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Abstract

This work reports morphologically alike, high-quality monolayer MoS, flakes with a similar strain at various growth tem-
peratures (750-900°C) achieved by adjusting sulfur temperature. The growth dynamics of MoS, are correlated with changes
in the photoluminescence (PL) and Raman peak positions. Monolayer MoS, crystals are synthesized at different growth
temperatures from 750°C to 900°C using chemical vapor deposition (CVD). We examined the structural quality and aimed
to extract the recombination mechanisms in MoS, using low-temperature, variable, and low-laser-intensity PL. measure-
ments. Our studies of the defect-associated bound exciton emission are well correlated with the blueshift in the A;, mode
of Raman spectra, blueshift in PL spectra, and x-ray photoelectron spectroscopy results for crystal grown at 900°C. Our
research findings not only shed light on a thorough, non-intrusive method for modifying growth parameters to enhance optical
performance, but they also suggest a way to modify the optical characteristics of MoS, while maintaining the morphology.
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Introduction

Beyond graphene, the discovery of two-dimensional (2D)
materials, particularly transition-metal dichalcogenides
(TMDC),"? has widened the scope of research into 2D mate-
rials. For their potential use in low-dimensional electrical
and optical devices in a range of sectors, such as optoelec-
tronics, '~ catalysts,’ sensors,” memory cell® and field effect
transistors,’ monolayer TMDCs such as MoS,, WS,, and
WSe, have gained considerable attention in recent years.
These layered materials differ from their bulk counterparts
in several ways. The bulk equivalent of MoS, has an indirect
bandgap of 1.29 eV,'” whereas monolayer MoS, has a direct
bandgap of 1.9 eV.! Because of the inversion symmetry
breaking that occurs when a monolayer of MoS, is sepa-
rated from a bulk crystal, the bandgap shifts from indirect
to direct, increasing the optical bandgap (for example, from
1.29 eV for bulk MoS, to 1.9 eV for monolayer MoS,) due to
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the significantly enhanced Coulomb interaction.' The sub-
stantial exciton- and trion-binding energies,!! inversion sym-
metry breaking with spin-orbital coupling,'? and valley Hall
effect'? of MoS, opens exciting potential in next-generation
nanoelectronics and photonics applications. '

Through powerful spectroscopic techniques such as
Raman and PL spectroscopy, electronic and vibrational
properties of 2D flakes'*!> are quantified efficiently. Raman
spectroscopy is a non-destructive technique that has been
widely used to examine 2D material layer counts, twist
angles between layers, edge qualities and kinds, and the
impacts of perturbations such as strain, doping, and mag-
netic and electric fields. MoS, exhibits two IR-active modes
and four Raman-active modes'” (E',,, E*),, A, and E,,)
(Ay, and E, ). While the A, mode is attributed to the out-of-
plane vibration'® of just one S atom in opposite directions,
the in-plane mode El2g is produced by the opposite vibration
of two S atoms with respect to the Mo between them. The in-
plane covalent bonding is robust in these materials, whereas
the interlayer van der Waals interaction is weak. As the layer
number increases, in-plane mode is believed to be affected
by the long-range interlayer coulombic interaction between
molybdenum atoms'> due to the increase in the dielectric
tensor. On the contrary, the out-of-plane mode is found to
be more sensitive to adsorbates on the MoS, surface and
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electron doping.'®!” As MoS, is reduced from a multi-layer
to a monolayer, a direct bandgap excitonic transition is seen
to significantly increase quantum yield. However, factors
including crystal structure, local doping, and strain are likely
to have an impact on the PL signal’s intensities and peak
positions. Recent discoveries have shown that strain can play
a vital role in modulating the bandgap of TMDCs.!¢2° Addi-
tionally, the electrical band structure and mobility of 2D
layers have been influenced by substrate-induced effects.’-*3
The strain and charge doping in 2D materials shift its pho-
non modes, and these shifts are due to the anharmonicity of
molecular potentials, which can be probed by micro-Raman
spectroscopy.?® The mechanical strain?® is shown to perturb
the band structure of MoS, and carrier effective mass. Since
the in-plane El2g mode is sensitive to strain,”® thus, on apply-
ing compressive or tensile strain, the El2g mode either blue
or red shifts, whereas the out-of-plane mode Alg remains
constant. Shifts in the El2g and A, modes are seen in sub-
strates such as sapphire, mica, and SiO,, which is a sign
of strain and charge doping from the underlying substrates.
Further, the A,, phonons with atomic displacements paral-
lel to the c axis are involved in controlling the mobility of
the carriers.”’

The transport and optical characteristics of the host mate-
rial are greatly influenced by electrons, holes, and excitons.
Lattice point defects such as vacancies and interstitials in
semiconductors can function as very effective traps for these
particles.’® If excitons attached to defects combine again
radiatively, light is emitted at energies below the optical band
transition energy. Because of the electron wave function's
more precise localization, these interactions are stronger in
decreased dimensions. In the past, vacancy defects in pris-
tine MoS, have been introduced and controlled by electron
irradiation,”*° thermal annealing30 or ion-beam irradiation.>!
The most effective approach for producing high-quality,

(a)
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750°C-900°C

125°C-135°C

large-scale films or crystals is chemical vapor deposition
(CVD)*%; however, because chalcogens are highly volatile,
as-grown crystals are susceptible to sulfur deficiencies®® or
anionic vacancies. These sulfur vacancies act as scattering
centers and, therefore, are found to degrade the device per-
formance by lowering the mobility. However, they act as
adsorbing sites that are exploited to improve the HER cata-
lytic performance.* Currently, to the best of our knowledge,
the growth of MoS, is most often reported at lower growth
temperature (700-800°C), while the morphology varies
depending on growth temperatures. In this work, we have
achieved morphologically similar, high-quality monolayer
flakes with similar strain at different growth temperatures
(750-900°C) by tuning the sulfur temperature. The as-grown
crystals are observed to have varying sulfur vacancies. The
variations in PL and Raman peak positions are correlated
with the growth dynamics of MoS,. Additionally, the quality
of the crystals grown at different temperatures is analyzed by
low temperature and varied laser intensity PL. measurements.

Experimental Section
Growth Setup

In this study, utilizing solid sulfur powder and molybde-
num trioxide (MoQj;) as precursors, we synthesize mon-
olayer MoS, films at 750°C, 800°C, 850°C, and 900°C in
20 min. With an additional S (sulfur powder) heating source
upstream through a heating tape, a single-zone horizontal
tube furnace (Fig. la) is employed to generate the mon-
olayer MoS, directly on SiO,/Si substrate. Approximately
200 mg of sulfur-containing quartz is added upstream, while
the heating zone’s core contained SiO,/Si, Si substrates and
10 mg of MoO; powder. SiO,/Si substrate (1.5 cmx 1 cm)
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Fig. 1 (a) Experimental setup for the chemical vapor deposition
(CVD) growth of single-layer MoS, on SiO,/Si. MoO; is placed
inside the heating zone of a furnace and sandwiched between Si
and SiO,/Si, while sulfur is loaded upstream outside the furnace
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and heated separately. (b) Growth (orange) and sulfur (red) heat-
ing profile. (c)—(f) Optical images of MoS, at 750°C, 800°C, 850°C
and 900°C, respectively. All scale bars are 10 pm. (g) Atomic force
microscopy (AFM) images of MoS, grains.
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is cleaned with acetone, IPA (isopropyl alcohol), and DI
water before being placed on top of the MoO,; powder with
a spacing of approximately 0.5 mm. To reduce the oxygen
content and eliminate any remaining impurities, the tube is
then purged with argon for 30 min and then pumped down
to a pressure of 0.667 kPa. The heating process that cor-
responds to the temperature at the furnace's center begins
with a slow ramping rate of between 11°C and 22°C per
min, depending on the temperature set point for the chamber.
This is followed by a gradual heating from room tempera-
ture to 575°C at a rate of about 30°C per min. The furnace’s
temperature is maintained at 750°C, 800°C, 850°C, and
900°C for 20 min before naturally cooling to ambient tem-
perature. Sulfur begins to slowly evaporate at a temperature
near 575°C (Fig. 1b) in the furnace's center and is held at
growth temperatures for the same period. The entire grow-
ing procedure is carried out with 100 sccm argon. The sulfur
heating temperature is adjusted with the growth temperature
to obtain similar morphology (see supplementary Table SI).

Characterization

A Keyence VHX-6000 microscope is used to capture the
MoS, optical microscope (OM) images. Renishaw inVia
Reflex Raman and PL spectroscopy are utilized to exam-
ine the structural and optical characteristics of as-grown
MoS, grains at room and low temperatures. The 532 nm
line of a solid-state laser is used to excite the samples, and
a 50X objective is used to focus the laser beam. For the
Raman (PL) measurements, 1.57 mW of laser power and
1800 lines/m of grating are utilized, respectively. An atomic
force microscope (Bruker Nano AFM) in ScanAssyst mode
is used to examine the surface topography of the grains.
A Thermo Scientific ESCALAB 250Xi is used to conduct
x-ray photoelectron spectroscopic investigations with an
Al-Ka (1486.6 eV) x-ray source.

Results and Discussion

MoO; is first transformed to molecular clusters® during the
growth process, which is followed by condensing of these
molecular clusters into MoO;_, suboxide nanoparticles
under the influence of sulfur vapors at 575°C. Suboxide
nanoparticles are then sulfurized to produce monolayer or
few-layered MoSz.36 The dynamics of the growth process
are greatly influenced by sulfur vapor concentration. The
generation of suboxide or oxi-chalcogenide particles with
an orthorhombic crystal structure is initiated by the weak
sulfur environment.*’

The strong sulfur environment stems from the formation
of transition-metal fullerenes, while a moderately reducing

environment results in a TMDC monolayer.>**” Therefore,
it becomes crucial to optimize the sulfur temperature in rela-
tion to the growth temperature. Experimentally, it has been
found that the relatively stronger sulfur environment with
respect to the growth temperature yields continuous film of
MoS, instead of triangular domains. The reaction is possibly
occurred in the following steps™®:

X X
MoO; + ES — MoO,_,, + ESOZ (D

(7-%

3 -
MoO;s_, + ——5—8 — MoS, + Shnb

SO, @

At substrate regions directly above the precursor, the
vapor flux is greatest. The concentration of MoO;_, varies
over the substrate’s length. Because of the high precursor
ratio in the center of the substrate, there is a mixture of con-
tinuous film and large flakes of around 50 um to 70 um. At
the downstream end of the substrate, comparatively smaller
flakes of around 10-30 um are observed (see supplementary
Figure S1). The increase in growth temperature results in
the increase of domain size. At lower growth temperature,
fewer active mobile species are produced due to the low
sublimation rate of precursors. Since the diffusion rate is low
at lower growth temperatures, the grain size obtained is com-
paratively small. Increase in temperature accelerates the dif-
fusion of mobile species and thus larger grains are produced.
Additionally, it is discovered that when the growth tempera-
ture increases, the nucleation density decreases. Our find-
ings are consistent with the nucleation model of the vapor
phase deposition proposed by Burton and Cabrera, which
states that the nucleation probability is inversely related to
substrate temperature and inversely proportional to super-
saturation.>” The optical mapping of CVD-grown MoS,
shows uniform flake color in Fig. 1c—f, indicating that the
crystals are free from grain boundaries and adlayers. Each
grain's step height is 0.91 nm (Fig. 1g), further confirming
the growth of a monolayer MoS,.?’

Raman and PL spectroscopy are utilized to collect lat-
tice vibrations and excitonic (electron—hole pair genera-
tion) properties, respectively, of MoS, grown by CVD. The
Raman mapping of MoS, grains at all growth temperatures
is presented in supplementary Figure S2 and reveals that
the as-grown crystals exhibit uniform crystallinity and spa-
tial uniformity. The Raman spectra of MoS, grains grown
at different temperatures are displayed in Fig. 2a. The Elzg
peak which is attributed to the vibration of the Mo-S bond
in the in-plane direction is found at 382.55 cm™' for the
crystals grown at different temperatures. From the Raman
spectra obtained in Fig. 2a, the change in wavenumber is
plotted with respect to the growth temperatures in Fig. 2b.
It is shown in Fig. 2b that the A, mode (attributed to the
vibration of the Mo-S bond in the out-of-plane direction) for
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Fig.2 (a) Raman spectra for MoS, grains at growth temperatures
750°C, 800°C, 850°C and 900°C, respectively. (b) Change in wave-
number of the A;, mode and Elzg mode with respect to growth tem-
peratures. (c) Photoluminescence spectra for MoS, grains at growth
temperatures 750°C, 800°C, 850°C and 900°C, respectively. (d)

growth temperatures 750°C, 800°C, and 850°C (shown by
the red dotted line) is found at 404.62 cm™! while for crystals
grown at 900°C, this mode is found at 407.21 cm™!, and thus
it is up-shifted by 2.6 cm™!, while the El2g mode (shown
by the black dotted line) remains constant at 382.55 cm™".
We observe a strong PL emission peak (Fig. 2¢) around
1.81-1.83 eV for grains grown at 750°C, 800°C, and 850°C
respectively, and a weaker emission peak around 1.89 eV.
However, for a growth temperature of 900°C, the PL peak
shows a blueshift to 1.87-1.91 eV (Fig. 2d). The two bands,
A and B, have been classified as direct excitonic transitions
as a result of the valence band's spin—orbit splitting. The
relative strengths of the A and B emission features in our
samples are a sign of a high-quality monolayer sample.*’
Furthermore, the PL emission from the MoS, grains grown
at 750°C, 800°C, and 850°C is found to be enhanced around
six- to sevenfold compared to the emission intensity of the
MoS, grains grown at 900°C.

It has been well established that both strain and charge
doping*'™ have an impact on the optical bandgap modula-
tion of MoS,. MoS, bandgap has been found to increase
due to compressive strain (i.e., PL blueshift, El2g mode
blueshift), and tensile strain decreases the bandgap (i.e., PL
redshift, El2g mode redshift),44 while the A . mode remains
constant. To investigate the presence of strain, the Raman
measurements are recorded before and after the wet transfer
of flakes. The optical mapping in Fig. 2e shows the clean
transfer of the grown flakes to the other SiO, substrate. It is
observed that after the transfer there is a blueshift of 4 cm™"
in the Elzg mode (Fig. 2f), indicative of tensile strain present
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Change in bandgap of as-grown MoS, grains with respect to the
growth temperatures. (e) Optical image of flakes after wet transfer.
Scale is 100 pm. (f) Comparison of Raman spectra before and after
wet transfer.

in our grown samples. The Raman spectra of the as-grown
samples in Fig. 2a show that the E peak is constant for all
growth temperatures, thus indicating that there is some strain
present at all growth temperatures. As a result, the strain
cannot explain the observed blueshift. To clarify the cause
of the PL blueshift seen in our sample, measurements at
low laser and varied intensities are performed to extract the
information about the recombination mechanism and pres-
ence of defects.

High excitation power intensities are predicted to cause
the PL intensity of the bound exciton (X,) to saturate when
its associated defects are present.45 Bound excitons (X,) are
associated with the defects present in the crystals. An e-h
pair bound to a defect is usually the cause of an additional
energy lower than the bandgap energy (free neutral excitons,
Xo). Therefore, at low laser excitation, the bound exciton
peak is enhanced. Defect peak intensity as a function of
excitation power dependence is shown in Fig. 3a. At 900°C
growth temperature, there is a defect origin peak indicating
the presence of defects. The intensity of the bound exci-
ton peak is found to be pronounced for the 900°C growth
temperature. To further confirm the presence of defects and
extract information on the recombination mechanism at the
highest growth temperature, PL spectra are recorded at dif-
ferent laser intensities (Fig. 3b-h, supplementary Figure
S3). The luminescence intensity I of PL emission lines is
reported to be proportional to P¥, where P is the power of
the exciting laser radiation and k has a value of 1 <k <2 for
band-to-band transition and k < 1 for transitions caused by
defects and donors/acceptors.*® The plot of PL intensity area
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under the curve*® with respect to different excitation power
is shown in the insets in Fig. 3b-h. It is a nearly linear plot
with a positive slope, which improves linearly from 750°C
to 850°C growth temperature, thus showing that the recom-
bination is mainly direct band-to-band radiative, and then
decreases (Fig. 3j) for 900°C growth temperature, implying
the presence of defect states.*

We further assess the optical quality of the as-grown
MoS, crystals by performing low-temperature PL. meas-
urements (Fig. 4a—d). The disparities in PL intensities of
MoS, grown at different temperatures are easier to under-
stand once the defects in MoS, have been identified. The
PL quantum efficiency is as follows:
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Fig.3 (a) PL intensity of bound excitons (X,;) and free excitons (X,)
as a function of excitation laser power for crystal grown at 900°C.
PL spectra at different laser excitation power as a function of photon
energy for (b) crystals grown at 750°C, inset. (c) PL intensity area
variation vs. different laser excitation. (d) Crystals grown at 800°C,
inset. (e) PL intensity area variation vs. different laser excitation. (f)
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Crystals grown at 850°C, inset. (g) PL intensity area variation vs.
different laser excitation. (h) Crystals grown at 900°C, inset. (i) PL
intensity area variation vs. different laser excitation. (j) Slope of PL
curves (obtained from linear fitting of the data points collected at dif-
ferent laser power) measured for all growth temperatures.
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Fig.4 PL spectra measured over the temperature range from 77 to 300 K of a MoS, monolayer grown at (a) 750°C, (b) 800°C, (c) 850°C, and
(d) 900°C, respectively, (e) Recombination pathways for electrons in the presence of defects.
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Fig. 5 X-ray photoelectron spectroscopy (XPS) core level spectra of Mo 3d and S 2p of MoS, grown at 750°C (a and b), 800°C (c and d), 850°C

(e and f), and 900°C (g and h).

rl - kx + kl’lX (3)
knx = kdefecl + krelax + kother (4)

where radiative and non-radiative recombination rates are
k. and k,,, respectively; the non-radiative recombination
caused by a defect is represented by kg 3 the electron
relaxation in the conduction and valence bands is repre-
sented by k,.,,; and other non-radiative recombination pro-
cesses, such as Auger recombination,?’ are represented by
komer- As the defect concentration increases for the crystal
grown at 900°C, k... and ultimately k,, significantly result
in PL intensity quenching. TMDCs grown by CVD feature
many chalcogen vacancies because chalcogenides are highly
volatile, thus making them extremely susceptible to chal-
cogen deficiencies.*” The S vacancies are found to be the
most common point defects in MoS,grown by CVD, and
they have the ability to introduce localized donor states with
energies that were 0.3 eV below the conduction band mini-
mum and 0.2 eV above the valence band minimum within
the bandgap.*® The bandgaps of the direct-gap semiconduc-
tor monolayer MoS, are located at the K and K’ points of
the Brillouin zone. In the absence of charged impurities,
short-range defects, S vacancies, or trapped charges*’ at the
interface between MoS, and oxide dielectrics, the major-
ity of excited electrons in MoS, grains shift to the lower
states. However, in a situation of localized defects (Fig. 4e),
produces a continuum of states. Within a diffusion length
of the edge of the defect, the trap will draw in electrons and
holes, causing them to non-radiatively recombine via the
continuum of states to quench the PL intensity. The pho-
toluminescence results at low laser intensity and low tem-
perature show that the defect level is present around 1.65 eV.

@ Springer

Since doping typically alters the position of the Raman A,
mode, the upshift of the Raman A,, mode seen in the MoS,
crystals grown at 900°C confirms this claim.

Furthermore, an investigation employing X-ray pho-
toelectron spectroscopy is used to investigate the surface
chemical states of Mo and S in our morphologically identical
MoS, crystals grown at various temperatures to substan-
tiate the findings of sulfur vacancies. Further, the results
in Fig. 5 show that Mo is present in two distinct chemical
environments across all samples. In as-grown MoS, crystals,
Mo is found to exist in two different oxidation states, Mo**
and Mo®", which correspond to the Mo-S and Mo-O bond-
ing conditions.***** The Mo:S ratio is found to be approxi-
mately 1:1.83+0.13 (750°C), 1:1.8056 +0.31 (800°C),
1:1.1.922+0.32 (850°C), and 1:1.6173 +0.13 (900°C). This
indicates the change in the stoichiometry of MoS, crystals
grown at different temperatures. The amount of sulfur pre-
cursor placed in the CVD growth tube is the same at each
growth temperature, but the variation in the stoichiometry
of MoS, suggests that the growth temperature played a role
in the Mo:S ratio. According to the findings, MoS, crystals
grown at 900°C are found to have more anionic vacancies
than crystals grown at other temperatures. At the higher
growth temperatures, the results indicate that extra charges
are introduced by the sulfur vacancies and the extra sulfur
screens the formation of excitons. It has been found that
Mo d,? states contribute to the conduction band minimum
(CBM) and valence band maximum (VBM) at the K point,
while Mo d,, and S p states dominate the CBM at K-I" and
the VBM at I.% It is possible that the change in the sulfur
ratio affected the VBM at I, thus quenching the PL effi-
ciency. Fewer anionic vacancies are created in our case than
in other techniques such as thermal annealing or electron
beam irradiation because the intensity of bound excitons
(Xy) is lower.
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Conclusions

The growth of MoS, at different temperatures while main-
taining similar morphology is successfully demonstrated.
To explore the structural defects in MoS,produced by
CVD, low-temperature, variable laser intensity, and low
laser intensity PL measurements are carried out. Our
experimental results suggest that crystals grown at higher
temperature (900°C) are prone to sulfur vacancies. The
Mo:S ratio determined by XPS shows lower sulfur con-
centration in crystals produced at 900°C. The growth tem-
perature of 850°C exhibits higher quality crystals. Experi-
mental evidence shows that the anionic vacancies act as
defect sites to modulate MoS, optical bandgap in a way
that causes a new peak to appear below it. These bound
excitons are produced as a result of localizing excitons
at the defect sites. Our work provides an effective way to
grow these crystals at higher temperatures and achieve
tunable electronic and optical properties of MoS,, and also
provides a path to grow different TMDC layers and their
heterostructures at higher growth temperatures.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11664-023-10463-1.
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