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Abstract
Transition metal dichalcogenides have been extensively studied in recent years because of their
fascinating optical, electrical, and catalytic properties. However, low-cost, scalable production
remains a challenge. Aerosol-assisted chemical vapor deposition (AACVD) provides a new
method for scalable thin film growth. In this study, we demonstrate the growth of molybdenum
disulfide (MoS2) thin films using AACVD method. This method proves its suitability for
low-temperature growth of MoS2 thin films on various substrates, such as glass, silicon dioxide,
quartz, silicon, hexagonal boron nitride, and highly ordered pyrolytic graphite. The as-grown
MoS2 shows evidence of substrate-induced strain. The type of strain and the morphology of the
as-grown MoS2 highly depend on the growth substrate’s surface roughness, crystallinity, and
chemical reactivity. Moreover, the as-grown MoS2 shows the presence of both direct and
indirect band gaps, suitable for exploitation in future electronics and optoelectronics.

Supplementary material for this article is available online
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1. Introduction

Molybdenum disulfide (MoS2) has attracted tremendous
attention owing to its two-dimensional layered structure and
relatively large bandgap, which allows it to be used in
electronics [1, 2], optoelectronics [3, 4], spintronics [5], gas
and molecular sensing, and biomedical applications [6–9].
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For device fabrication, the ability of bandgap tuning is a key
lever of control [10]. This has previously been performed
by various techniques including modulating the thickness of
the material [11–13], doping [14–17], and strain engineering
[18–23]. Strain is an important aspect of device technology
due to its ability to induce changes in the electronic band struc-
ture of semiconducting materials [18]. In MoS2 there are two
ways to introduce strain: through external applied force or
intrinsically via a targeted lattice constant mismatch between
MoS2 and the substrate. There is a substantial amount of work
on extrinsic strain [19–23], but much less research has been
conducted on substrate-induced strain on grown layers. The
effect of lattice mismatch-induced strain in monolayer trans-
ition metal dichalcogenides is well documented [24], however,
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such strain cannot be negligible in multilayer systems. Strain
in multilayers can become relaxed at a critical layer thickness
by the introduction of misfit dislocations [25].

Traditional chemical vapor deposition (CVD) methods
have been shown to produce high-quality monolayer to mul-
tilayer MoS2 with triangular morphology. The morphology of
the MoS2 can be tuned by the growth temperature [26]. Such
CVDmethods involve high temperatures above 800 ◦C for the
sulfurization of the molybdenum trioxide (MoO3) precursor
under high vacuum (∼10−3–10−10 Torr) [27–29]. Thus, the
CVDmethod is rather costly with the incorporation ofmultiple
precursors, the use of high-temperature resistance quartz tubes
and vacuum pumps. To reduce the cost of MoS2 thin film pro-
duction, exfoliation of bulk crystals has previously been stud-
ied but it has its own challenges. Sample qualities are often bet-
ter than their CVD-grown counterparts, but their lateral sizes
are limited to sub-micrometers, significantly smaller than the
hundreds of microns size growth of the CVDmethod [30, 31].

It can be proposed that traditional CVD growth of MoS2
has reached its zenith while non-traditional techniques, such
as aerosol-assisted chemical vapor deposition (AACVD), have
yet to be fully studied. AACVD is a solution-based growth
method which involves the aerosolization of a solvent-based
precursor to grow thin films. The aerosol-like nature of the
precursor reduces growth temperature significantly [32, 33]. In
addition, reducing the violating nature of the precursors poten-
tially provides new avenues for high-quality large-scale cost-
effective thin film production. However, due to the fast growth
rate ranging from 10 s of nm min−1 to 100 s of nm min−1, it is
difficult to control the layer thickness in the monolayer limit
[34]. On the other hand, the role of substrates and their proper-
ties, such as lattice constants, crystallinity, surface roughness,
and chemical reactivity on the AACVD growth process is yet
to be explored.

In this work, we demonstrate the effect of substrate on the
morphology of the as-grown MoS2 thin films. Surface rough-
ness, crystallinity, and chemical reactivity of the substrate and
latticemismatch between the substrate andMoS2 playedmajor
roles in the morphology of the AACVD-grown MoS2. The
growth of 2H-MoS2 was confirmed using a combination of
elemental analysis, x-ray diffraction (XRD), and Raman and
absorption spectroscopies. Raman spectroscopy and XRD are
well-established characterization techniques that infer strain
in semiconducting materials [20, 35, 36]. The experimental
Raman modes were compared with computational results to
confirm the type of strain induced on the AACVD-grown
MoS2 films. Moreover, the optical quality of our grown layers
is comparable with the MoS2 layers grown by the traditional
high temperature CVD method. This study demonstrates the
suitability of our low-cost AACVD method for the growth of
high-quality MoS2 thin films.

2. Experimental methods

Synthesis of tetrakis(diethyldithiocarbamato)molybde-
num(IV) precursor: All reagents were purchased from
Sigma–Aldrich and used without further purification.

The tetrakis(diethyldithiocarbamato)molybdenum(IV)
[Mo(S2CNEt2)4] precursor was synthesized using an
adapted method previously reported by Decoster et al [37].
Molybdenum hexacarbonyl (1.0 g, 3.7 mmol. 1.0 equivalent)
and tetraethyl thiuram disulfide (2.3 g, 7.4 mmol, 2.0 equi-
valent) were refluxed in acetone (40 ml) for 4 h at 80 ◦C.
Then the reaction mixture was slowly cooled to room tem-
perature. The reaction yielded a black/red microcrystalline
solid, which was isolated by suction filtration and washed
with hexane (3 × 30 ml) to provide the title product (1.5 g,
59%). The synthesized precursor was characterized by atten-
uated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy, and XRD (see supporting information S1). Both
ATR-FTIR and XRD spectra matched with previously repor-
ted literature [33, 38, 39].

Substrate preparation: Soda lime Glass, crystalline sil-
icon (Si), Z-cut quarts, and silicon dioxide (SiO2) were cut
into 1 cm × 2 cm pieces. These substrates were ultrason-
icated using acetone and isopropanol (5 minutes in each)
and blow-dried with N2 gas. Then further cleaned with oxy-
gen plasma for 10 minutes using the Henniker’s HPT-200
benchtop plasma system. Hexagonal Boron Nitride (hBN)
crystal was purchased from hq+ graphene and exfoliated
onto a SiO2 substrate using the scotch tape method [40].
Highly Ordered Pyrolytic Graphite (HOPG) was purchased
fromArger Scientific and cleaved into two pieces using a sharp
sculpture blade. The freshly cleaved sides were used for MoS2
deposition.

Aerosol-Assisted Chemical Vapor Deposition
(AACVD): MoS2 was deposited using a precursor molar
concentration ranging from 0.145 to 0.290 mmol. The
Mo(S2CNEt2)4 precursor was dissolved in tetrahydrofuran
(25 ml). The solution was suspended over a piezoelectric
humidifier using a round bottom flask. Through the aerosol-
ization process, an aerosol was produced and carried via a
stream of N2 gas (flow rate: 600 sccm) into a tube furnace,
which contained the targeted growth substrate. The tube fur-
nace was preheated to a temperature of 400 ◦C before the
aerostation of the precursor. MoS2 growth occurred for dif-
ferent durations spanning from 5 minutes to a maximum of
60 minutes. Once the time had elapsed, the furnace was slowly
cooled down to room temperature under the nitrogen atmo-
sphere. The growth temperature of 400 ◦C was selected via
thermogravimetric analysis (TGA). Supporting information
figure S1(c) shows the TGA profile of Mo(S2CNEt2)4, which
exhibited a four-step degradation profile similar to that previ-
ously reported by McCain et al [41]. For temperatures over
700 ◦C, similar to that of traditional CVD, a distribution of
fine black dots was formed along the substrate surface. This
is believed to be a result of the rapid decomposition of the
tetrahydrofuran solvent used to produce the aerosol precursor
preventing the aerosol from depositing on the substrate and
nucleate to form crystals. Therefore, decomposition occurs in
the gas phase resulting in widely spread fine induvial carbon
dots.

Optical studies: Optical images were taken using a Nikon
Eclipse LV100ND optical microscope under brightfield ima-
ging mode with magnification objectives of 5x, 10x, 20x, 50x,
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and 100x. Raman spectra weremeasured using aDXRThermo
Scientific Raman microscope equipped with a 532 nm laser,
a 50x objective and a 900 lines mm−1 grating. Ultraviolet-
visible (UV-Vis) optical adsorption measurements were per-
formed using a 50 Bio Varian UV-Vis spectrometer over a
wavelength range of 200–800 nm. The surface-sensitive ATR-
FTIR was performed using the Nicolet iS10 FTIR spectro-
meter equipped with a standard KBr beam splitter and DTGS
detector in the frequency range of 4000–400 cm−1.

Crystal structure, chemical and topographic charac-
terization: XRD measurements were performed using a D8
Advanced powder diffractometer with a monochromatic Cu-
Kα radiation source of wavelength λα = 1.5418 Å and an
LYNXEYE XE (1D mode) detector for a 2θ range of 5◦–60◦.
X-ray photoelectron spectroscopy (XPS) was performed using
an ESCA2SR spectrometer (ScientaOmicron GmbH) using
monochromated Al Kα radiation (1486.6 eV, 20 mA emis-
sion at 300 W, 1 mm spot size) with a base vacuum pres-
sure of ∼1 × 10−9 mbar. Charge neutralization was achieved
using a low-energy electron flood source (FS40A, PreVac).
Survey spectra were measured using 200 eV pass energy, and
core levels with 50 eV pass energy. Binding energy scale
calibration was performed using C–C in the C 1 s photo-
electron peak at 284.8 eV. Analysis and curve fitting were
performed using Voigt-approximation peaks using CasaXPS
[42]. Scanning electron microscope (SEM) images and energy
dispersive x-ray (EDX) spectra/maps were taken on both
HITACHI TM4000Plus Tabletop Microscope and Zeiss Ultra
Plus FEG SEM with an Oxford Instruments X-Max EDX
detector using an accelerating voltage of 15 kV and 10 kV,
respectively. Atomic force microscopy (AFM) images were
acquired using a Park Systems FX40 Automatic AFM in tap-
ping mode.

3. Results and discussion

TheMoS2 growth conditions were optimized by the deposition
ofMoS2 thin films on glass (soda lime glass) substrates using a
modified AACVD method. Mo(S2CNEt2)4 was deployed as a
single source precursor for the growth. The optimized growth
temperature of T = 400 ◦C is significantly lower than the tra-
ditional CVD growth. The morphology of the grown MoS2 is
altered by changing the precursor concentration, growth time
and substrate position within the AACVD furnace. Nanorod-
like structures were grown with a lateral size of ∼10 µm
for a precursor concentration of 0.145 mmol, and a growth
time of 5 minutes. Dendrite-like structures were obtained for
a precursor concentration of 0.29 mmol and a growth time
of 60 minutes. When the substrate moved closer to the aer-
osol injection site, continuous coverage of bulk configurations
was obtained. Figure 1 shows the optical and AFM images of
the grown structures on the glass substrate. This work focuses
on the detailed study of MoS2 growth obtained at a precursor
concentration of 0.29 mmol, growth time of 60 minutes and
growth temperature of 400 ◦C.

The chemical composition of the MoS2 grown on the glass
substrate was assessed by EDX and XPS. Figure 2(a) shows

SEM backscattered electron image and EDX elemental maps
of MoS2 grown on the glass substrate. The EDX analysis
shows the stoichiometric composition is [Mo] = 20.3 atomic
% and [S]= 42.0 atomic %, which is close to [Mo]: [S]= 1:2
and confirmed no or very little oxidation (oxygen mainly com-
ing from the glass substrate), see supporting information S2.
In figure 2(b), the Mo 3d band of the XPS spectrum was fitted
to two spin-orbit states 3d5/2 and 3d3/2 at binding energies of
228.9 and 232.5 eV, respectively. The XPS spectra indicated
little to no MoO3 inferring that the layers had not oxidized
during the growth process due to the presence of the nitrogen
atmosphere. Thus, the presence of littleMoO3 is due to passive
surface oxidation after the growth. Analysis of the XPS spec-
trum yields a stoichiometric ratio of [Mo]: [S] = 1:2, consist-
ent with the formation of MoS2. The broad S 2p singlet peak
at 226.6 eV suggests the formation of the 2H-phase of MoS2
[43, 44].

Figure 3 shows the UV-Vis spectrum of the MoS2 dendrite-
like structure grown on the glass substrate. The spectrum
showed a strong (C) exciton peak at 415 nm and a weak (B)
exciton peak at 613 nm. The B exciton peak at 613 nm is
attributed to direct excitonic transition in the K point of the
Brillouin zone and is a result of both interlayer and spin-orbit
coupling. The C exciton peak at 415 nm is related to higher-
level intra-band transitions from the P point of the Brillouin
zone [45]. The A excitonic transition was not conclusively
observed in the spectra. To determine the band gap, Eg, of the

MoS2, Tauc plots were plotted using (αhυ)
1
n = A(hν−Eg),

where hυ is the incident photon energy, n is the exponent that
reflects the type of electronic transition with values of 2 and
1
2 refers to indirect and direct transition, respectively, A is a
proportionality constant, and α is the absorption coefficient
(α = 2.302 A/t cm−1 and t = 1.2 µm is the layer thickness)
of MoS2 [46, 47]. The MoS2 exhibits an indirect bandgap of
1.5 eV and direct band gaps of 2.4 eV. The simultaneous pres-
ence of both types of band gap is an indicator of the pres-
ence of amorphous MoS2 which corresponds to the particle-
like droplets in the background witnessed in the SEM images,
see supporting information S3. This dual-band gap has been
reported to have promising photocatalytic properties for MoS2
nanospheres [46]. The presence of dual-band gap in our as-
grown MoS2 could be suitable for wavelength tunable opto-
electronic components.

To test the AACVD MoS2 growth on different substrates,
we chose HOPG, exfoliated hBN, Si, Z-cut quartz and SiO2.
Figure 4 shows the schematic crystal structure of different sub-
strates used for the growth. The six substrates are arranged
by their microscopic surface roughness, which was determ-
ined by AFM height profiles. The average surface rough-
ness (Ra) was quantified by taking the average of the root
mean square roughness (Sq) and the arithmetic roughness (Sa)
from the substrates’ surface profiles (see supporting informa-
tion S4 and table S1). The surface analysis showed that both
HOPG and hBN are nearly atomically flat with Ra values
of 73.4 ± 8.8 pm and 81.3 ± 9.7 pm, respectively. On the
other hand, quartz and SiO2 showed the highest surface rough-
ness of 1.8 ± 0.4 nm and 2.6 ± 0.2 nm, respectively. The
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Figure 1. Optical (top) and AFM (bottom) images of MoS2 structures grown on a glass substrate at various growth conditions. (a) Precursor
concentration of 0.145 mmol for a growth time of 5 minutes. Precursor concentration of 0.290 mmol for a growth time of 60 minutes at the
center of the heating zone (b) and closer to the aerosol injection site (c).

Figure 2. (a) SEM image and EDX map, and (b) XPS spectrum of dendrite-like structures grown on the glass substrate using a precursor
concentration of 0.29 mmol, growth time of 60 minutes and growth temperature of 400 ◦C.

Ra values of Si and glass are intermediate with 399.7 ± 97.7
pm and 676.6 ± 53.3 pm, respectively. All the substrates
have melting points over 900 ◦C which is considerably higher
than the AACVD MoS2 growth temperature of T = 400 ◦C.
Thus, the surface roughness did not change during the growth
process.

In addition, the chemical activity of the substrates follows
the same trend except for glass. The soda lime glass is a
penta-atomic system and the most chemically reactive sub-
strate. SiO2 is the second most chemically active substrate due
to its dangling bonds while hBN is chemically inert due to
its strong covalent boron-nitrogen bonds and wide band gap
[48, 49]. Furthermore, the smother substrates such as hBN
and HOPG are highly crystalline compared to other substrates.

Particle-like morphology growth of MoS2 was observed on
hBN (see supporting information figure S5). This may be due
to the poor adhesion between the precursor aerosol and chem-
ically inert hBN. Consequently, decomposition of the pre-
cursor must occur in the gas phase causing evaporation, pre-
cipitation and thermolysis [47]. This resulted in the continuous
coverage of MoS2 nanoparticles on top of the exfoliated hBN
flakes. The same growth morphology was observed on the Si
substrate, which has a slightly higher surface roughness com-
pared to hBN and is a little more chemically reactive due to
its dangling Si bonds [50]. With increasing surface roughness,
dense regions of branched particles were witnessed on quartz
and dendrite-like crystalline structures were grown on the
SiO2. The increased surface roughness allows the absorption
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Figure 3. (a) Room temperature (T = 300 K) UV-Vis spectra of MoS2 dendrite-like structure grown on glass. (b) Direct and (c) indirect
Tauc plots of MoS2. The dashed line in (b) and (c) is the linear fit to the linear portion of the Tauc plots.

Figure 4. Schematic crystal structure of the growth substrates arranged in the order of their microscopic surface roughness.

of the aerosol particles and precursor decomposition thus lead-
ing to particle amalgamation with the formation of island-like
growth. These dendrite-like structures have around 400 nm in
thickness (see supporting information figure S6), with a vast
number of nucleation sites on the SiO2 surface. Similar shapes
of growth were observed on the highly chemically reactive
glass substrate even though its surface roughness is signific-
antly smaller than quartz and SiO2. This confirms chemical
reactivity and surface roughness of the substrate play major
roles in the morphology of MoS2 growth. On the other hand,

the atomically smoother substrate of HOPG also provides
dendrite-like structures at its grain boundaries and step edges.

Figure 5(a) shows the Raman spectra for the MoS2 grown
on different substrates. Raman spectroscopy further confirms
the growth of 2H-MoS2 by two active Raman modes at 383
cm−1 and 408 cm−1 which are assigned to the E1

2g and A1g

optical phonon modes, respectively [43, 51]. The Raman
modes of MoS2 grown on different substrates show blueshift
with respect to the free-standing bulk MoS2 crystal indicating
substrate-induced strain [52–54]. Due to the bulk nature of the
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Figure 5. (a) Room temperature (T = 300 K) Raman spectra of MoS2 grown on different substrates. Dependence of Raman mode positions
on strain (b) experimental and (c) computational data. The straight lines in (b) are linear fits to data. (d) Compressive strain vs surface
roughness of the substrates used for the MoS2 growth. The dashed line in (d) is a guide to the eyes.

Table 1. Lattice parameters and corresponding strain of MoS2 grown on different substrates.

Substrates used for
MoS2 growth

In-plane lattice
constant a/Å

Out-of-plane lattice
constant c/Å Strain/%

Crystal structure of the
substrate and lattice
mismatch with as-grown
MoS2/%

HOPG 3.04 ± 0.01 12.21 ± 0.01 −3.84 ± 0.13 Hexagonal, 28.45
Exfoliated hBN 3.08 ± 0.03 12.24 ± 0.05 −2.38 ± 0.16 Hexagonal, 26.19
Si 3.09 ± 0.01 12.15 ± 0.01 −2.27 ± 0.13 Cubic, 41.9
Z-Cut Quartz 3.15 ± 0.04 12.43 ± 0.07 −0.40 ± 0.18 Hexagonal, 36.79
SiO2 3.16 ± 0.03 12.06 ± 0.05 −0.12 ± 0.16 Amorphous structure
Glass 3.28 ± 0.01 12.43 ± 0.01 3.91 ± 0.13 Amorphous structure
Bulk MoS2 3.16 ± 0.01 12.25 ± 0.01 0.00 Hexagonal

grown films (thickness in the range of 100 nm–1.5 µm), this
shift does not pertain to layer thickness dependence, which is
commonly exerted for a few layers to monolayer MoS2 [55].
Moreover, the A1g mode did not show any peak splitting con-
firming this shift is not the result of charge doping as pre-
viously reported [56, 57]. One should note that the decrease
in the ‘shoulder-like’ feature of the E1

2g mode alludes to
the presence of fewer defects on the MoS2 grown on SiO2

and glass substrates, confirming the growth of high-quality
MoS2 [58].

The substrate-induced strain on the MoS2 grown on
different substrates was further examined by powder
XRD. The MoS2 characteristic planes of (002) and (004),
respectively at 2θ ≈ 14◦ and ≈28◦ reconfirm the growth of
hexagonal crystal structure (2H-phase) [43, 59], see support-
ing information figure S7. Table 1 shows the lattice constants
and strain of MoS2 grown on different substrates. The increase
or decrease in the in-plane lattice constant of the as-grown
MoS2 with respect to the bulk MoS2 crystal reconfirms the
presence of substrate-induced strain. The substrate-induced
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strain on MoS2 grown on different substrates is calculated
using the equation of, ε=

a(as−grown)−a(bulk)
a(bulk)

× 100%, where ϵ

is strain and a is in-plane lattice constant. From table 1, one
can note that the highly crystalline HOPG, exfoliated hBN,
Si and quartz caused a lattice mismatch of >26% with the as-
grown MoS2. Moreover, these crystalline substrates induced
compressive (negative) strain on the as-grown MoS2. The
amorphous glass induced tensile (positive) strain. However,
the growth on the amorphous SiO2 substrate appears to be
least strained with near identical lattice constants compared to
the bulk MoS2 crystal.

To understand the dependence of Raman mode’s peak pos-
ition on substrate-induced strain, we compared our exper-
imental results (figure 5(b)) with computational modelling
(figure 5(c)). Density functional theory calculations [60, 61]
were performed with local density approximation [61, 62] for
the exchange-correlation functional andQuantumESPRESSO
package [63, 64]. Biaxial and volumetric strain for bulk MoS2
was modelled using the lattice constants determined from
XRD measurements. The comparison of experimental res-
ults with computational modelling confirms that the substrate-
induced strain on the as-grown MoS2 is biaxial (in-plane),
not volumetric. Furthermore, we examined the calculated
strain from XRD measurements with the substrate’s surface
roughness measured by AFM, which shows a correlation, see
figure 5(d). The growth on smoother substrates exhibits higher
degrees of compressive (positive) biaxial strain. With increas-
ing surface roughness, the magnitude of compressive strain
decreases. However, the MoS2 grown on the glass substrate
shows tensile (positive) biaxial strain, even though the sur-
face roughness of glass is less than the quartz and SiO2. This
could be the combined result of the amorphous nature and the
high chemical reactivity of the soda lime glass due to the pres-
ence of multiple atoms (Mg, Na, Si, Ca, and O) in its crystal
structure.

4. Conclusion

In this study, we grewMoS2 using a low-cost, low-temperature
AACVD method and examined the role of substrate in the
growth process. Through the alteration of the growth substrate,
different degrees of biaxial strain can be induced to the
MoS2, which is studied by a combination of powder XRD,
AFM, Raman spectroscopy, and computational methods. This
study shows that the type of strain induced on the as-grown
MoS2 is a combined result of the substrate’s surface rough-
ness, crystallinity, and chemical reactivity. Crystalline sub-
strates are favored for compressive strain and amorphous sub-
strates induce almost negligible compressive strain (SiO2) or
tensile strain (glass). On the other hand, the magnitude of
compressive strain decreases with increasing surface rough-
ness. The as-grown MoS2 shows the presence of direct and
indirect bandgaps, the potential merit for photocatalytic and
wavelength-tunable optoelectronic applications. The results of
this study demonstrate that the AACVD is a viable method for
high-quality MoS2 production. This method could reduce the

material cost to fabricate next-generation electronic and opto-
electronic devices.
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