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Molybdenum disulfide (MoS2) films were deposited on sapphire (0001), Si (001)
and graphene on Cu by laser physical vapor deposition at 600�C for different
time periods to achieve control of thickness. MoS2 film was found to grow on
all the substrates in the (0002) orientation. Films are found to be S-deficient
and a free Mo peak was observed in the x-ray diffraction. Raman spectroscopy
showed the characteristic peaks of MoS2 film with decreasing separation be-
tween the A1g and E2g

1 peaks for a shorter time of deposition or smaller
thickness of the film. MoS2 films on sapphire substrate showed additional
peaks due to MoO3 and Mo4O11 phases. Films on Si substrate and graphene on
Cu contained only the characteristic peaks. MoS2 films on graphene sup-
pressed the graphene peak as a result of large fluorescence background in the
Raman spectrum. Interfacial effects and the presence of an oxygen impurity
are considered responsible for the large fluorescence background in the Ra-
man spectrum. X-ray photoelectron spectroscopy indicated substrate interac-
tion with the films on sapphire and Si. Coverage of the film on the substrates is
uniform with uniform distribution of the Mo and S as evidenced from the x-ray
maps. Atomic force microscopy image revealed the surface of the film on
sapphire to be very smooth. Electrical conductance measurements showed the
MoS2 film on sapphire is semiconducting but with much lower activation en-
ergy compared to the bandgap. The presence of excess Mo in the film is con-
sidered responsible for the lower activation energy.
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INTRODUCTION

Molybdenum disulfide (MoS2) thin films have
been investigated for several applications including
electronic,1 solar,2 and optoelectronic devices,3

photo catalyst in hydrogen generation,4,5 battery
electrodes6 and lubricant films.7 MoS2 exhibits a
direct band gap of 1.8 eV in films of one monolayer,8

and and indirect bandgap of 1.2 eV in its bulk form.9

The presence of the band gap is considered a specific
advantage over graphene films as it is a require-
ment for device structure.10

Many studies of MoS2 devices and characteriza-
tion of properties are carried out on films prepared

by mechanical exfoliation.11,12 Synthesis of MoS2

films by chemical vapor deposition (CVD)13,14 and
laser physical vapor deposition (LPVD)15 is
attempted for large-scale adoption of MoS2 in many
applications. Integration of MoS2 films with gra-
phene to form the heterostructure is considered an
opportunity16–18 to tailor the electronic transport in
graphene. The interface between graphene and
MoS2 films is an important region that is responsi-
ble for altering the electron transport.19

Characterization of the defect structure in the
films revealed20,21 many categories of defects includ-
ing vacancies resulting from sulfur deficiency and
presence of impurities such as oxygen. Dislocations
and grain boundaries22 are observed in polycrys-
talline films. The thickness and perfection of the(Received June 14, 2016; accepted October 13, 2016;
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MoS2 films are important parameters that control
the bandgap and the carrier mobility.21 It has been
found that in CVD,22 that cleaner substrates were
important in the growth of defect-free crystals.
When the substrates were dirty, defect-free trian-
gular crystals were replaced with defective
regions.22 The thickness of the crystals was depen-
dent on the position of the substrate with respect to
the source; it was larger when the substrate was
closer and negligible when substrate was farther.
Multiple nucleation sites of the films during growth
were responsible for formation of both tilt and twist
boundaries when the crystals coalesced, although
only tilt boundaries were found to be responsible for
altering the conductivity.22 Also, surface defects
consisting of charged impurities, short range disor-
der such as interfacial bonding or roughness and
sensitivity to the ambient environment were
observed, giving rise to a transition from hopping
conductivity21 to bulk conducting behavior at a
larger thickness. For smaller thickness up to 2 or 3
monolayers, sulfur vacancies are found responsible
for carrier scattering, resulting in hopping conduc-
tivity. Sulfur vacancies are generally predominant
defects because of the low energy of formation and
higher vapor pressure of sulfur. Sulfur deficiency
and Mo excess naturally leads to n-type MoS2

conductivity.20 Antisite defects with Mo occupying
S positions (MoS) are found to be dominant defects
in films grown by physical vapor deposition.20

In the present work, we have used LPVD to deposit
films of MoS2 on different substrates including (0001)
sapphire, (001) Si and graphene on copper. The films
were characterized by different techniques to deter-
mine the substrate effects on the film growth and
properties. These results will be useful to deposit
MoS2 films for device applications provided addi-
tional techniques for incorporation of electrically
active dopants and contacts are determined.

EXPERIMENTAL DETAILS

The polished sapphire and Si substrates used in
the deposition of MoS2 films were cleaned in acetone
and isopropyl alcohol and dried with nitrogen. The
Si substrate was further etched in 49% HF for 1 min
and rinsed with deionized water and dried. The
graphene on copper substrates were prepared by
microwave plasma CVD of graphene on Cu. Poly-
crystalline Cu foils with thicknesses close to 100 lm
were polished to smoothness using 600-, 800- and
2400-grade SiC polishing paper supplied by Struers
Inc. The Cu foils were further etched with a mixture
of 50% H2SO4 and 50% HNO3 in distilled water for
3 min to remove any abrasive particles present on
the surface.

Deposition of Graphene on Cu Foils by Mi-
crowave Plasma Deposition (MWCVD)

Cu foils of size 0.5 cm by 0.5 cm and thickness of
100 lm were loaded on to the substrate holder in an

8-inch diameter stainless steel MWCVD chamber
equipped with an ASTEX Inc. 1.5-KW power supply.
The chamber was evacuated by means of a mechan-
ical pump and gas pressure controlled by an MKS
Instruments Inc. exhaust valve controller. The H2

and CH4 gas flow into the chamber is controlled by
MKS Instruments Inc., flow meters. In addition,
nitrogen and argon gas inlets were provided by two
needle valves. The graphite substrate holder was
heated by means of a tungsten filament heater that
could go up to 600�C. The tuners were adjusted to
stabilize the microwave plasma above the substrate.
The presence of the plasma was observed through a
quartz window. The temperature of the substrate
holder was measured with a thermocouple situated
below the graphite substrate holder.

The chamber was evacuated by means of a
mechanical pump to 1 mTorr (0.133 Pa) pressure
and purged with H2 gas. The substrate was heated
to 600�C in the presence of H2 gas at a pressure of
30 Torr (4 kPa) and flow rate of 25 sccm with a
direct current of 20 amps and voltage of 20 V. The
microwave power supply was turned on and
increased to 850 W slowly with the plasma gener-
ated above the sample. The sample was treated in
H2 plasma for 20 min at 900�C. At this point, the
methane valve was opened and the flow of methane
was controlled at 10 sccm while the H2 gas supply
was turned off. The sample was treated in methane
plasma for 20 min. The microwave power and the
substrate heater were turned off and the sample
was allowed to cool. Simultaneously, H2 gas flow
was started while the sample was cooled to room
temperature. H2 flow was stopped when the tem-
perature was below 200�C. Several samples with
graphene film on Cu foil were prepared for further
deposition of MoS2 on graphene.

Deposition of MoS2 by Laser Physical Vapor
Deposition (LPVD)

MoS2 films were deposited on sapphire (0001), Si
(001) and graphene on Cu substrates. In each
deposition that was carried out for a specified period
of time, the three substrates were held side by side
on the substrate holder so that the depositions
conditions remained the same. All the three sub-
strates, with size close to 0.5 cm 9 0.5 cm, were
held on the substrate holder (5 cm 9 8 cm in area)
by colloidal silver paste to maintain uniform tem-
perature during LPVD. The MoS2 target was 2.5 cm
in diameter and 0.8 cm in thickness. The target was
cleaned with a sharp blade before each deposition so
that the previously laser-ablated region was
removed and fresh MoS2 was exposed. An Nd-YAG
laser in the fourth harmonic (k = 266 nm), pulse
energy of 210 mJ, a duration 6 ns, a beam diameter
8 mm and a repetition rate of 10 Hz were used for
laser ablation. The substrate holder was heated by
means of a resistance heater to 600�C. The target to
substrate distance was maintained at 4 cm. The
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chamber was evacuated by means of a turbo pump
backed by a mechanical pump to achieve a pre-
deposition vacuum of 5 9 10�7 Torr (0.067 mpa)
upon baking at 150�C. The deposition was carried
out for different periods of time; 15 s, 20 s, 45 s,
1 min and 15 min to examine if the thickness of the
deposited film was reduced successfully on each
substrate for shorter deposition time. The samples
were cooled at a rate of 5� per min initially until the
temperature reached 500�C and then at 10� per min
so that thermal stresses responsible for nucleation
of defects and film cracking were not generated.

Characterization of the MoS2 and Graphene
Films

MoS2 and graphene films were characterized by
scanning electron microscopy (SEM) for surface
morphology and microstructure, energy dispersive
spectrometry (EDS) for composition, atomic force
microscopy (AFM) for surface smoothness, Raman
spectroscopy for the lattice perfection, x-ray photo-
electron spectroscopy (XPS) to determine the sub-
strate interaction and x-ray diffraction to identify
the phases when the deposition time was large
enough to give sufficient counts of the diffraction
peaks. Graphene films did not exhibit peaks with
enough counts and, hence, were not characterized
by x-ray diffraction. Electrical conductance of the
MoS2 films on sapphire substrate was measured by
the four probe technique. MoS2 films on Si and
graphene on Cu were not characterized for electrical
conductance as the substrates were conducting.

EXPERIMENTAL RESULTS
AND DISCUSSION

X-ray Diffraction of MoS2 Films

Results of x-ray diffraction were obtained using a
Rigaku instrument in the h � 2h configuration.
Peak profiles are shown in Fig. 1a for the MoS2

films deposited on sapphire (0001) substrates at
600�C. The MoS2 (0002) peak at 14. 4� was not
observed in the films deposited for 45 s; however, a
broad peak was present for the film deposited for
1 min, and a much stronger peak for the film
deposited for 15 min. In addition, a broad peak
was observed near 2h = 39� in the film deposited for
1 min that could be associated with S-deficient
MoS2. A peak associated with Mo (110) at
2h = 40.5� was observed in the film deposited for
15 min which indicates that the film is deficient in
S.

The diffraction peak profiles are shown in Fig. 1b
for MoS2 films deposited on Si (001) substrates at
600�C. An MoS2 (0002) peak was observed in the
film deposited for 15 min along with Mo (220) peak
indicating that S deficiency is present. However, the
(0002) MoS2 peak was not observed in the films
deposited for 1 min. The diffraction peak profiles
are shown in Fig. 1c for MoS2 films deposited on

polycrystalline Cu substrates at 600�C. The results
show that a strong MoS2 peak is absent even after
15 min deposition but a weak Mo (110) peak is
present. A very weak MoS2 (0002) peak is present at
2h = 14.4�.

Fig. 1. (a) X-ray diffraction peak profile from the MoS2 film deposited
on sapphire (0001) substrate for 45 s (3 layers), 1 min (4 layers) and
15 min (bulk) at 600�C. The filled triangle represents MoS2 (0002),
hexagons represent sapphire (0002) and (0004) and squares rep-
resent Mo (110) and (200). The broad peak near 39� was from MoS2.
The number of atomic layers was determined from the Raman
spectrum. (b) x-ray diffraction peak profile from MoS2 film deposited
on Si (001) substrate for 1 min (5 to 6 layers) and 15 min (bulk) at
600�C. The filled triangle represents the MoS2 (0002) peak, diamond
represents the Si (002) and (004) peaks, and square represents Mo
(110) peak. Films deposited for 1 min did not show any MoS2 peak.
The number of atomic layers was determined from the Raman
spectrum. (c). x-ray diffraction peak profile from MoS2 film deposited
on Cu substrate for 15 min at 600�C. The filled square represents Mo
(110), the open triangle represents Cu (111) and the open parallel-
ogram represents Cu (220) peak. A very weak peak from MoS2

(0002) is present at 14.4�.
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Growth of films on sapphire and Si indicates that
preferred (0002) orientation is present. However,
the thickness of film grown for 1 min on Si was not
enough to give an x-ray peak, whereas that on
sapphire gave a broad peak. In addition, the
presence of an Mo peak signifies that the films
are deficient in S. Thicker lubricating films depos-
ited by LPVD are known to be deficient in S.23

Laser ablation is responsible for breaking the Mo-S
bond and S is lost preferentially, in particular, in
the presence of a small concentration of O in the
chamber at 6.67 9 10�8 kPa. Excess S in the target
could overcome the deficiency. Interaction of the
Cu substrate with the film was also responsible for
loss of S from the film. Film deposited for 15 min
on Cu showed only a very weak peak of MoS2

(0002) that was not easily identified. Thus, S reacts
with Cu, leaving free Mo in the film,24 as shown in
Fig. 1c.

Raman Spectroscopy

Raman spectra of the films were collected using a
Lab RAM Horiba Scientific instrument with a
microscope at 1009 and laser excitation wave
length of 442 nm to avoid a fluorescence back-
ground. In addition to E2g

1 and A1g peaks from MoS2,
other peaks that arose from oxides of Mo and
sapphire were observed, as shown in Fig. 2a. The
A1g peak from the MoS2 film deposited for 15 min
appeared at 417.5 cm�1 which is close to the A1g

peak of sapphire. The peak was weak. Similarly, the
E2g

1 peak in the film deposited for 15 min appeared
at 379.4 cm�1 and it is close to MoO3 peak. Thus,
the peaks from MoS2 in the film deposited for
15 min were weak and could not be separated from
the peaks from MoO3 at 379.4 cm�1 and sapphire at
417.5 cm�1. The results could also be due to pres-
ence of S deficiency or free Mo and interaction of O
in sapphire with MoS2. However, the E2g

1 and the
A1g peaks were clearly identified in other films and
the separation between the peaks decreased for
shorter deposition time up to 15 s.

The E2g
1 peak due to in-plane vibrations25 and the

A1g peak due to out of plane vibrations25 were
shifted farthest in films deposited for 15 min, and
the separation continuously decreased as the time
for deposition was reduced to 15 s. The formation of
MoS2 film after 15 s on sapphire was clearly verified
from the Raman spectrum. Thus, although x-ray
diffraction is unable to detect the formation of MoS2

layers, the Raman spectrum provided proof of the
formation. The peaks beyond 417.5 cm�1 arose from
the MoO3 and Mo4O11 phases.26,27 The formation of
oxides of Mo in the film appears to be a result of
reaction with the sapphire substrate as those peaks
are not observed in the films deposited on Si
substrate, although the two substrates were placed
next to each other during deposition. The presence

Fig. 2. (a) Raman spectrum from MoS2 film on sapphire substrate
using 442-nm laser excitation wave length. The largest separation
between the A1g and E2g

1 peaks of MoS2 was 23.8 cm�1 for films
deposited for 1 min and the smallest separation was 20.6 cm�1 for
films deposited for 20 s and below. the peak close to 380 cm�1 is
from MoO3, and the peaks at 431 cm�1 and 451 cm�1 are from
Mo4O11 phases. The peak at 417.5 cm�1 is the A1g peak from
sapphire. The results for different films are shifted vertically. (b)
Raman spectrum from MoS2 film on Si substrate using a 442-nm
laser excitation wave length. The largest separation between A1g and
E2g
1 peaks is 24.9 cm�1 in the film deposited for 15 min and the

shortest separation was 22.5 cm�1 in film deposited for 45 s. Also,
no other oxide peaks were observed.

Fig. 3. Raman spectrum from graphene film on Cu foil using a 442-
nm laser excitation wave length. The Raman primary peak at
640 cm�1 is from CuO and the peak at 1290 cm�1 is the second
order peak. The D peak is observed at 1364.7 cm�1, the G peak at
1589 cm�1 and the peak at 1620 cm�1 is from glassy carbon phase.
The 2D peak at 2731.3 cm�1 is from graphene. The peak at
2976.8 cm�1 is from C-H bond stretching and peak at 3254 cm�1

and higher wave numbers are a result of sum of D, G and 2D peaks.
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of free Mo will be responsible for the film to be
semiconducting but with lower activation energy.

The Raman spectrum of films deposited on Si
(001) is presented in Fig. 2b. In addition to the first-
order Raman peak at 521 cm�1 from Si, the E2g

1 and
A1g peaks from MoS2 are present. Peaks from MoO3

or Mo4O11 are absent. The largest separation
between the two peaks was 24.9 cm�1 for the
MoS2 film deposited for 15 min and the smallest
separation was 22.5 cm�1 for the film deposited for
45 s. Raman spectrum from films deposited for 15 s
and 20 s did not exhibit clear peaks from MoS2.
Therefore, substrate interaction with Mo forming a
very thin layer of MoSi2 was possible.

The Raman spectrum of graphene film deposited on
Cu substrate is shown in Fig. 3. The peak from CuO is
observed at 640 cm�1. The peak at 1290 cm�1 is
considered to be the second-order CuO peak. The D
peak and G peak from the graphene film are observed
at 1364.7 cm�1 and 1589 cm�1, respectively.28–30 The
peak at 1620 cm�1 is from the glassy carbon
phase31,32 and the 2D peak at 2731.3 cm�1 is from
graphene. The 2D peak is symmetric and much
stronger than the G peak, indicating that the
graphene film is either a single or bilayer of carbon
atoms. However, the polycrystalline nature of the

film is responsible for grain boundaries where disor-
der is present. This disorder is responsible for the
presence of the D peak in the spectrum. A higher
order peak at 2976.8 cm�1 arises from C-H bonds in
the film and the second order peaks are present at
higher values of wave number.28–32 Thus, the
graphene films are highly crystalline.

Raman spectra of the MoS2 films deposited for 45 s
and 20 s on graphene film grown on Cu are shown in
Figs. 4 and 5, respectively. The results are shown for
two different ranges; the MoS2 and the graphene
range. The Raman spectrum shown in Fig. 4a indi-
cates that the E2g

1 and A1g peaks are strong with a
separation of 21.6 cm�1. The peak at 640.5 cm�1 is
from CuO. The peak at 789.2 cm�1 has not been
identified previously but it is the second-order peak
from MoS2, 2E2g

1 .33,34 The Raman spectrum from the
same sample in the graphene range or above
900 cm�1, presented in Fig. 4b, contains the D and
G peaks at 1383.8 cm�1 and 1610.8 cm�1, respec-
tively. The broad peak at 1610.8 cm�1 is a superpo-
sition of the G peak at 1588 cm�1 and the glassy
carbon peak near 1610 cm�1. The background from
fluorescence beyond 1900 cm�1 has increased signif-
icantly due to MoS2 film on graphene. The Raman
peak labeled 2D associated with graphene, observed
at 2731 cm�1 in Fig. 3, was shifted to 2746 cm�1.
Similarly, the peaks at 2976.8 cm�1 and above were
shifted to 2981 cm�1 and higher values, respectively.

Fig. 4. (a) Raman spectrum from MoS2 film deposited for 45 s on
graphene film on Cu foil using a 442-nm laser excitation wave length.
The MoS2 range is shown. (b) Raman spectrum from MoS2 film
deposited for 45 s on graphene film on Cu foil using a 442-nm laser
excitation wave length. The graphene range is shown.

Fig. 5. (a) Raman spectrum from MoS2 film deposited for 20 s on
graphene film on Cu foil using a 442-nm laser excitation wave length.
The MoS2 range is shown. The peak positions are not determined
exactly as the peaks are broad. (b) Raman spectrum from MoS2 film
deposited for 20 s on graphene film on Cu foil using a 442-nm laser
excitation wave length. The graphene range is shown.
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Thus, the presence of MoS2 film has shifted the
positions of all the peaks in the graphene range to
higher values. The peak at 970.3 cm�1 has not been
identified previously with a laser excitation wave
length of 442 nm used in the present investigation.
However, a peak at 980 cm�1 has been identified as a
T-peak and arises from C-C bonds in the carbon films
but is only observed when the excitation wave length
is in the ultra violet (UV) range.31 The peak at
970.3 cm�1 is observed only in the presence of MoS2

film on graphene as it is absent in the spectrum
associated with graphene on Cu, shown in Fig. 3.

The Raman spectrum of the MoS2 film deposited
for 20 s on graphene on Cu is presented in Fig. 5a
for the MoS2 range. The E2g

1 and A1g peaks are very
week and broad, indicating that a good crystalline
film has not formed. In addition, the peaks from
CuO at 304.7 cm�1, 349.2 cm�1 are present. The
peaks at 384.1 cm�1 and 406.3 cm�1 are weak and
arise from MoS2 but the positions are difficult to
determine as they are broad. The film is not
expected to be highly crystalline and may not be a
continuous monolayer. The Raman spectrum of the
film covering the graphene range or above
1000 cm�1 is presented in Fig. 5b. The D and G
peaks are present at 1384 cm�1 and 1598 cm�1. The
2D peak from graphene and other peaks are very
weak in the presence of a large background from
fluorescence. The peak at 1136 cm�1 was not iden-
tified previously but it is the second order peak from
CuO. Although the peak positions are not signifi-
cantly shifted by the presence of MoS2 film on the
top, the fluorescence background is responsible for a
weak 2D peak from graphene at 2731.6 cm�1.

Results of Raman spectroscopy on films on differ-
ent substrates illustrate that stoichiometric MoS2 is
present. However, the presence of other phases is
also identified. In addition, Raman spectra could not
be obtained from films deposited on Si below 45 s.
Thus, the sticking coefficient of the MoS2 films is
low and substrate interaction with the film is

possible. Therefore, XPS characterization was fur-
ther carried out. The thickness of the films or the
number of atomic layers (n) on different substrates
was determined based on the correlation between ‘n’
and the frequency difference Dm between the A1g and
E2g

1 peaks25 and the results are presented in Table I.
It should be noted that the results are influenced by
the substrate interaction with the film. Films with
one or two atomic layers are not detected on Si
substrate.

Table I. Frequency difference (Dm) in Raman shift (cm21) between A1g and E2g
1 peaks of MoS2 film deposited

on the three substrates and the thickness of the films in number of layers (n)

Time of deposition (min)

Sapphire Silicon Graphene (on Cu)

Dm n Dm n Dm n

0.25 20.6 1 to 2 – – – –
0.33 20.6 1 to 2 – – – –
0.75 22.0 3 22.5 3 to 4 21.6 2 to 3
1.0 23.8 4 24.0 5 to 6 22.0 3
15.0 38.1 Bulk 25.0 Bulk - –

The number of layers is determined based on results from Ref. 25. The separation between layers is between 0.6 nm and 0.7 nm.25 The
three substrates were placed next to each other on the substrate holder during deposition for each specified time. The films deposited on Si
and graphene for time below 45 s showed broad peaks and the peak positions could not be determined exactly.

Fig. 6. XPS results of MoS2 film on sapphire for (a) Mo 3d and S 2s
peaks, (b) S 2p peaks. The MoO3 peaks are very strong, indicating
sapphire interaction with the film.
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X-ray Photoelectron Spectroscopy (XPS)

XPS was performed using a SPECS Flexmod
instrument with Mg ka excitation. The analyzer
was a PHOIBOS 150 with a takeoff angle normal to
the sample surface. Results of XPS for MoS2 film
deposited for 1 min on sapphire, Si and graphene on
Cu are shown in Figs. 6–8, respectively. XPS pro-
vides values of binding energy of electronic states of
elements in phases present in the film in the top 3 to
4 monolayers. Although Raman spectroscopy
showed strong peaks associated with MoS2 in films
deposited for 1 min, XPS showed differences in the
surface layers. These results are useful to under-
stand the substrate effects.

The results shown in Fig. 6 indicate the presence
of strong Mo 3d peaks consistent with the MoO3

phase35 and MoS2.14,35 Interaction of sapphire with
MoS2 film and formation of MoO3 is previously
noted from Raman spectrum shown in Fig. 2a.
Surface oxidation of MoS2 is also expected to give
rise to MoO3 formation36,37 in the surface layers.
There is a S 2s peak that causes some interference
with the Mo 3d 5/2 peak for MoS2. The presence of
Mo 3d peaks in MoSi2

37,38 and MoO3 and absence of
MoS2 in Fig. 7a indicate that the film is S-deficient.

The signal from S 2p peaks, shown in Fig. 7b, is also
weak and noisy. Thus, Si interaction with Mo to
form MoSi2 is evident. Results of Raman spec-
troscopy, shown in Fig. 2b, indicate clearly that
MoS2 is present on Si in the film deposited for
1 min. However, films containing one to two atomic
layers could not be obtained. Therefore, formation of
MoSi2 in the surface layers is a substrate effect.
Absence of MoS2 in the surface is due to S defi-
ciency. Results presented in Fig. 8a show the Mo 3d
peaks from MoS2 and MoO3 in the film deposited for
1 min on graphene on Cu. The S 2s and 2p peaks,
shown in Fig. 8b, are also weak. Peaks associated
with MoC39 are difficult to assign because C is
incorporated in MoO3. Also, the peak positions
depend on the charged state of Mo.39,40 Thus,
interaction of MoS2 with graphene is not evident.
The weak van der Walls bonding between graphene
and MoS2 is responsible for the absence of interac-
tion between Mo and C.

Scanning Electron Microscopy (SEM) and
Atomic Force Microscopy (AFM)

SEM imaging was carried out using an FEI Verios
Inc., 460 L and Oxford Inc., high count EDS
detector. The secondary electron image of MoS2

film deposited on sapphire (0001) for 1 min is shown
in Fig. 9a with the EDS spectrum in Fig. 9b. The

Fig. 7. XPS results of MoS2 film on Si for (a) Mo 3d and S 2s peaks,
(b) S 2p peaks. The S 2s peak is very weak. The signal-to-noise ratio
for the S 2p peaks is also not high, indicating that the films are S-
deficient. Mo 3d peaks appear to be due to MoSi2 formation. MoO3

peaks are not very strong, indicating that surface oxidation is
responsible for the interaction with MoS2 film.

Fig. 8. XPS results of MoS2 film on graphene on Cu for (a) Mo 3d
peaks, (b) S 2p peaks. The S 2s peak is very weak. The signal-to-
noise for the S 2p peaks is also not high, indicating that the films are
S-deficient. Interaction of C with MoS2 to form MoC is not found as C
is incorporated in MoO3.
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circular-shaped particles are the laser-generated
molten droplets from the target that solidified upon
reaching the sapphire substrate. The EDS spec-
trum, presented in Fig. 9b, contains only the Al, O,
Mo and S peaks to be present from the film. The
EDS signal was collected for nearly 15 s so that the
maximum in the counts for O was saturated.
However, the counts from Mo and S signal were
lower because the film is only a few monolayers. The
Mo to S atomic ratio is found from the software of
the instrument to be 0.8 to 1.2. Thus, the films are
found to be S-deficient. The films on the substrate
contain different phases, and peaks from all the
elements are present in EDS. Thus, the estimates of
nonstoichiometry from the instrument software
may not be accurate in the presence of different
phases. However, the films contain excess Mo or S
vacancies that will be responsible for the film to be
an n-type semiconductor with lower activation
energy for electrical conductance.

SEM image of MoS2 film deposited on Si for 45 s
and 20 s is shown in Fig. 10a and b, respectively,
along with the x-ray maps of elements Mo, S and O
shown in Fig. 10a. The x-ray maps illustrate a
uniform distribution of Mo and S. The strong O

signal is only from particle contamination on the
surface seen in the SEM image. Otherwise, the O
signal from MoS2 films is low. The films are found to
be S-deficient from the EDS spectrum that is not
shown. The signal from the Mo and S, shown in
Fig. 10a, is not very strong compared to that from
the Si substrate as a result of very few atomic layers
of MoS2. Results of the Raman spectrum from
Fig. 2b and the SEM image of the film for 45 s
indicate that good crystalline quality MoS2 film was
grown on Si (001). The MoS2 film on Si deposited for
20 s is found to be nonuniform in thickness, as
shown in Fig. 10b. Streaks of bright areas are
separated by dark areas representative of MoS2 in
the image. Thus, a deposition time of at least 30 to
45 s is needed for continuous coverage on the Si
substrate as the sticking coefficient of MoS2 to Si is
not high and MoSi2 is found to form.

SEM images of graphene film deposited by
microwave plasma CVD are presented in Fig. 11
in the backscattering and secondary electron modes.
The regions with different shades in the backscat-
tering image illustrate the variation of thickness of
the graphene film. The secondary electron image on
the right also contains regions where the film is
thinner and seen as brighter regions. The graphene

Fig. 9. (a) SEM image in secondary electron mode of MoS2 film
deposited on sapphire (0001) for 1 min. (b) EDS spectrum from
MoS2 film deposited on sapphire (0001) for 1 min. The EDS counts
were collected for close to 15 s beyond which the O signal was
saturated.

Fig. 10. (a) SEM image in secondary electron mode of MoS2 film
deposited on Si(001) for 45 s. (b) SEM image in the secondary
electron mode of MoS2 film deposited on Si(001) for 20 s.
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film growth appears to depend on the orientation of
Cu grains and CuO formed on the surface.

The grain boundary regions are examined in the
atomic force microscope in the tapping mode and the
image is shown in Fig. 12. The average roughness of
the region is found to be 35 nm which is the height
difference between the grain boundary valley and
the adjacent grains. The Cu substrate has been
etched to remove the abrasive particulates of the
polishing medium. Etching is responsible for the
grooves formed at the grain boundary.

SEM image of the MoS2 film deposited for 1 min
on graphene film on Cu is presented in Fig. 13a. The
MoS2 film is conformal with the graphene film and
is present across the grain boundary regions and at
the triple point. X-ray maps of the different ele-
ments (Cu, O, C, Mo, and S) were collected to
determine the uniformity of distribution and are

shown in Fig. 13b. The results illustrate that the
distribution of the different elements is uniform and
the O signal is weak. The signal in the O map arises
from CuO present in the Cu substrate. Thus, the
MoS2 film contains a uniform distribution of Mo and
S.

AFM images of MoS2 film deposited for 1 min on
all the three substrates were collected to determine
the surface roughness and are shown in Fig. 14a, b,
and c. The rms surface roughness of the film on
sapphire, shown in Fig. 14a, is found to be 0.21 nm
which is very small as a result of stable and well-

Fig. 11. SEM image of graphene film deposited on Cu at 850 W by a microwave plasma CVD process is shown on the left for the backscattering
mode and on the right for th secondary electron mode. Darker regions in the backscattering image are from several layers of graphene.

Fig. 12. AFM image in a tapping mode of the grain boundary region
of the graphene film on Cu substrate grown by microwave plasma
CVD at 850 W. The average roughness is found to be 35 nm. The
darker regions are the valleys and brighter regions are the hills.

Fig. 13. (a) SEM image in secondary electron mode of MoS2 film
deposited for 1 min on graphene on Cu. (b) SEM image in secondary
electron mode of MoS2 film deposited for 45 s on graphene on Cu.
The bright dots on the C signal map are the MoS2 particulates where
a C signal is absent. The irregular shaped particles are the con-
tamination on the film surface and not part of the film.
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polished substrates to start with. On the other
hand, the rms surface roughness of the film on Si,
shown in Fig. 14b, is found to be 6.9 nm which is
much higher as a result of interdiffusion and silicide
formation. However, the root mean square (RMS)
surface roughness of the film on graphene on Cu,
shown in Fig. 14c, is found to be 5.6 nm which is a
result of the surface roughness of Cu substrate that
was not polished very smooth. It was previously
noted, from Fig. 12, that the grain boundary regions
in graphene film on Cu showed a surface roughness
of 35 nm. The AFM image shown in Fig. 14c was
away from the grain boundary region so that the
surface roughness was smaller.

Electrical Conductance

MoS2 films deposited on sapphire substrate have
been used to measure the electrical conductance as
a function of temperature. Films deposited on Si
have not been used as the substrate is semicon-
ducting. Films on graphene on Cu also could not be
used for the same reason that graphene on Cu is
conducting. Four probe measurements were made
with the outer two probes used to input a constant

current and the two inner probes used to measure
the voltage drop. The magnitude of current was
1 lamp so that joule heating was negligible. A
reverse current approach was used to eliminate any
thermal electromotive force (EMF) at the contacts.
The films deposited for 1 min and 20 s showed
semiconducting behavior, however, with a very
small slope as shown in Fig. 15. The activation
energy, Q, was also found to be very low compared
to the bandgap of MoS2. The smaller activation
energy could arise from free Mo in the film and S
deficiency. S-deficient MoS2 is known to be a
degenerate n-type semiconductor that arises from
the low-lying conduction band minimum and
valence band maximum.41 It has also been shown
that doping with Nb also leads to degenerate p-type
conduction.41 In addition, the MoO3 phase on the
surface is also found to be effective in p-type
doping.42,43 However, because MoO3 is formed at
the interface between the sapphire substrate and
MoS2 film, it is concluded that n-type conductivity
from deficiency in S is responsible for the low
activation energy observed in the present films.
Thus, large-area deposition with improved stoi-
chiometry can be achieved by use of a target with
excess S and lower laser fluence.44

CONCLUSIONS

MoS2 films deposited on sapphire substrate
showed epitaxial growth with a (0002) orientation
but with S deficiency and formation of MoO3 and
Mo4O11 phases. Thus, oxide substrates are respon-
sible for MoO3 in MoS2. The tendency for Mo to
react with O from the sapphire substrate is respon-
sible for formation of MoO3 at the interface. MoS2

film was identified on the top from Raman spec-
troscopy and XPS. The thickness of the film was
controlled by the deposition time. Excess Mo and
deficiency in S are thought to be responsible for the
low activation energy associated with the electrical
conductance. MoS2 films deposited on Si also
showed epitaxial growth with a (0002) orientation
with excess Mo; however, oxide phases were absent.
The sticking coefficient of MoS2 film on Si is lower,
requiring deposition for at least 45 s for a

Fig. 14. (a) AFM image collected in tapping mode of MoS2 film on sapphire, (b) Si, and (c) graphene on Cu substrate. The root mean square
(RMS) surface roughness values are found to be 0.21 nm, 6.9 nm and 5.6 nm respectively in (a), (b) and (c).

Fig. 15. ln(conductance) shown as a function of 1/T for the MoS2

films deposited at 20 s and 1 min on sapphire substrates. The
semiconducting behavior is observed for both the films. The activa-
tion energy 0.003 eV in the film deposited for 20 s and 0.03 eV in the
film deposited for 1 min.
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continuous film to form. Formation of MoSi2 is
found from XPS. Thus, MoSi2 forms at the interface
as a result of interaction of Mo with Si. MoS2 film
was not formed on Cu substrate even after 15 min
of deposition as a result of reaction between Cu
and MoS2. MoS2 films deposited on graphene film
on Cu showed favorable growth with an absence
of MoO3 and Mo4O11. MoS2 film on graphene
showed characteristic Raman peaks; however, the
peaks associated with graphene are suppressed by
a large fluorescence background. Interaction of
graphene with MoS2 is not evident in the results
from XPS. EDS spectra and x-ray maps from
films deposited on sapphire, Si and graphene on
Cu showed uniform distribution of Mo and S and
low oxygen impurity. Uniform coverage of the film
is achieved on the substrates including grain
boundary regions and triple points on graphene
on Cu. Thus, large area growth of MoS2, up to
2 cm2, on all the substrates by LPVD is favorable,
provided the target density is improved and the
laser pulse energy is reduced to avoid particulates
in the laser-generated plume. Also, excess S in
the target will help compensate for S deficiency in
the film.
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