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I
n recent times, there has been a rapidly
growing interest in atomically thin, layered,
or 2D materials beyond graphene.1 Con-

fined in a 2D-plane, these materials demon-
strate a range of exciting properties such as
emergent photoluminescence,2 anomalous
lattice vibrations,3 control of valley polariza-
tion using optical helicity,4,5 excitonic dark
states,6 and strong light-matter interactions
at heterojunctions,7 and have immense
potential for next-generation transistors with
extremely high on�off ratios,8 photodetec-
tors,9 catalysis10 and other applications.

Among the variety of materials being inves-
tigated, atomically thin molybdenum disul-
fide (2D-MoS2) has emerged as one of the
most promising candidates for low cost,
flexible and highly sensitive next-generation
nanoelectronic8,9,11,12 and optoelectronic
devices such as photodetectors, photo-
voltaics, and light emitting diodes.13�17 Un-
like graphene, 2D-MoS2 is a true semicon-
ductor with layer-thickness-dependent
band gap that becomes direct at the mono-
layer limit (Eg ∼ 1.85 eV).2,18 The direct
band gap in monolayer MoS2 is extremely
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ABSTRACT The ability to synthesize high-quality samples over

large areas and at low cost is one of the biggest challenges during

the developmental stage of any novel material. While chemical

vapor deposition (CVD) methods provide a promising low-cost route

for CMOS compatible, large-scale growth of materials, it often

falls short of the high-quality demands in nanoelectronics and

optoelectronics. We present large-scale CVD synthesis of single- and

few-layered MoS2 using direct vapor-phase sulfurization of MoO2,

which enables us to obtain extremely high-quality single-crystal monolayer MoS2 samples with field-effect mobility exceeding 30 cm
2/(V s) in monolayers.

These samples can be readily synthesized on a variety of substrates, and demonstrate a high-degree of optoelectronic uniformity in Raman and

photoluminescence mapping over entire crystals with areas exceeding hundreds of square micrometers. Because of their high crystalline quality, Raman

spectroscopy on these samples reveal a range of multiphonon processes through peaks with equal or better clarity compared to past reports on

mechanically exfoliated samples. This enables us to investigate the layer thickness and substrate dependence of the extremely weak phonon processes at

285 and 487 cm�1 in 2D-MoS2. The ultrahigh, optoelectronic-grade crystalline quality of these samples could be further established through photocurrent

spectroscopy, which clearly reveal excitonic states at room temperature, a feat that has been previously demonstrated only on samples which were

fabricated by micro-mechanical exfoliation and then artificially suspended across trenches. Our method reflects a big step in the development of atomically

thin, 2D-MoS2 for scalable, high-quality optoelectronics.

KEYWORDS: monolayer MoS2 . Raman . photoluminescence . photocurrent spectroscopy . exciton dissociation .
chemical vapor deposition
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attractive both for light-emission applications, as well
as for photocurrent-based applications since it is pos-
sible to obtain valley polarization of excitons using
circularly polarized light.4,5 Moreover, the sheet resis-
tance of atomically thin MoS2 can be modulated sig-
nificantly by either applying a gate voltage or by
incident light, making it valuable for diverse electronic
and optoelectronic applications. These properties
overcome the fundamental drawbacks of graphene-
based electronic devices that are limited by a lack of
band gap, wavelength-independent weak optical ab-
sorption of about 2.3%,19 and extremely fast nonradia-
tive recombination of photogenetated electron�hole
pairs,20 and hence enable a wide range of applications
in nanoelectronic and optoelectronic devices such as
photoemitters, phototransistor and photodetectors.
To successfully utilize these attractive attributes of
2D-MoS2, and to integrate them into existing opto-
electronic platforms require scalable synthesis of large-
area, high quality single-crystal (possibly monolayer)
samples with uniform electronic/optoelectronic re-
sponses. At this point, simultaneously accomplishing
these conditions for 2D-MoS2 still appears to be an
open quest, especially for optoelectronics. Conven-
tionally, the highest quality samples are usually those
obtained bymechanical exfoliation of bulkMoS2. Field-
effect transistors (FETs) using exfoliated MoS2 exhibit
high saturation currents >100 μA/μm with a factor
of difference >106 between the ON state and OFF
state, and the field effect mobilities between 0.1 and
10 cm2 V�1 s�1.8,13,21 Mechanically exfoliated MoS2 is
also sensitive to a certain range of the visible spectrum,
making it appealing for photodetection.22 However,
certain low-intensity optoelectronic processes are dif-
ficult to observe even in exfoliated samples. For ex-
ample, it has been recently shown that demonstration
of excitonic states in photocurrent spectra of 2D-MoS2
using photocurrent spectroscopy in exfoliated samples
require utmost care in device fabrication, including
suspending the layer to remove deleterious effects
of the substrate, in situ annealing, and performance
of measurements in low temperatures.23 Moreover,
although first order-Raman spectra of 2D-MoS2 has
been studied in extreme detail in this system, low-
intensity multiphonon processes and higher-order
Raman peaks have been reportedly observed, in a very
limited manner, only in exfoliated samples.24�26

While mechanically exfoliated samples have helped
elucidate the diverse potentials of 2D-MoS2, their poor
yield, uncontrolled and irregular sample homogeniety
make them unsuitable for any practical applications. In
contrast, chemical vapor deposition (CVD) has poten-
tial for large-scale, low-cost manufacturing 2D-MoS2
of uniform layer-thicknesses over macroscopic sizes-
scales, and such samples are widely viewed as ideal
for integration with current CMOS platform. Recently,
CVD growth of monolayer MoS2 has been obtained by

sulfurization of Mo27 and MoO3
28�30 powders as a

precursor. The latter recipe has become a standard
for the CVD growth of monolayer MoS2. These samples
also possess field-effect mobilities between 1 and
10 cm2 V�1 s�1. While most reports focus on electronic
mobility as a parameter to quantify sample quality, the
demonstration of sensitive optoelectronic processes
where electron-photon and electron�phonon cou-
pling processes are not destroyed by defects, disorder,
or impurities, remains largely unexplored. The observa-
tion of rare optoelectronic processes can be thought of
as a necessary and perhaps more stringent measure of
the high crystalline quality of these samples, especially
for optoelectronic applications.
Detailed study of the sulfurization of MoO3 has

shown that the conversion of MoO3 to MoS2 involves
an intermediate step, during which MoO3 is first
partially reduced to MoO2,

31,32 which then sulfurizes
under appropriate conditions to produce MoS2. Wang
et al. have reported a method to separate these two
steps whereby MoO3 powder was first thermally eva-
porated, reduced using sulfur, and recondensed to
obtain MoO2 microcrystals, which in the second step
were sulfurized layer-by-layer to obtain 2D-MoS2
crystals.33 Finally, a PMMA-assisted cleavage step was
needed to separate MoS2 from the underlying MoO2

crystal and transfer onto other substrates. In this con-
text, the question arises whether there is any need or
benefit of using MoO3 as the initial precursor, instead
of MoO2, which is a more stable oxide.32 The relevance
of this question increases when one carefully scruti-
nizes the reaction pathway of MoS2 synthesis. Li et al.

32

postulated that the reduction ofMoO3 follows the step,
MoO3 þ (x/2) S f MoO3�x þ (x/2) SO2, followed by
a sulfurization of MoO3�x, i.e., MoO3�x þ (7 � x)/2 Sf
MoS2þ (3� x)/2 SO2. In the ideal scenario, x = 1 results
in intermediate compound being MoO2, and each
removed oxygen atom participates in forming SO2.
In the relatively less-ideal conditions within a CVD
chamber, however, incomplete reaction may result
in uncontrolled amounts of MoS2�yOy phase in the
atomically thin MoS2 crystal.34 Further, as the MoO3

is sulfurized to produce MoS2 crystals, these crystals
provide additional binding sites for the oxygen to
chemisorb on.35 Oxygen, especially at high tempera-
tures is also a well-known etchant for 2D materials36,37

which suggests that at the very least, any nascent
oxygen could potentially create defects/vacancies
during growth. Beyond structural and chemical effects,
the presence of oxygen can also have important im-
pacts on the electronic properties of atomically thin
MoS2. For example, adsorbed oxygen has been shown
to significantly reduce sheet conductivity as well as
mobility of atomically thin MoS2.

38,39 It appears that
avoiding a two-step reaction process that could at least
partially decrease the possibility of incomplete reac-
tions, as well as reduce the possible deleterious effects
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of oxygen may provide atomically thin MoS2 samples
with improved structural, chemical and electronic
properties.
In this work, we present the synthesis and character-

ization of higly crystalline single- and few-layered
samples of 2D-MoS2 with large-area single domains,
by direct sulfurization of MoO2 in the vapor phase.
We believe that the direct vapor-phase sulfurization of
MoO2, represented by the single-step chemical reac-
tion MoO2 þ 3Sf MoS2 þ SO2, circumvents the need
for any intermediate chemistry, and leads to samples of
higher quality. We show that controllable mono- and
few-layer MoS2 can be grown on a variety of subtrates
using MoO2 as a precursor. The high degree of uni-
formity of these samples could be verified by direct
and differential Raman mapping, as well as through
PL mapping. Multilayer samples that have well-
defined geometric shapes enable us to observed
layer-thickness-dependent evolution of a range of
multiphonon and higher-order Raman processes that
have previously never been observed in CVD-grown
MoS2 samples. More importantly, we have been able to
observe two new layer-thickness-dependent Raman
modes that have previously never been reported in
any MoS2 samples. Back-gated measurements in FET
configuration shows high saturation current and an
ON/OFF ratio ≈106. Finally, a direct reflection of the
high crystalline quality of our samples is the observa-
tion of the clear peaks (even at room temperature)
in energy-resolved photocurrent measurements that
correspond to excitonic states in single-layer MoS2.
Exciton-generated peaks in photocurrent spectrosco-
py has never been observed before in CVD-grown
2D-MoS2, and has been recently reported to occur
only in artificially suspended, mechanically exfoliated
2D-MoS2 samples. This spectroscopic tool allow us to
clearly resolve the two primary excitonic peaks in 2D-
MoS2, unlike photoluminescence peaks that strongly
overlap. This provides a powerful method to investi-
gate the independent and comparative evolution of
each peak as a function of carrier energy (tuned using

voltage and temperature). These investigations pro-
vide a fundamental platform for understanding the
optoelectronic properties of large-area, CVD-grown
2D-MoS2.

RESULTS AND DISCUSSION

Single and few-layered MoS2 samples were fabri-
cated by direct sulfurization of MoO2 (see Supporting
Information for details) as a precursor instead of com-
monly used MoO3 and Mo, and without any treatment
to the precursor30,33 or substrate.28 This latter feature is
quite useful, since pretreatment of substrates has been
shown to be detrimental to the intrinsic properties of
2D materials.40 Figure 1 outlines a range of different
types of samples that can be readily obtained by our
method, and on a range of substrates. In a separate
work, we have now also developed a method for
substrate-free direct synthesis of MoS2 across micron-
size apertures using the same precursor, which has
been reported elsewhere.41 Figure 1a shows optical
and SEM images of single-layer MoS2 grown on a
variety of substrates including amorphous, crystalline,
transparent, and conductive substrates, with typical
sample edge-sizes ranging from 10 to 50 μm. It is
indeed quite remarkable that despite their variety,
this single-step synthesis method requires no pretreat-
ment of either the precursor or the substrates. The
ability to readily synthesize these samples on a range
of substrates makes it convenient to utilize these
as-prepared samples to be directly implemented in a
variety of nanoelectronic, optoelectronic, and catalytic
(including photo/electrocatalytic) applications. More-
over, these as-grown samples (free of transfer-induced
contamination) on such a variety of substrates are also
potentially attractive for a range of advanced metrol-
ogy tools such as STM, TEM, ARPES, and various optical
spectroscopies, to name a few.
Changing the synthesis conditions triggers second

layer growth vertically on top of the first layer.
Figure 1b outlines a typical array of samples at various
stages of second-layer growth on SiO2 (see Supporting

Figure 1. (a) Typical example of monolayer MoS2 samples grown using MoO2 precursor, on different substrates. Colored
images are optical, and B/W ones are SEM images. (b) Typical optical and SEM images of bilayer MoS2 samples fabricated on
SiO2. Various states of initiation and growth of the second layer have been represented by these images. The final image in (b)
is an SEM image showing intricate details of the bilayer structure. (c) Optical and SEM images of a range ofmultilayer samples
at various stages of growth and with various shapes and morphologies.
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Information for additional details). In several cases, we
also see growth of third and higher layers (Figure 1c).
Growth of multiple layers is unsurprising as MoS2
exhibits a natural tendency to grow as a 3D crystal.42

Of interest is the growth morphology of the second
and higher layers which are varied and in stark con-
trast to the growth of the first layer. The substrate-
independent morphology of the first layer suggests
that it is likely a Wulff shape composed of either low
energy edges (near-equilibrium shape), or kinetically
limited edges (far-from-equilibrium kinetic shape). The
3-fold symmetric shape is consistent with past reports
on MoS2 growth using oxygen-rich precursors,29 in-
dicating that the thermodynamic and kinetic condi-
tions at the growing edges in our direct sulfurization
process are not dramatically altered.
The concurrent growth of the second layer indicates

that its rate of areal increase is fast relative to the
first layer. As confirmation, the second layer coverage
always increases over time. The fast growth rate sug-
gests that the accumulation of precursor molecules
is mediated by the underlying first layer. As disucussed
earlier, in contrast to sulfurization of MoO3, which
involves the intermediate formation of MoO3�x, the
ability to grow these samples using a direct vapor-
phase sulfurization of MoO2 may imply a faster growth
kinetics. This may at least be partially responsible for
the rapid formation of the second layers. The shape is
again 3-fold symmetric but dendritic, and the primary
arms usually grow toward center of the edges trian-
gular first layer, i.e., the second layer is rotated by
(π/3þθ) with respect to the first layer, where θ is the
relative stacking-based lattice rotation between the
two layers that lowers the energy of the two layers.43

The morphology of an early stage seed is shown in
Figure 1b. The presence of the first layer also modifies
the anisotropy in the shape. To see this, note that
as the areal coverage of the second layer increases,
the growth morphology becomes progressively less
dendritic (right, Figure 1b). The primary armpinches off
and the shape asymptotes toward a rotated triangular
(top right row, Figure 1b), and in other cases the
dendritic tip flattens out in a “wine glass” fashion as
it approaches the edge of the underlying first layer
(bottom right row, Figure 1b). The SEM images in
Figure 1b and c, which appear to provide evidence of
grain boundaries, suggest that it may be the presence
of such grain boundaries that initiate the formation
of the dendritic morphologies, although further stud-
ies will be required to arrive at a firm conclusion.
Taken in toto, the dendritic growth is reminiscent

of diffusion-limited growth (DLG),44 likely due to slow
diffusion of precursor molecules to the growing edges.
The accelerated growth can lead to a transition in
the growth dynamics, and this has been observed in
oxygen-controlled growth of single layer graphene
domains.44 In the case of bilayer growth as is the case

here, our results indicate the morphological relation
between the two layers, suggesting a strong influence
of crystal symmetry of the first layer on the kinetic
shape. The anisotropy can be a combined effect of first-
layer mediated diffusion of precursor adaptors and/or
attachment-detachment kinetics at the growing edge
(aggregation limited growth, ALG).44 Similar kinetic
effects shape the growth of the third and higher layers.
Interestingly, as the edges of the two layers begin to

interact and compete for the attachment of precursor
molecules, we see growth of another dendrite from the
first layer. This is quite common in the first two layers,
and results in an overall star-shapedmorphology of the
first layer. The dendrites appears to have a different
lattice orientation and are therefore separated by
the grain boundaries; localized contamination at these
boundaries is visible in the SEM images in Figure 1b
and c. These new domains can result from overgrowth
of the second layer mediated by the edge of the first
layer, or a net effect of interedge interaction that
starves the growth of the second layer by facilitating
nucleation and edge-by-edge growth of new domains
at the edges of the first layer. We conclude that the
system provides a interesting platform for controlling
the shape and morphology of atomically thin crystals.
Since 2D materials are known to show strong layer-

thickness dependent properties, the ability to control-
lably synthesize these samples with various layer-
thicknesses, that too on a variety of substrates (not
shown) opens up several significant layer-thickness-
dependent nanoelectronic and optoelectronic investi-
gative directions as well as applications. Next, we
establish the quality of these samples using Raman
and photoluminescence spectroscopy and mapping,
and present results of these Raman spectroscopy as a
function of layer thickness and on different substrates.
Figure 2a shows the AFM topographical image at

the edge of a multilayer sample. Cross-sectional step-
heightmeasurement from various regions of a partially
unfinished top-layer, as shown on the right, establishes
that the single-layer thickness of MoS2 ranges from
0.5 to 0.8 nm, the variation could be attributed to the
roughness of the underlying SiO2 substrate. Figure 2b
shows the dominant Raman peaks measured from a
samplewith verywell-defined and characterized 1, 2, 3,
and 4-layer regions, shown in the inset, measured with
an incident laser of wavelength = 488 nm (2.54 eV).
The two most dominant peaks seen correspond to the
first-order E12g and A1g modes at at the Γ-point of the
hexagonal Brillouin zone of 2D-MoS2, for different
layer thickness values. We note that the low intensity
of the A1g peak is due to the polarized configuration of
the Raman system.45 The A1g peak can be fully recov-
ered by adding a half waveplate (see Figure S6 in
Supporting Information). As reported earlier,28,30,46

the E12g peak position (ω[E12g]) red-shifts, while the
A1g peak position (ω[A1g]) blue-shifts with increasing
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layer thickness, resulting from the growing influence
of interlayer coupling on the electron�phonon pro-
cesses in 2D-MoS2. Figure 2c shows the variation of
Δ = ω[A1g] � ω[E12g], the difference in peak-position
between the E12g and A1g modes, as a function of layer
thickness, measured frommultilayered samples grown
on SiO2/Si and quartz substrates. In samples grown
on SiO2 substrates, we see∼20% variation in the value
of Δ in monolayers, ∼ 10% in bilayer samples, and
almost negligible variations in 3 and 4 layered samples.
In contrast, there is about 3�5% variation in Δ for all
samples grown on quartz, independent of their layer-
thickness. This leads us to believe that substrate-
induced effects (e.g., doping due to impurities and
trapped charges, substrate-sample interactions, strain
andeven samplebackgroundnoise as seen in Figure 2h)
may play a measurable role in the measured opto-
electronic properties of 2D-MoS2, and these effects vary
substantially from substrate to substrate. Indeed, these
interactions could also be responsible for the differences
in the behavior of other Raman spectroscopic features,
as discussed later.
Monolayer MoS2 is a direct band gap semiconduc-

tor,2,18 and when e�h pairs in monolayer MoS2 are
excited with photons of energy larger than this
gap size of Eg ∼ 1.85 eV, they recombine radiatively,
giving rise to a photoluminescence (PL) specrtrum
that contains two distinct peaks. These corresponds
to transitions from the lowest energy point of the
spin�orbit-split lowest conduction bands to the high-
est point of the valence bands, commonly designated
as A and B peaks in monolayer MoS2. Figure 2d shows
the PL spectrum of a typical monolayer MoS2 sample,
where the A and B peaks are found to be centered
around 1.82 and 1.94 eV, respectively. The Raman and

PL peaks obtained in these samples have been used to
demonstrate the optoelectronic homogeneity of these
samples. Figure 2e shows a typical monolayer MoS2
sample on which extensive Raman and PL mapping
were performed. Figure 2f�h show pseudocolored
maps, where the colors represent the values of the
direct (ω[E12g] andω[A1g]) and differential (Δ=ω[A1g]�
ω[E12g]) peak positions for the E12g and A1g peaks. The
excellent uniformity of the direct peak position maps
(other than the few streaks corresponding to wrinkles
in these 2D materials) reflects the high degree of
uniformity within each monolayer crystal. The differen-
tial peak position map shows a uniformly distributed
background noise which can at least be partially re-
sponsible for the variation of Δ seen in Figure 2c.
Although the uniformity couldnot be clearly established
in the differential map owing to these large background
fluctuations, similar degree of uniformity could also
be found from the PL map of the A peak, as seen in
Figure 2i. With the help of these measurements, we
establish the uniform nature of the quality of these
samples. We next present more evidence of the extre-
mely high quality of these CVD-grown samples with the
help of previously unreported, multiphonon processes
in the Raman spectra as a function of layer-thickness.
Figure 3a shows the low-intensity region of the same

curves plotted in Figure 2b, revealing a rich rangeoffirst
order and multiphonon processes. Such large number
of Raman peaks have previously not been reported
in CVD-grown samples, and were confirmed to be
present in all our samples tested, including samples
grownon different substrates. A number of peaks could
be labeled with the help of past reports on bulk or ex-
foliated MoS2 samples, and are labeled in black.24�26,47

A broad peak is observed around∼454 cm�1, which is

Figure 2. (a) AFM image of a few-layered sample, with incomplete top-layer, such that the top-layer thickness can be
measuredusing the cross-section stepheight, as shownon the side. (b) Raman spectra from regions of various layer-thickness
from amultilayer sample (Inset: optical image), showing the evolution of the dominant E12g and A1g peaks for different layer-
thicknesses. (c) Variation of the peak position separation, Δ = ω[A1g] � ω[E12g], as a function of layer-thickness in samples
grown on SiO2/Si and quartz substrates. The spread in data point for each layer corresponds to 4�6 data points that were
collected from different samples. (d) Typical photoluminescence (PL) spectrum obtained from a monolayer MoS2 sample,
showing the A and B excitonic peaks. (e) Optical image of a monolayer sample, which was used to perform Raman and PL
mapping, as shown in (f) Ramanmapofω[E12g], (g) Ramanmapofω[A1g], (h) Ramanmapofω[A1g]�ω[E12g], and (i) PLmapof
the excitonic A-peak.

A
RTIC

LE



BILGIN ET AL. VOL. 9 ’ NO. 9 ’ 8822–8832 ’ 2015

www.acsnano.org

8827

attributed to second order longitudinal acoustic pho-
nons near the M-point of the Brilluoin zone (2LA(M))
of MoS2, although the first-order LA(M) phonon26 was
absentwhenmeasured using λ= 488 nm (Eph = 2.54 eV)
in our samples. The broadness of this peak is consistent
with past reports that it is a combination of three25

to five47 closely placed peaks. The LA(M) phonons also
combine with A1g phonons to give sum (A1gþ LA(M) at
∼635 cm�1) and difference (A1g� LA(M) at∼184 cm�1)
peaks. A peak at ∼595 cm�1 could be either due to a
combination of B1u(M)þA2

2u(M) phonons, or a second-
order 2E2u(Γ) peak, most likely a combination of the
two. A range of higher-order peaks were also clearly
observed between the range of 700�850 cm�1.47

The most interesting features observed in our sam-
ples are two previously unreported peaks at∼285 and
∼487 cm�1 (during the review process, we became
aware of another work that independently observed
the ∼285 cm�1 peak).48 Figure 3b and c shows optical
images of multilayered samples on SiO2 (300 nm)-on-
siliconandquartz substrates, repectively, andFigure3d�g
show Raman spectra from layers of different thick-
nesses near these twonewpeaks fromthese and similar
samples. In samples grown on SiO2/Si substrates
the peak at ∼285 cm�1 was found to be absent in all
monolayer samples, but appeared strongly in samples
with more layers (as seen in Figure 3d). The origin of
this peak can be traced to a the E1g phonons near the
Γ-point,47 and has been previously reported in few-
layered WSe2 samples.49 According to Scheuschner
et al.48 single-layer, few-layer and bulk MoS2 belong
to different point groups, with the E1g, Eg and E0 modes

in bulk, even layers and odd layers, respectively,
all originating from the E00 mode in single-layer MoS2.
The E00 mode requires a scattering geometry with a
z-component to be observable which is difficult to
realize in backscattering in the single layer,26 which
is consistent with its absence in 1L sample on SiO2/Si.
When measured on samples grown on quartz, these
peaks were difficult to discern from the background
level, and required significantly higher data-averaging.
Figure 3f shows the variation of this peak as a function
of layer-thickness, where each spectrum shown is an
average of 5 spectra measured on different samples.
We find, surprisingly, that the peak at∼285 cm�1 shows
up for all layer-thicknesses, including in monolayer
samples. Moreover, within our experimental limits, it
appears that the averaged peak-height was strongest
in monolayer samples. These observations are in stark
contrast to the spectral behavior in samples grown on
SiO2. Our data appears to imply that themono- and few-
layer samples interact with quartz in a manner which
is different from that with SiO2, and which enables the
realization of the E00 mode in the backscattering geo-
metry. Detailed future studies will be required to under-
stand the underlying physics that causes the differences
between the layer-thickness-dependence of Raman
spectra obtained on samples on these two and possibly
other substrates. Interestingly, the position of Eg/E0/E00

phonon modes in 2D-MoS2 were found to be resilient
against layer-thickening in samples on both substrates,
within our experimental resolution of 1 cm�1.
The second newly observed peak at ∼487 cm�1

appears to be a combination of transverse acoustic

Figure 3. (a) Typical survey scan of several first-order and multiphonon processes identified in monolayer and few-layered
2D-MoS2 samples synthesized on SiO2/Si. The intensities of most of these processes aremuchweaker than the two dominant
processes E12g and A1g, and have been labeled as shown. The two labels in red are previously unreported peaks (see text).
(b) The few-layered CVD-grown sample synthesized on SiO2/Si (same as Figure 2b inset), and (c) representative few-layered
CVD-grown samples synthesized on quartz that were used to investigate the layer-thickness-dependence of the two new
peaks, details of which are shown in (d�g). (d,e) Absence of Raman peak at∼285 and∼487 cm�1 in monolayer samples that
appear in samples with more layers, as seen in 2D-MoS2 grown on 300 nm of SiO2 on silicon. (f,g) Averaged layer-thickness
variation of the same peaks when measured on 2D-MoS2 grown on quartz (see text).
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phonons A2
2u(M) near the M-point and the E2u(M2)

phonon near the M point with Au symmetry. The layer-
thickness dependent appearance of this peak has
been shown in Figure 3e (sample on SiO2 substrate)
and Figure 3g (sample on quartz substrate). In samples
grown on SiO2/Si, this mode was also found to be
absent in monolayer samples. While a very weak peak
appears in only some bilayer samples, it appears
strongly in samples of higher number of layers. In
contrast, evidence of this mode could be found in even
monolayer samples of MoS2 grown on quartz, with
growing peak intensity as the layers thickened. In this
case, we were able observe a a blue shift in the peak
position from ∼488 to ∼493 cm�1 as the layer thick-
ness grew from 1 to 4. The presence of this new Raman
peak in our samples is surprising since it has been
predicted47 to arise only at low temperatures. We note
that at this point, the reasons leading to the differences in
the layer-thickness variationof this peak in samplesgrown
on different substrates is not clear to us. Nevertheless, at
the very least, we believe that our ability to observe these
very subtle differences is testament to the high optoelec-
tronic quality of our 2D-MoS2 crystals.
To measure the gate-modulated electrical and op-

toelectronic properties of single-layer MoS2, as-grown
samples were transferred onto d= 100 nm thick SiO2/Si
substrates (premarked to assist lithography) by using
a polymer-assisted transfer method. The schematic
of a field-effect transistor device structure is shown
Figure 4a. Electrical contacts were fabricated with
electron-beam lithograghy followed by the deposition
of 5 nm Ti and 50 nm Au using an e-beam evaporator.
Figure 4b shows the optical image of the actual device
on which measurements were performed. In Figure 4c,
Id�Vd curves are shown for different gate voltages
which appear to exhibit low schottky-barrier charac-
teristics. Figure 4d shows the transfer characteristics
(Id�Vg) of the same device measured at different
source-drain voltages. Single layer MoS2 FET devices
exhibit a typical n type characteristic with a threshold

voltage �10 V, in good agreement with previous
reports.8,17,50 The field-effect mobility of this device
was ≈35 cm2/(V s) at room temperature for our
devices calculated using the equation μ = [dId/dVg] �
[L/WCiVd],

8 where the channel length L = 2.4 μm,
channel with W = 1.4 μm, back gate capacitance per
unit area Ci = εrε0/d (εr = 3.9, d = 100 nm) and Vd = 10 V.
The mobility of our devices are about 2 times higher
than those reported for monolayer CVD grown MoS2
using other precursors,27�30 and comparable to the
values of mobilities that are obtained by post anneal-
ing the samples.51,52 The Ion/Ioff ratio obtained for Vd =
8 V is ∼106 for gate voltages in the range of �30 to
þ30 V. At the same voltage, the subthreshold swing
(S = dVg/d(log Id))∼ 5 V/dec is in good agreement with
previous results.53,54 Our preliminary electronic char-
acterizations of these devices demonstrate significant
improvement over past reports both for CVD-grown as
well as mechanically exfoliated monolayer MoS2.
Photocurrent spectroscopy was performed on these

devices using a broadband white light source coupled
to a monochromator allowing us to tune the wave-
length of the incident light from 400 to 1200 nm
continuously. The output from the spectrometer was
coupled to a Vis-NIRmultimode fiber and focused onto
the device, which was mounted in a Janis cryo probe
station. The net photocurrent was calculated by taking
the difference between the dark current the total
output current with illumination. A measurable photo-
current was only observedwhen a finite bias was applied
between the source and the drain electrodes and its
value was found to be strongly bias dependent. This
observation helps us eliminate the possibility of any
photovoltaic contribution from the electrode-MoS2 junc-
tions. Moreover, the photocurrent is significantly larger
(see Figure S3) than the dark current at gate voltage less
than �10 V, where the channel is undoped and results
in a sharp decrease of the latter. Below Vg = �30 V, the
channel was assumed to be “intrinsic”, and the photo-
current spectra were measured under these intrinsic

Figure 4. (a) Schematic illustration of the single layer MoS2 field effect transistor platform for electrical and photocurrent
measurements. (b) Optical image of the FET device. (c) Id�Vd curvesmeasured for different gate voltages in the dark. (d) Id�Vg
curve measured for a bias voltage ranging from 2 to 8 V.
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conditions by scanning the wavelength of incident light
and recording DC photocurrent as a function of applied
source drain bias and temperature.
Figure 5a shows the room-temperature photocur-

rent measured as a function of excitation wavelength
for a single layer MoS2 FET device. The measured
photocurrent from the MoS2 devices was normalized
with the incident power at the end of the fiber optic
used for photo excitation. The incident power for each
wavelength was calibrated using the spectral response
(Amp/Watt) of a standard Si photodiode placed at
the same distance from the fiber optic as the device.
A series of peaks are clearly seen at wavelengths λ =
646, 608, and 440nm (corresponding to photon energy
values of 1.92, 2.04 and 2.82 eV, respectively) that are
labeled as A, B and C recpectively. The position of
the peaks are in a good agremement with previous ex-
perimental reports on absorption spectroscopy,2,18,55

photocurrent spectra on measured on mechanically
exfoliated and suspended samples,23 and light scatter-
ing experiments on MoS2 samples on gold substrate.56

We attribute the peaks at 1.92 and 2.04 eV to the A- and
B- excitons as a result of valence band splitting at
the K point due to spin�orbit (SO) splitting and the
absence of inversion symmery.2,18,57 Because of the
clear splitting of the two excitonic peaks, it was possi-
ble to accurately determine the energy difference
of ∼120 meV between the position of A and B peaks,
which corresponds to the energy due to SO coupling
and compares well with absorption measurements
reported previously.2,18 Since A and B are excitonic
states, it is expected that the observed excitonic peaks
would be electric field dependent. The presence of an
external field would aid the dissociation and separa-
tion of bound electron�hole pairs thereby increasing
the photocurrent efficiency. Indeed, as illustrated in
Figure 5b, there is an overall increase in the magnitude
of the photocurrent peaks corresponding to the A and
B excitons. The peak labeled C is associated with van-
Hove singularities in the DoS where arises between
K and Γ points at the Brillouin Zone18,23,58 consistent

withmeasurementsperformedbyKlots et al.By takingfirst
derivativative of the photocurrent spectra with respect to
energy, we could extract the continuumband gap energy
value at room temperature Eg ≈ 2.4 eV, as illustrated in
Figure 5b inset. This value is consisted with the experi-
mentally calculated single layer MoS2 devices.23,59 We
further obtain an exciton binding energy of 480meV by
subtracting the band-edge from the position of the
excitonic peak A at room temperature (Eb = Eg � EA).
Analysis of the photocurrent amplitudes of excitonic
states at room temperature indicates an increase in the
amplitude ratio of A/B (see Figure 5c), which appear to
imply that at least at room temperature, the A exciton
can dissociate more efficienctly than the B exciton and
contributesmore to the net photocurrent. To our knowl-
edge, such clear and detailed information regarding
the excitonic properties using photocurrent spectrosco-
py has previously not been reported on CVD-grown
MoS2, which we believe is an indication of the high
optoelectronic-grade quality of our samples.
Further information regarding the optoelectronic

energetics could be obtained by performing photocurrent
spectroscopy at low temperatures. Figure 6 shows the
photocurrent spectra of the same device measured at
5 K with increasing Vsd. It can be clearly inferred that the
photocurrent peaks are sharp and much more well-
defined as compared to room temperature. The photo-
current of B exciton becomes slightly larger with respect
to A state and we also find that the ratio of A/C and B/C
increasewith increasing drain-source voltage as illustrated
in Figure 6b. The position of the peaks remain unchanged
with bias voltages at 5 K. Figure 6c shows the variation in
the exciton binding energy and the SO coupling energy
spacing with temperature. We observe a decrease in both
of these values as we approach RT. These observations are
consistent with observations on devices fabricated with
exfoliatedMoS2 flakes suspendedacross a trench.

23 To the
best of our knowledge this is the first observation of the
excitonic states in the photocurrent spectrum of CVD
grown MoS2 devices and attribute this to the high opto-
electronic quality of our single-crystalline MoS2 flakes.

Figure 5. Excitonic states in monolayer MoS2 investigated by photocurrent spectroscopy at room temperature. (a) Excitonic
states A, B, and C characterized by the corresponding peaks in the photocurrent spectrum (Vds = 4 V). (b) Bias dependence of
photocurrent spectra showing evolution of excitonic peaks (Vg = �42 V). Inset: First derivative of the photocurrent spectra
with respect to energy, fromwhich the continuumbandgap energyof single layerMoS2 is≈2.4 eV. (c) Bias dependence of the
photocurrent amplitude ratios of the A-, B-, and C- excitonic peaks at room temperature.
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CONCLUSIONS

In conclusion, a range of higly crystalline monolayer
and few-layered MoS2 structures can be controllably
grown via CVD method by using MoO2 as a source.
Using thismethod,MoS2 structures can be obtained on
a broad variety of subtrates that makes it suitable both
for fundamental investigations as well as applications
development, without the need for any pretreatment
on precursors. While mostly monolayer samples can
grow at CVD temperatures ranging from 650�850 �C,
we did not find any direct correlation between the
samples of relatively better quality and synthesis tem-
perature. For the purpose of standardizing, we have
selected the middle of this range, i.e., 750 �C, at which
temperature, adequate surface coverage of single crys-
tal flakes within a reasonable growth duration was
obtained. High-resolution TEM resolved images of our
samples, when grown substrate-free41 show extremely

high crystalline quality in our samples in comparison to
those reported earlier.28,31,33 In addition to the com-
monly observed Raman and PL peaks, sensitive infor-
mation regarding multiphonon processes could be
clearly observed on these samples, including two
previously unreported Raman peaks. The field-effect
mobility of these samples are notably higher than those
measured in samples synthesized using Mo and MoO3

based precursors. For the first time, we have demon-
strated excitonic states in photocurrent spectra at room
temperature in CVD-grown samples ofMoS2,whichwas
previously thought to be impossible to demonstrate
even in exfoliated samples without suspension. We
believe that our observations establish that using
MoO2 as a source leads to high-quality atomically thin
crystals of MoS2 samples, which is a big step toward
fundamental research and application development of
the optoelectronic devices.

METHODS
Large area monolayer MoS2 was synthesized by CVDmethod

using MoO2 as a source. Monolayers are synthesized low
temperature at 750 �C in quartz tube 1 in. diameter by atmo-
spheric pressure CVD. A 300 nm SiO2/Si substrate is cleaned in
acetone, isopropyl alcohol and deionized water and is placed
face down alumina boat containing 10 mg MoO2 powder (99%
Sigma-Aldrich) at the center of the furnace. 20 mg of sulfur
powder (99.5% Alfa Aesar) is placed to upstream at the edge of
the furnace. The tube is flushed 3 times with Ar carrier gas at
room temperature before starting growth. The furnace tempera-
ture is first increased to 300 �C and sits there 1 h with 100 sccm
Argon. Then the temperature ramps up slowly to growth
temperature of 750 �C at 3 �C/min with 200 sccm Argon and
held there 15 min before cool down the room temperature.
Bi-Tri layer MoS2 structures are obtained high temperature

at 950 �C. The sulfur powder is placed far from the furnace edge
(2.5 in.). The furnace was heated to 650 �C at 30 �C/min with
150 sccm Ar then increased to 950 �C at 5 �C/min with 200 sccm
Ar carrier gas and stay there 10 min. The sulfur is started to melt
around 900 �C.

Device Fabrication. MoS2 flakes on 300 nm Si/SiO2 are trans-
ferred to p type (R < 0.0015 ohm-cm) 100 nm Si/SiO2 substrate
by PMMA transfer method. First, PMMA C4 was spin coated at
4000 rpm for 60 s and baked 135 �C for 2:30 min. Then the chip
was immersed in 1M KOH solution for an hour. Obtained PMMA
and MoS2 film transferred to new substrate. This was followed
by acetone and IPA cleaning to remove PMMA residues.

FET devices were made on 100 nm Si/SiO2 samples by E-beam
lithograpy using PMMA C4 or A4. The electrodes (5 nm Ti/50 nm
Au) were deposited by e-beam evaporator with rate deposition
1 and 3 Å/s, respectively. Lift off process was performed with
acetone followed by IPA cleaning.

Electrical and Optical Measurement. All electrical measurement
are carried out at room temperature under vacumm 10�6 Torr
without annealing samples inside the Janis cryogenic probe
station. For photocurrent spectra measurument, FET devices
were annealed for 2 h with 100 sccm Ar/H2 (%15) flow at 200 �C
to remove pmma residues and decrease contact resistance.
Liquid helium was connected to probe station by transfer line
for low temperature PC spectra.
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