG differs from that on ITO due to the
difference in the work function between the two materials, as
clearly shown in Fig. 6b (solid black). Therefore, ITO and Au
substrates significantly enhance the PL emission of p-MoS,,
far exceeding the emission observed on FLG at both RT and
LNT, with comparable proportions of enhancement. Fig. 6c
illustrates the variation in the PL intensity and wavelength in
relation to different substrates at LNT. The temperature-depen-
dent PL spectra of p-MoS, are depicted in Fig. 7 for three
different substrates, wherein the PL intensity increases mono-
tonically with decreasing temperature on all substrates, which

This journal is © The Royal Society of Chemistry 2025

is attributed to a reduction in carrier scattering and suppres-
sion of non-radiative recombination processes. Similarly, the
temperature-dependent PL spectra of n-MoSe, are presented in
Fig. S6 [ESI{]. Fig. 8 presents PL mapping images of monolayer
p-MoS, on various substrates. The images demonstrate con-
sistent emission intensity and wavelength, indicating a
uniform, high-quality monolayer flakes.

The ratio of the spectral weights of A’ and A" for different
substrates can be extracted by deconvoluting the PL peaks.
Fig. 8 presents the deconvoluted PL emission spectra of
p-MoS, on different substrates at LNT, providing insights into
the spectral weight distribution between A° and A", It is
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Lorentzian peaks (A*, A, and B).

evident that the spectral intensity ratio of A’ to A" is higher on
ITO compared to Au, confirming our earlier hypothesis that
reversible charge transfer is more pronounced on ITO than on
Au, resulting in enhanced PL emission on ITO compared to
that on Au [Fig. 9a and b]. In contrast, in the FLG-passivated
ITO substrate, the spectral weight of A" exceeds that of A°
resulting in weaker PL emission [Fig. 9¢c]. The B peak, arising
from band-to-band transitions, is better resolved in the FLG-
passivated sample due to the complete suppression of sub-
strate peaks. However, in the case of ITO and Au, the substrate
peaks are not completely suppressed, which prevents the B
peak from being resolved. This study clearly demonstrates that
substrate choice plays a crucial role in modulating the PL
emission properties of 2D TMDs and fabricating mono-layers
of p-type TMDs on conducting substrates is an effective way to
enhance their PL emission properties. This is due to the fact
that the carrier concentration in p-type TMDCs is much larger
than that in the n-type TMDs resulting in more number of
charge transfers across the metal-semiconductor junction.
Consequently, p-type MoS, has more A° than the n-type,

50 pm

Before Exfoliation After Exfoliation

thereby exhibiting strong PL emission, highlighting its impor-
tance in device optimization. This strong emission character-
istic can be passed onto the n-type TMD if it is integrated with
p-type TMD. The greater work function difference coupled
with the higher gradient in the carrier concentration will drive
more charge carriers across the p-n bilayers leading to a
greater increase in A® excitons.

Therefore, a hetero-bilayer comprising monolayers of
p-MoS, and n-MoSe, was fabricated on ITO and FLG-passi-
vated ITO substrates with the objective of increasing the PL
intensity [Fig. 10a and b]. The presence of both the monolayers
is confirmed by Raman spectra [Fig. 10c]. n-MoSe, was chosen
instead of n-MoS, because the lower work function of n-MoSe,
ensures a larger carrier injection from n-MoSe, to p-MosS,.
Also, it is observed that the PL peak of n-MoSe, blue shifts to
752 nm from 785 nm at LNT [Fig. 11], which brings an advan-
tage to enhance PL emission at HJ significantly, as PL emis-
sion of p-MoS, is found to be at 752 nm at LNT. At the HJ, the
PL spectra displayed enhanced peaks for both p-MoS, and
n-MoSe, compared to those from free-standing monolayers, on

(e) A,
| —— Heterojunction

g
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Fig. 10 Optical images of the heterostructures of p-MoS, and n-MoSe, before and after photo-exfoliation on (a and b) FLG and (c and d) ITO. (e)
Raman spectra of the heterostructure depicting the corresponding Raman peaks of p-MoS, and n-MoSe;.
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Fig. 12 Comparison plots illustrating the enhancement of PL emission in the heterostructure relative to free-standing monolayers on (a) ITO and
(b) FLG. Comparison plots illustrating enhancement of PL emission in the heterostructure at LNT compared to RT on (c) ITO and (d) FLG.

both the substrates [Fig. 12a and b]. This enhancement is work functions of the materials. Charge transfer occurs from
attributed to the charge transfer within the HJ and across the MoSe, and ITO to MoS,. In contrast, in the FLG-passivated ITO
heterostructure-substrate interface, driven by the differential substrate, charge transfer occurs only from MoSe, to MoS,. It
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is to be noted that in n-MoSe,, the presence of excess electrons
will favour the formation of negative trions (A™) compared to
A° on an insulating substrate.

An enhancement of 192% in the PL emission of MoSe, was
observed compared to the PL peaks of free-standing MoSe,
monolayers on the FLG substrate. This significant increase is
attributed to the charge transfer from MoSe, to MoS, and to
the FLG substrate, which reduces the concentration of A~ (by
increasing the A° concentration) in MoSe,. However, a 118%
increase in PL emission was observed on the ITO substrate,
where charge transfer was limited to interactions between
n-MoSe, and p-MoS,. For p-MoS,, an 85% increase in the PL
intensity was observed on the FLG substrate, facilitated by
charge transfer due to the differential work function of the
materials, and a 17% increase in the PL intensity was noted on
the ITO substrate.

At liquid nitrogen temperature (LNT), highly enhanced PL
emission at 752 nm was recorded for both the hetero-
structures, attributed to a blue shift of 33 nm in the PL peak of
n-MoSe,, from 785 nm (RT) to 752 nm (LNT), and a red shift
of 10 nm in the A peak of p-MoS,, from 742 nm (RT) to
752 nm (LNT). The convergence of these peaks at the same
emission energy of 1.64 eV at LNT results in a single, strong,
and resonant emission peak. The blue shift in n-MoSe, is due
to the increase in the bandgap at low temperatures, consistent
with previous studies.>® In p-MoS,, the red shift is caused by
the coupling of free electrons with neutral excitons, leading to
the formation of A~ with lower recombination energy. LNT
measurements of the heterostructure reveal a significant
enhancement in PL emission, attributed to increased radiative
recombinations [Fig. 12¢ and d]. This unique behavior, charac-
terized by a resonant strong PL emission (A-peak) at the het-
erojunction on both substrates underscores the significant
advantage in enhancing PL emission in p-n hetero-bilayers of
TMDs. These findings indicate that p-type 2D TMDs hold sub-
stantial potential for optoelectronic applications. When inte-
grated with other 2D TMDs, they could offer considerable
advantages for practical nano-electronic device applications.

Conclusion

In this study, we demonstrated reverse charge injection-
induced enhancement of excitonic emission in photo-exfo-
liated monolayers of p-MoS,, attributed to the differential
work function between p-MoS, and substrates. ITO and Au
serve as source charge injectors to p-MoS,, enhancing its PL
emission, while FLG acts as a barrier layer between ITO and
p-MoS,, preventing charge transfer and leading to a sharp
decrease in PL emission. The PL emission of p-MoS, is further
amplified at low temperatures, owing to increased radiative
recombinations. To capitalize on the enhanced PL emission of
p-MoS,, we fabricated a hetero-bilayer on substrates (ITO and
FLG) using the photo-exfoliation technique, consisting of
monolayers of p-MoS, and n-MoSe,. At the HJ, PL emission in
both p-MoS, and n-MoSe, was significantly enhanced com-
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pared to free-standing monolayers on both the substrates.
When cooled to LNT, a single, resonant, and highly intense PL
peak was observed at the HJ at 1.64 eV, resulting from a blue
shift of the n-MoSe, peak and a red shift of the p-MoS, peak.
This enhanced PL emission, observed from both p-MoS, and
n-MoSe, at the same energy at the H]J, along with the increased
PL emission in p-MoS, on low work-function substrates, pro-
vides valuable insights into the role of stacking 2D-TMDs and
substrate selection. This understanding is crucial for advan-
cing the development of next-generation optoelectronic
devices.
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