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Fabrication of large-area atomically thin transition metal dichalcogenides is of critical importance for the prepara-
tion of new heterojunction-based devices. In this paper, we report the fabrication and optical investigation of large-scale
chemical vapor deposition (CVD)-grown monolayer MoS, and exfoliated few-layer GaS heterojunctions. As revealed by
photoluminescence (PL) characterization, the as-fabricated heterojunctions demonstrated edge interaction between the two
layers. The heterojunction was sensitive to annealing and showed increased interaction upon annealing at 300 °C under
vacuum conditions, which led to changes in both the emission peak position and intensity resulting from the strong coupling
interaction between the two layers. Low-temperature PL. measurements further confirmed the strong coupling interaction.
In addition, defect-related GaS luminescence was observed in our few-layer GaS, and the PL mapping provided evidence
of edge interaction coupling between the two layers. These findings are interesting and provide the basis for creating new
material systems with rich functionalities and novel physical effects.

Keywords: chemical vapor deposition (CVD) growth, two-dimensional (2D) heterojunctions, annealing,

strong coupling
PACS: 81.07.-b, 78.55.—m, 78.67.Pt, 68.03.Cd

1. Introduction

Two-dimensional (2D) materials have triggered great re-
search interest since the discovery of graphene, in which quan-
tum coupling exists between the 2D atomic layers stacked
through van der Waals forces.!!! These materials have po-
tential applications in optoelectronics, solar cells, transistors,
photodetectors, and catalysts.[>!! In addition, 2D soft matters
have great advantages, such as light weight, structural con-
trol, flexibility, and diversity of fabrication approaches, and
are thus indispensable to the branches of materials science.
The fabrication strategies developed so far for 2D nanomateri-
als mainly involve the exfoliation of layered crystals, chemical
vapor deposition (CVD), chemical synthesis, template synthe-
sis, self-assembly, and the combination of some of the above
methods.'%131 Thus, 2D soft nanomaterials are fascinating
research subjects from the perspectives of both fundamental
study and practical applications. !4

The softness and flexibility of the layered structures en-
able us to tailor their optoelectronic properties freely. For ex-
ample, 2D materials have layer-dependent bandgaps, such as
MoS,, whose indirect bandgap of 1.3 eV in the bulk crossovers
to a direct bandgap of 1.9 eV in the monolayer. Moreover, it is
desirable to achieve a wider optical spectral response by sys-
tematically controlling the bandgap of layered MoS,, such as
by forming heterostructures with other 2D materials. MoS;-
based hybrid materials are very interesting and challenging
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from a fundamental point of view, and they have only begun
to make their way into the broader fields of science and tech-
nology from both experimental and theoretical studies.[!>-!#]
Heterojunction fabrication methods have been shown to
exert a profound effect on the properties of MoS,. For ex-
ample, MoS,/WS, heterojunctions were fabricated and their
gas-dependent low-temperature photoluminescence (PL) was
studied.""”! Moreover, WSe,/MoS, photodiodes have been
investigated.?%! In addition, 2D Ga$S has good photoresponse
properties and is a promising material for photodetectors. ?!!
MoS,/GaS heterojunctions are also a potential candidate for
photodetectors. In this regard, we fabricated MoS,/GaS het-
erojunctions and studied their optical properties. We found
that their interaction coupling increased upon annealing, lead-
ing to an enhanced band shoulder emission. Interestingly, we
observed defect-related emission of GaS, which is believed to
be non-emissive because it is an indirect-bandgap material.

2. Experimental details

GaS was fabricated by the so-called exfoliation method,
while MoS; was synthesized by the CVD method.

Typically, for MoS, growth, MoO3 (0.3 g, Aladin, 99.9%
purity) was placed in an alumina boat in the center of a hori-
zontal quartz tube furnace with one-inch tube diameter. After
being cleaned with acetone, isopropyl alcohol, and deionized
water, a SiO,/Si substrate (300 nm thickness) was placed up-
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side down above the alumina boat. Then, 0.1 g sulfur was put
in another alumina boat and placed upstream of the furnace.
The furnace was then heated to 810 °C and kept at this temper-
ature for 5 min. During growth, the temperature of the sulfur
region was 180 °C. The reaction was continued for 10 min. Af-
ter the growth was complete, the furnace was quickly cooled
down to room temperature.

Then, a poly (methyl methacrylate) (PMMA) based trans-
fer technique was used to transfer MoS, from the growth sub-
strate. The substrate was spin-coated with PMMA at 3000 rpm
for 30 s and then baked at 150 °C for 20 min, followed by im-
mersion in a 1 M NaOH solution. Once the heterostructure-
coated PMMA floated to the solution surface, it was trans-
ferred to deionized water and washed. It was then scooped
onto the substrate with a GaS layer and dried. The hetero-
junction was formed by removing PMMA via dipping into an
acetone solution.

The heterojunctions were characterized using a Ra-
man/PL spectrometer (Renishaw Inc.) with a 488 nm laser
source. PL measurements were taken with a 5 um? laser spot
of 10 uW power at a low temperature of 77 K using a home-
made vacuum set-up.

3. Results and discussion

During the growth process, triangular pure monolayer
MoS,; crystals were obtained with a size of about 20 um. The
exfoliated GaS was found to be few-layer flakes with a length
of about 40 um. After transition, the two materials partly over-
lapped, this construction enabled the measurement of optical
properties of both the overlapped and non-overlapped parts.
We could then easily compare the properties of each material
before and after the formation of heterojunctions, as shown in
Fig. 1(a).

Fig. 1. (a) Microscopic image of the MoS,/GaS heterojunction, and (b) PL
mapping of the heterojunctions.

The PL properties of the as-transferred heterojunctions
were studied and their emission spectra are shown in Fig. 2(a).
The MoS; spectra had dominant exciton peaks at 1.82 eV,
which are identical to those observed in the monolayer MoS;
spectra,[!%1 this indicates the high optical quality of the materi-
als. Meanwhile, a weak broad emission peak of GaS appeared

in the range of 1.8-2.2 eV. It is noteworthy that although GaS
is non-emissive because it is an indirect-bandgap material, [>*!
we observed a weak defect-related GaS emission, which in-
creased after annealing (this will be discussed in the follow-
ing sections). In the case of heterojunctions, the overlapped
part generated a dominant emission peak at 1.84 eV. However,
its intensity decreased to some extent, which suggests van der
Waals interaction coupling between the two materials. Fur-
thermore, the peak corresponding to the heterojunction blue-
shifted by 0.2 eV, indicating the formation of type-II hetero-
junction between the two materials, wherein both the valence
and conduction bands in the core are lower (or higher) than
those in the shell, therefore, the energy gradient at the inter-
faces tends to spatially separate the electrons and holes on dif-
ferent sides of the heterojunction.!>>~2>! The decrease in peak
intensity corresponding to the heterojunction was clearly ob-
served in the PL mapping data (Fig. 1(b)). In Fig. 1(b), the red
regions correspond to the strongly luminescent MoS,, whereas
the dark regions correspond to the parts where GasS is located.
The mixed region (colored region of the middle part) is consis-
tent with the part of the heterojunction region. After annealing
at 300 °C for 1 h in vacuum, evident changes occurred in the
heterojunction, and the intensities of peaks corresponding to
all parts of the sample increased remarkably.

First, for the bare MoS, part, the peak red-shifted from
1.84 eV to 1.829 eV and a broad high-energy shoulder ap-
peared. The high-energy shoulder was believed to originate
from nitron-exciton emission of MoS,, while the dominant
peak possibly arose due to a higher density of point defects
(S vacancies) and defect clusters created by annealing. As
we know, vacancies are a series of highly non-equilibrium,
random, and isolated defects, and thermal annealing is much
slower and may facilitate the formation of vacancy clusters
with different configurations. These defect complexes may
have different exciton binding energies, which broaden the ob-
served defect PL peak./?®! Normally, annealing decreases de-
fects at a suitable temperature, however, in our case, annealing
not only increased the intensity of emission but also resulted
in defect-related emission. This happens because the anneal-
ing increased the coupling between the few layer GaS and the
atomic layer thick MoS,. The expanded crystal structure led to
an increase in emission intensity, while the coupling between
the two materials exerted stress on MoS,, thereby affecting
the structure of MoS,, resulting in the generation of a MoS;
shoulder peak. Second, the emission peak of GaS was found
at 2.05 eV, which has never been reported before. We be-
lieve that this emission peak originated from the defect-related
emission of GaS, as it is an indirect-bandgap material. Third,
the emission spectrum of the heterojunction, which is the most
concerned part, was composed of two dominant peaks, one lo-
cated at 1.825 eV and the other, a high-energy peak, located
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at about 2.05 eV. From the shape of the spectrum, we can de-
duce that a strong interaction coupling existed between the two
parts of the materials, which indicates that annealing enhanced
the interaction coupling, as shown in Fig. 2(b).
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Fig. 2. (a) The PL properties of different parts of the as-transferred
heterojunctions. (b) The PL properties of different parts of the 300 °C
annealed heterojunctions.

To further study the effect of annealing on the perfor-
mance of the heterojunctions, power-dependent PL measure-
ments were conducted to study the evolution of emission from
the overlapped parts of the heterojunctions, as shown in Fig. 3.
The intensity of the emission increased with an increase in ex-
citation power. The non-linear increase in intensity with in-
creasing excitation power indicated that a defect-related emis-
sion occurred in the heterojunctions, as seen from the insert
in Fig. 3. The defects originated partly from the stress caused
by the interlayer coupling and partly from the surface states of
MoS, and defects of GaS.

Low-temperature PL measurements were carried out to
gain further insight into the emission properties of the hetero-
junction. From the temperature-dependent PL spectra shown
in Fig. 4, we found that the intensity of MoS, decreased with
an increase in temperature, while the peak red-shifted from
1.88 eV at 77 K back to 1.84 eV at 300 K with a decrease
in intensity. Moreover, no new peak emerged in the mea-
sured range (Fig. 4(a)). In addition, the heterojunction spec-
trum showed a gradual red shift in the peak position and a de-
crease in intensity with the increase in temperature (Fig. 4(b)).
This phenomenon is similar to that observed for 7Zn0,2"! and

the decrease in intensity is the result of thermal ionization of
bound excitons into free excitons at a higher temperature ow-
ing to their smaller binding energy.
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Fig. 3. Power dependent PL of GaS/MoS; heterojunctions measured at
room temperature, the insert shows the dependence of the PL intensity
on the excitation power.
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Fig. 4. Temperature dependent PL of (a) MoS, and (b) MoS,/GaS.

4. Conclusion

In summary, we fabricated MoS;/GaS heterojunctions
and studied their optical properties. As seen from the PL
study, the as-fabricated heterojunctions demonstrated edge in-
teraction between the two layers and the interaction signifi-
cantly increased upon annealing at 300 °C under vacuum con-
ditions, which led to changes in both the emission peak po-
sition and intensity resulting from the strong coupling inter-
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action between the two layers. Low-temperature PL. measure-

ments further confirmed the strong coupling interaction. In ad-

dition, defect-related GaS luminescence was observed in our

few-layer GaS. These findings provide the basis for the study

of MoS,-based heterostructures.
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