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Abstract—We report on the controllable and selectable synthesis
of two-dimensional (2-D) molybdenum disulfide (MoS2 ) by molyb-
denum trioxide sulfurization with chemical vapor deposition. By
controlling the sulfurization timing and substrates positions, the se-
lectable growth of MoS2 isolated triangular islands and continuous
thin film was successfully performed independently with the same
home-built furnace setup. Also, we found that the hydrofluoric acid
substrate treatment took effects on MoS2 nucleation seed densities
and modulated the sizes of the triangular islands. Atomic force mi-
croscopy and Raman and photoluminescence spectroscopy were
used to characterize and compare the properties of MoS2 triangu-
lar islands and continuous thin film. The MoS2 triangular islands
were monolayers and highly crystalline in nature; where the con-
tinuous thin film was formed by small grain size MoS2 nanosheets
with smooth surface morphology and a large covered area of up to
centimeters. Back-gated field effect transistors (FETs) of as-grown
MoS2 triangular islands and continuous thin film were fabricated
to analyze their electrical properties. The electron mobilities were
measured to be 11.42 and 4.04 cm2/V·s respectively, and with an
excellent on/off current ratio up to over 108, which demonstrated
the good quality of the as-grown MoS2 samples. Furthermore, both
the MoS2 triangular islands and continuous thin film FETs exhib-
ited a near ideal current saturation characteristic, which shows the
real potential of future applications for 2-D electronic devices.

Index Terms—2D materials, MoS2 , MoO3 , chemical vapor de-
position, field effect transistor.

I. INTRODUCTION

MOLYBDENUM disulfide (MoS2), a representative of
two dimensional (2D) layered materials, is regarded

as one of the attractive candidates to supplement silicon
for future logic devices and circuits. With its layer depen-
dent properties and existence of a semiconductor band gap
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[1]–[4], MoS2 shows the potential to be the building block
for future logic applications beyond graphene. Exfoliated
monolayer MoS2 field effect transistors (FETs) have been
demonstrated with an excellent mobility of 217 cm2/V.s,
on/off ratio up to 108 and good immunity to the short
channel effect [3]. In manufacturing, micro-mechanical ex-
foliation is not a reliable fabrication method as the size and
thickness of the produced MoS2 flakes are uncontrollable.
Chemical vapor deposition (CVD) has been demonstrated
as the most promising synthesis method in recent studies
[5]–[20], with reasonable electrical performance compared to
that of natural MoS2 crystals. The most common method of
MoS2 CVD synthesis is the sulfurization of solid molybdenum
trioxide (MoO3). The main outcomes are either disconnected
triangular islands [5]–[11] or large area continuous films
[14]–[19]. Thanks to their highly crystalline nature, back-gated
devices with SiO2 gate dielectric based on as-grown mono-
and bilayer MoS2 triangular islands yield comparable field
effect mobilites of up to ∼10 cm2/V.s [36] and ∼17 cm2/V.s [7]
respectively, with an on/off current ratio of up to ∼108 at room
temperature. The reported continuous films are mainly formed
by polycrystalline mono- to few layer MoS2 grains, and yield
lower field effect mobilites with a range of 0.003 to 7.23 cm2/V.s
and an on/off current ratio of up to ∼106 [15]–[19]. Although
the MoS2 continuous films have a poorer electrical performance
compared to triangular islands, their continuity in nature and
large area coverage have advantages in the real manufacturing
process. Understanding the growth mechanisms of 2D materials
is important to achieve the ultimate goal, wafer-scale synthesis
with high electrical performance. However, there has been
an absence of clear mechanisms and critical parameters to
differentiate between the CVD synthesis of MoS2 triangular
islands and large area continuous films until now.

In this paper, we investigated and demonstrated the CVD
growth of MoS2 isolated triangular islands and large area contin-
uous film by MoO3 sulfurization in a home-built furnace set-up.
By controlling the timing of sulfur vaporization and the target
substrate position, the synthesis of these two types of MoS2
was selectable and able to perform independently with different
growth mechanisms. The CVD growth of MoS2 isolated triangu-
lar islands was proceeded with a seed nucleation process, where
the MoS2 large area continuous film growth was dominated by
a MoO3 limited process. Hydrofluoric acid (HF) treatment for
target substrates was also found to modulate the size and den-
sity of the MoS2 triangular islands, by changing the substrate
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surface condition. Raman spectroscopy, photoluminescence
(PL) and atomic force microscopy (AFM) were used to char-
acterize and compare the as-grown samples. The MoS2 iso-
lated triangular islands were monolayers with a grain size of
up to ∼70 μm; where the continuous thin film was composed
of coalesced and overlapped MoS2 nanosheets, with a smooth
surface morphology and large covered area of centimeters
in size. Back gated FETs (W/L = 38/6 μm) of the as-grown
samples were fabricated by O2 plasma and reactive ion etching,
photolithography and metallization. Without any dielectric engi-
neering and post growth treatment, the devices showed high field
effect mobilities of 11.42 cm2/V.s and 4.04 cm2/V.s for MoS2
triangular islands and large area continuous films respectively.
The devices also demonstrated a nearly ideal current saturation
characteristic under a wide range of drain and gate biases and an
excellent on/off current ratio over 108, which showed the real po-
tential of CVD MoS2 devices for future electronic applications.

II. EXPERIMENTAL DETAILS

A. Substrate Treatment

P-type Si (100) was used as the starting substrate. A 300 nm
SiO2 layer was thermally grown on the Si substrates by wet
oxidation. Prior to the MoS2 growth, the substrates were cleaned
with acetone, isopropanol (IPA), and deionized (DI) water in an
ultrasonic bath. The substrates were then soaked in a HCl:HNO3
(2:1) solution followed by a DI water rinse. For MoS2 triangular
islands growth, an additional HF (5%) dip was performed for
the substrates followed by being blown dry.

B. MoS2 Synthesis

The CVD MoS2 growth was performed in a home-built dual-
zone furnace system with a 25 mm horizontal quartz tube at at-
mospheric pressure. MoO3 powder (Sigma Aldrich, 99.5%) and
sulfur (Sigma Aldrich, 99.5%) were used as the precursor and
reactant material, respectively. A small SiO2 /Si substrate was
uniformly covered with MoO3 powder and placed at the center
of a quartz boat. The 1.5 cm × 2 cm SiO2 /Si target substrate
was placed either on top of the MoO3 powder or downstream in
the furnace, depending on what type of MoS2 was to be grown.
The whole set-up was loaded into the center of the furnace af-
ter the 900 °C dummy baking for 30 minutes with 300 sccm
ultrahigh purity argon (Ar) gas. Another quartz boat containing
sulfur powder was placed at the upstream of and outside the
furnace. The sulfur was heated independently by a heating pad
wrapped around the boat during the CVD process.

For the MoS2 triangular islands growth, the position of the
target SiO2 /Si substrate was on the top of the MoO3 powder.
The furnace was heated up to 500 °C with a rate of 20 °C/min
while flowing with 50 sccm Ar gas. After that, the furnace was
further ramped up to 750 °C at a rate of 10 °C/min. The heating
pad that wrapped the sulfur powder was immediately turned
on when the furnace temperature just reached 750 °C. After
holding at 750 °C for 10 minutes, the furnace temperature was
increased to 900 °C at a heating rate of 5 °C/min and held at this
for 20 minutes. Then the furnace was cooled down to 550 °C

Fig. 1. CVD furnace set-up for the growth of MoS2 (a) triangular islands and
(b) large area continuous thin film.

Fig. 2. Schematic illustration of typical growth of MoS2 (a) triangular islands
and (b) large area continuous thin film.

at 10 °C/min and the heating pad was removed from the sulfur
powder. The furnace was then shut down and naturally cooled
to room temperature.

For synthesis of the MoS2 continuous thin film, the target
SiO2 /Si substrate was placed at the downstream in the furnace.
The furnace temperature was increased to 500 °C at a heating
rate of 20 °C/min while flowing with 50 sccm Ar gas. When the
temperature just reached 500 °C, the heating pad was immedi-
ately switched on and the sulfur powder was left to sublimate.
After holding the furnace temperature at 500 °C for 10 min-
utes, the furnace was further ramped up to 900 °C at a rate of
20 °C/min. After holding at 900 °C for 10 minutes, the furnace
was cooled down to 550 °C and the heating pad was removed.
Finally, the furnace was turned off and cooled to room tem-
perature. Figs. 1. and 2. show the CVD system set-ups and the
schematic illustrations of the MoS2 growth.

C. Materials Characterization

The step height and surface morphologies of the samples
were measured by atomic force microscopy (AFM). Raman
spectroscopy was used to analyze the quality and thickness of
MoS2 crystals [21], [22]. Similar to graphene, Raman spectra
of MoS2 crystals were found to be layer dependent and the peak
shift difference between the two major modes (E1

2g and A1g )
is able to estimate the number of layers. Photoluminescence
(PL) was also done to characterize the optical properties of
the samples. Both the Raman spectra and PL measurement were
conducted with a confocal Raman microscope (Renishaw). The
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Fig. 3. Microscopic images of MoS2 (a) isolated triangular islands and
(b) large area continuous thin film with a scratched tweezer mark.

wavelength and power of the laser was 514.5 nm and 3 mW.
Raman mapping was also conducted for the continuous thin
film to analyze the uniformity.

D. Devices Fabrication and Characterization

Both the as-grown MoS2 triangular islands and continuous
thin film were used to fabricate back-gated FETs. Standard pho-
tolithography was used in the fabrication process. The FETs
active regions were first defined with photoresist. For the MoS2
triangular islands, the active regions were patterned with O2
plasma. For the continuous thin film, CHF3 /O2 reactive ion
etching (RIE) was used to remove the film areas outside of the
active regions. The film was over-etched by RIE forming rect-
angular mesas on the SiO2 substrate. The source/drain (S/D)
electrode regions of the FETs were patterned by a second pho-
tolithography step. After deposition of the contact metal Ti/Au
(10/190 nm) by electron beam evaporation and the formation of
the electrodes by a metal lift-off process, the back side thermal
oxide was entirely removed by buffered oxide etchant (BOE).
The devices were baked on a 110 °C hotplate to remove any
solvents introduced during the fabrication process. DC electri-
cal characteristics were characterized using an Agilent 4156C
semiconductor parametric analyzer at room temperature under
dark ambient conditions.

III. RESULTS AND DISCUSSION

A. Effect of Growth Parameters and Substrates Position on
MoS2 Crystallinity

In this report, we successfully demonstrated the selectable
growth of MoS2 with two kinds of crystallinity. Fig. 3 shows
the microscopic images of MoS2 samples. Typical highly crys-
talline isolated MoS2 triangular islands were found in the middle
region of the target substrate with a size of up to ∼70 μm, which
is shown in Fig. 3 (a). In Fig. 3 (b), a tweezer mark was used to
generate an optical contrast between the MoS2 continuous thin
film and the SiO2 /Si substrate. The uniform and clean light blue
MoS2 thin film is continuous with an area of up to centimeters.

The selectable MoS2 growth was mainly achieved by con-
trolling the timing of the sulfur vaporization and the substrate’s
position. First of all, we performed a thermal gravimetric anal-
ysis (TGA) to characterize the sublimation properties of the
MoO3 powder. Fig. 4 shows the corresponding thermogravimet-

Fig. 4. Thermogravimetric curve with weight percentage versus ramping tem-
perature of the MoO3 powder

Fig. 5. Photo images of 1.5 cm × 2 cm MoS2 (a) non-uniform continuous
film formed by placing the target substrate just above of the MoO3 source and
(b) large area continuous thin film

ric curve. We found that the MoO3 powder started vaporizing
at ∼650 °C and we defined this as the crucial point of temper-
ature to differentiate between our MoS2 triangular island and
continuous thin film growth.

In the growth of MoS2 triangular islands, the heating pad was
turned on and the sulfur vaporized when the furnace ramped
up to 750 °C. According to the TGA result, the MoO3 pow-
der had already sublimated before the sulfur vaporized and the
tube ambient was filled with MoO3 vapor. The furnace was
then held at 750 °C for 10 mins. At the beginning, the MoO3
partial pressure (Pmoo3 ) was far higher than the sulfur partial
pressure (Ps), which favored the incomplete reactions of MoO3
and sulfur. Oxysulfide clusters were then created and nucle-
ated on the target substrate [5], [23], [24], while the Ps kept
increasing during the process and eventually became steady. Fi-
nally, the oxysulfide clusters were further reacted with sulfur
vapor and MoS2 triangular islands were formed. After that,
the furnace was ramped up to 900 °C while maintaining a
constant sulfur supply to ensure the complete sulfurization of
oxysulfide clusters and improve the MoS2 crystalline quality
[16]. During the MoS2 triangular islands synthesis, the MoO3
incomplete sulfurization and oxysulfide sulfurization coexisted



CHO et al.: SELECTABLE SYNTHESIS OF 2-D MOS2 AND ITS ELECTRONIC DEVICES 313

Fig. 6. Photo images of MoS2 triangular islands samples (a) without HF substrate treatment, (b) after HF surface treatment and (c) DI rinse after HF surface
treatment.

and competed with each other. This led the slow formation
of MoS2 vapor and the MoS2 partial pressure (Pmos2) be-
came relatively low. Based on the law of mass reaction, the
low Pmos2 resulted in slow MoS2 deposition rate and the for-
mation of highly crystalline MoS2 triangular islands became
favored [15].

In the growth of MoS2 continuous thin film, heating up of
the sulfur was started when the furnace temperature reached
500 °C. After that, the furnace was ramped up to 900 °C and to
vaporize the MoO3 powder. Since the tube was already full of
sulfur vapor prior to the MoO3 vaporization, the MoO3 acted as
the limited reactant and MoS2 was formed immediately when
the MoO3 powder was just vaporized. The fast MoS2 formation
resulted in the rapid increase of its partial pressure. When the
Pmos2 increased to higher than its vapor pressure, MoS2 started
to deposit on the target substrate. According to the law of mass
reaction, the rapid increase of MoS2 vapor created a high Pmos2
and led to a fast deposition rate, which favored the formation
of small grain size MoS2 thin film [15]. Similar to the growth
of triangular islands, the furnace was eventually ramped up to
900 °C which aimed to improve the crystalline quality. Further-
more, we found that the placement of the target substrate would
affect the uniformity of the MoS2 film. We tried to place the
target substrate on top of the MoO3 which was similar to the
triangular islands growth. Unfortunately a non-uniform MoS2
film was formed which is shown in Fig. 5 (a). As the gradient
of Pmoo3 was large at the furnace center [25], different thick-
nesses of MoS2 would be easily formed and deposited on the
target substrate. We then switched the target substrate position
to the downstream of the furnace which was in series with the
MoO3 holder substrate. As the target substrate was put away
from the MoO3 source, the Pmos2 became steady when the va-
pors reached the substrate due to mass transfer. This approach
enhanced the uniform MoS2 deposition and resulted in the for-
mation of large area uniform MoS2 continuous thin film, which
is shown in Fig. 5 (b).

To summarize, the main difference between the CVD growth
of MoS2 triangular islands and continuous thin film was the tim-
ing control of the sulfur supply. For MoS2 triangular islands, the
MoO3 was vaporized before the sulfur vaporization leading to
the dominated seed nucleation process, while for MoS2
continuous thin film, the MoO3 vaporization proceeded after
filling the tube with sulfur vapor, resulting in the dominated
MoO3 limited process.

B. Effect of HF Treatment on the Growth of MoS2
Triangular Islands

Fig. 6 shows the microscopic images of the as-grown MoS2
triangular islands samples with three different cleaning meth-
ods. Sample 1 was cleaned by acetone, IPA and HCl/HNO3 .
Sample 2 was treated by an additional 5% HF dip for a few
seconds; and for sample 3, an additional DI water rinse was
performed after the HF dip. From Fig. 6, we observe that grain
size and density of triangular islands differ among the samples,
where sample 2 shows the largest grain sizes of ∼70 μm on
average and the lowest grains density. During the HF dip of the
SiO2 /Si substrates, some fluorine atoms bonded to the SiO2 sur-
face or even embedded in the oxide [26]–[28]. Partial negative
charges were then created on the oxide surface due to the high
electronegativity of the terminated fluorine atoms. Similar par-
tial negative charges could also be found in the oxysulfide since
its molecular structure was terminated either by electronegative
oxygen or sulfur atoms [23]. Since both the oxysulfide and flu-
orinated oxide surface carried the same type of partial charges,
the tendency of the oxysulfide nucleated on the target substrate
decreased due to some degree of electrostatic repulsion. As a
result, the reduction of nucleation sites caused the decrease in
the MoS2 triangular islands density. In addition, due to the de-
crease of nucleation sites, more sulfur was consumed on each
site while keeping the Ps constant, resulting in the size increase
of MoS2 triangular islands [18].

Fig. 6 (c) shows the image of sample 3 which had been treated
with a DI water rinse after the HF dip. We observe that the MoS2
triangular islands returned to a similar size to sample 1. This is
probably due to the F atoms on the oxide surface being substi-
tuted back to hydroxyl (OH) groups, leading to the reformation
of the hydrophilic oxide surface. The approach provides a new
way for MoS2 grain size modulation. We believed that by fur-
ther optimizing the growth recipe and integrating it with the
HF surface treatment, the size of single crystal MoS2 triangular
islands can be further increased.

C. Surface Morphology and Optical Properties

Fig. 7 shows the 10 μm x 10 μm AFM images of the MoS2
triangular islands and the continuous thin film respectively.
For triangular islands, the number of layers can be estimated
by the flake thickness. The thickness of MoS2 triangular islands
is determined to be ∼0.8 nm by scanning across the flake edge,
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Fig. 7. 10 μm × 10 μm AFM image of the MoS2 (a) triangular islands and
(b) the height profile with the red scanning line. (c) 10 μm × 10 μm and
(d) 1 μm × 1 μm AFM image of MoS2 continuous thin film surface.

Fig. 8. (a) Raman spectra of the MoS2 triangular islands and continuous thin
film. (b) Raman mapping of the E1

2g and A1g peak spacing corresponding to
the MoS2 continuous thin film.

which is agreed to be a monolayer from the previous studies
[1]–[3]. For MoS2 continuous thin film, the thickness cannot
be determined accurately due to the absence of natural film
edges. Observation of the AFM image of the MoS2 continu-
ous thin film shows the continuous film is composed of MoS2
nanosheets with very small grain size, which are on average
smaller than 300 nm. The surface morphology is smooth with
a measured root mean square (RMS) roughness of ∼0.6 nm.
Fig. 7 (d) also shows the AFM image of the MoS2 continuous
thin film with a smaller scanning area of 1 μm × 1 μm.

Fig. 8 (a) shows the Raman spectra of the MoS2 triangular
islands (blue line) and the continuous thin film (red line). For
MoS2 triangular islands, the E1

2g and A1g modes locate at
382.8 cm−1 and 403.4 cm−1 respectively, with a peaks spacing
of 20.6 cm−1. The value corresponds to MoS2 monolayer flakes
according to previous studies [21], [22] and is consistent with
the AFM results. Fig. 8 (b) shows the Raman mapping image
of the peak difference between the E1

2g and A1g mode for
MoS2 continuous thin film over an area of 10 μm x 10 μm
with the scanning steps of 0.5 μm. The peak spacing mainly

Fig. 9. PL spectrum of the MoS2 triangular islands and continuous thin film.
The A1exitation peak is derived from the direct band gap and the B1 peak come
from the valence band splitting. The A1 peaks of MoS2 triangular islands and
continuous thin film are located at 672 nm and 658 nm respectively.

varied from 19.6 to 22.3 cm−1. The signals of ∼20 cm−1 were
coming from coalesced monolayer MoS2 crystals. Where for
the signals of ∼22 cm−1, it was believed to be corresponding
to a double layer MoS2 or overlapped region of monolayer
MoS2 nanosheets. Since the grain sizes of the MoS2 nanosheets
are very small in nature (< 300 nm) and the spot size of the
Raman laser is 1 μm, the Raman spectra might be dominated
by the high density overlapped regions at the MoS2 monolayer
boundaries, which might give out the misleading double layer
signals. The representative Raman spectra of MoS2 continuous
thin film with the peak spacing of 22.3 cm−1 is plotted in Fig. 8
(a). The full width half maximum (FWHM) of the A1g peak for
MoS2 triangular islands and continuous thin film are 4.1 cm−1

and 6.2 cm−1, respectively, the 34% difference indicates the
MoS2 triangular islands had better quality.

The PL spectrums of the MoS2 triangular islands (blue line)
and the continuous thin film (red line) are shown in Fig. 9. The
PL peaks were normalized to the intensity of the A1g peak to
screen out other external factors [29] and make a fair comparison
of PL peaks’ intensities. For MoS2 triangular islands, a remark-
ably strong A1 excitation peak is observed and located at 672 nm
(1.84 eV), which agrees with the direct band transition at the K
point of the Brillouin zone [1], [2], [6], [29]– [31]. Where for the
MoS2 continuous thin film, a comparatively weaker peak from
A1 excitons located at 658 nm (1.88eV). Similar to the Raman
results, the double layer MoS2 and overlapped regions of the
MoS2 nanosheets might contribute to the PL signals. The varied
local doping and strain around the overlapped regions and grain
boundaries of small grain size MoS2 nanosheets might modu-
late the direct band structure, leading to the lowering intensity
and blue shift 40 meV of the A1 peak [5], [32], [33].

D. Electrical Characterization

The as-grown MoS2 triangular islands and continuous thin
film were used to fabricate back-gated FETs to evaluate their
electrical properties. Fig. 10 (a) shows the cross-sectional di-
agram of the MoS2 FETs structure. In order to make a fair
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Fig. 10. (a) Device structure of the MoS2 FETs. Aerial view of the MoS2
(b) triangular islands, and (c) continuous thin film devices taken by optical
microscope. The red dashed lines in (b) indicate the original position of the
corresponding MoS2 triangular island before the O2 plasma patterning. The
dimension of the FET is W/L = 38/6 μm.

Fig. 11. Logarithmic scale and linear scale of transfer characteristics of the
MoS2 (a) triangular islands and (b) continuous thin film FETs.

comparison, both the triangular islands and continuous thin
film devices were defined by the same drain/source spacing
and the length of the MoS2 active region (W/L = 38/6 μm).
The source/drain (S/D) regions were completely covered with
contact metals. Fig. 10 (b) and (c) show the optical images of
typical MoS2 triangular islands and continuous thin film FETs
respectively. The blue MoS2 regions are the channel materials of
the FETs and the 300 nm thick thermal SiO2 underneath acted
as the gate dielectric. Gate bias was applied to the Si substrate
to modulate the device.

Electrical measurements were conducted at room temperature
and in a dark ambient setting. Fig. 11 shows the DC transfer char-
acteristics (drain current vs. gate bias), in both logarithmic and
linear scales of the MoS2 FETs. The back gate voltage (Vgs) was
swept from −100 V to +100 V, at two fixed drain voltages (Vds)
of +0.5 V and +1.0 V. Both the MoS2 triangular islands and
continuous thin film back-gated FETs were n-channel devices
operating in the depletion mode. The devices could be turned

Fig. 12. Output curve of the of the MoS2 (a) triangular islands and (b) con-
tinuous thin film FETs with several back gate voltage bias.

off nicely until large negative biases of ∼50 V and ∼75 V when
the drain current started to increase slightly with a continuing
decrease of the gate voltage, which might be attributed to the for-
mation of p-type inversion channels with 2D holes gas [34], [35].
When biased in the positive direction, 2D electron gas accumu-
lated in the conduction channel of the MoS2 FETs. Furthermore,
an on/off current ratio of up to and even over 108 for the MoS2
devices had been obtained and this is one of the best values for
CVD MoS2 devices [5]–[19], [36]. The excellent on/off ratio is
mainly attributed to the existence of the ∼ 1.9 eV band gap for
both the MoS2 triangular islands and continuous thin film. To
estimate the field effect mobility of the MoS2 FETs, the mea-
sured differential resistance was used [3]: μ = (ΔIds /ΔVg ) ×
(L/WCoxVds), where Cox is the gate capacitance per unit area,
L is the channel length, W is the channel width and ΔIds /ΔVg
is the slope of the transfer curve taken in the linear region. With
Cox = 1.15 × 10−4 F.m−2 for 300 nm thick thermal oxide and
L/W = 6/38 μm, the calculated field effect mobilities of the as-
grown MoS2 triangular islands and continuous thin film FETs
were 11.42 cm2/V.s and 4.04 cm2/V.s at Vds = 0.5 V respec-
tively, which showed the high quality of the MoS2 devices com-
pared with recent studies [5]–[19], [36]. Contact resistance had
not been extracted and included in the calculation, which may
have resulted in an underestimate of mobilities. The result was
also consistent with the Raman and PL measurements, showing
that the single crystal MoS2 triangular islands have better qual-
ity than the continuous thin film, leading to the higher electron
mobility. From Fig. 11 (a) and (b), due to worse gate control
through the bulk Si/SiO2 gate dielectric, the estimated sub-
threshold swings (SS) suffered from a large value of ∼9 V/dec
and ∼6 V/dec, compared to those of back-gated [35], [37] or
top-gated devices [3], [38], respectively, with high-k materials
as the gate dielectric. The output characteristics of the MoS2
FETs in Fig. 12 were measured by sweeping the Vds from 0 V
to +4 V, with gate modulation steps of−10 V. Note that both the
MoS2 triangular islands and continuous thin film devices exhib-
ited near ideal current saturation characteristics over a large Vds
range under various Vgs biases, whereas most reported devices
made with 2D materials show less ideal current saturation char-
acteristics. For Vgs = +100 V, the drain current starts to saturate
with Vds of ∼1 V with on-state current of ∼16 μA and ∼9 μA.
A transistor with near ideal current saturation is important for
its implementation in many circuit applications such as current



316 IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 15, NO. 2, MARCH 2016

mirrors. Most recently, a CVD MoS2 triangular island FET has
been demonstrated with a clear current saturation effect under
a high Vds bias [36]. However, the reasons behind the phe-
nomenon and the complete mechanism in these MoS2 FETs
still need to be further investigated theoretically and experimen-
tally in the future.

IV. CONCLUSION

In summary, we demonstrated the selectable growth of 2D
MoS2 with different crystallinity by simply controlling the
sulfur vaporization timing and target substrate positions. The
growth of MoS2 triangular islands is a seed nucleation process,
where the MoS2 continuous thin film growth is a MoO3 lim-
ited process. AFM, Raman and PL measurements were used to
characterize the samples. The MoS2 isolated triangular islands
are monolayers and highly crystalline in nature, where the large
area continuous thin film is composed of small grain size MoS2
nanosheets with a covered area of up to centimeters. HF surface
treatment has also been demonstrated to modulate the grain den-
sity and enlarge the grain sizes of MoS2 triangular islands. The
fabricated back-gated FETs were measured with high mobilities
of 11.42 cm2/V.s and 4.04 cm2/V.s for MoS2 triangular islands
and continuous thin film respectively, with an excellent current
on/off ratio up to over 108. The FETs also showed an uncom-
mon current saturation phenomenon within 2D devices, which
demonstrated the real potential of future low power electronic
devices.
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