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ABSTRACT

We have synthesized high quality and large area MoS2 films on flexible fluorophlogopite substrates using the pulsed-laser deposition (PLD)
technique. Annealing in a sufficient sulfur atmosphere was adopted to eliminate oxide molybdenum and sulfur vacancies introduced during
the growth in the vacuum chamber. X-ray photoelectron spectroscopy results demonstrate the advantages benefitted from the annealing pro-
cess. The S/Mo ratio of the annealed MoS2 film was 1.98:1, which was much closer to the theoretical value. Raman spectroscopy,
Photoluminescence spectroscopy, and X-ray diffraction spectroscopy provided direct evidence for the crystallinity improvement. Due to the
elimination of molybdenum oxide, the Fermi level was shifted by 0.175 eV, and the conductive type changes from the Ohmic contact to the
Schottky contact. The optimized method in this paper makes the PLD-derived MoS2 films promising candidates for microelectronic device
application.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5116174

In the past ten years, two-dimensional materials, especially gra-
phene, have attracted extensive research due to their unique chemical
and physical properties. Due to the lack of an intrinsic energy bandgap
required for transistors, graphene is not widely used in device
applications.1–3 In contrast, two-dimensional transition metal dichal-
cogenide (TMD) materials have a tunable bandgap from direct to indi-
rect by varying the number of layers.4 Among them, MoS2 has been
the most extensively studied object for its fundamental properties5–8

and potential applications, such as transistors,4,9,10 solar cells,11 detec-
tors,12,13 batteries,14 supercapacitors,15 and so on. In previous works,
molybdenum disulfide nanosheets were obtained by various methods,
including chemical16 and mechanical exfoliation,10 chemical vapor
deposition (CVD),17,18 and physical vapor deposition (PVD).19 The
chemical and mechanical exfoliated MoS2 nanosheets have the best
performance, but they are not suitable for practical applications
because of their uncontrollable thickness, size, and geometry. For
CVD, its main disadvantage is the extreme demand for the growth
environment, leading to low repeatability.20 Therefore, finding a way

to provide stable output that meets industrial production requirements
remains a challenge.

The pulsed-laser deposition (PLD) technique, an alternative way
to the CVD method, can just be used for preparing large scale,
thickness-controllable two-dimensional films with high yield and low
cost. During the preparation process, the target absorbs the energy of
the laser, producing a featherlike plasma stoichiometrically propor-
tional to the target, transferring to the surface of the substrate. Hence,
MoS2 films of different thicknesses and sizes and grown on different
substrates can be produced.20–25 The growth temperature of MoS2
films by PLD is mostly around 700 �C. It is well known that high tem-
perature facilitates the crystallization of molybdenum disulfide but
causes more loss of sulfur components in a sulfur-free and not
completely oxygen-free environment.19,24

Therefore, it is difficult to prepare a MoS2 film containing no
sulfur vacancies and molybdenum oxide using the PLD technique.
Serna et al. have tried to compensate the sulfur loss during the film
deposition process by incorporating excess sulfur into the targets,
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which made it difficult to fabricate targets.21 Another method,
postannealing in a sulfur atmosphere, works in other forms of growth
processes, believed to be a valuable way to improve the MoS2 films
grown by PLD.18,25

In this letter, we prepared several MoS2 films with different thick-
nesses grown on fluorophlogopite mica (KMg3AlSi3O10F2) as a van
der Waals (vdW) epitaxy substrate. To obtain an atomically smooth
surface, surface layers were removed before the mica substrates were
put into use. A commercial target was utilized with a S/Mo ratio of 2:1.
A pulsed KrF excimer laser was used with an energy fluence of 4 J/cm2

to ablate the MoS2 target with a repetition rate of 5Hz. The vacuum
chamber has a base pressure higher than 1� 10–5 Pa. The substrates
were kept at a temperature of 700 �C and 55mm away from the target.
Flowing Argon with a pressure of 1.5Pa was used as process gas to
attenuate the energy of ions bombarded from the target. During the
deposition process, the holder of substrates was rotated to improve the
flatness of the film. For comparison, the as-grown films were annealed
in a tube furnace in a sulfur atmosphere. During the annealing process,
the samples were heated at different temperatures, while the excess
sulfur was heated to 200 �C with an argon flow rate of 100 sccm
(standard cubic centimeter per minute).

Figure 1(a) shows the atomic force microscopy (AFM) image
and the optical picture for the as-grown film deposited on a
centimeter-scale fluorophlogopite substrate. The atomic force micros-
copy (AFM) image shows the height profile of the as-grownMoS2 film
for 100 s, which has a thickness of �3.3 nm with few layers. The two
sides of the step in Fig. 1(a) were analyzed by Raman spectroscopy
using a 532nm laser [Fig. 1(b)]. It is well known that the Raman
phonon modes of molybdenum disulfide are related to the number of
layers. The frequency differences of the two Raman peaks of the MoS2
film is about 24.5 cm–1 corresponding to about 5 layers.7 So each layer

of MoS2 deposited by PLD corresponds to about 20 s under the same
process conditions. Figure 1(c) shows the Raman mapping of the fre-
quency differences between E12g and A1g peaks for a MoS2 film depos-
ited for 20 s. Most of the test points in the figure have a smaller
frequency difference than 20 cm–1, indicating good flatness with the
monolayer. Therefore, MoS2 films of different deposition times corre-
sponding to different layers were prepared [Fig. 1(d)]. As the film
thickness increases to 5 layers, the characteristic Raman modes of the
in-plane vibration E12g and out-of-plane vibration A1g become red-
shifted and blue-shifted, respectively, which indicates the 2H-MoS2
phase.7,21 The Raman mappings of the frequency differences between
E12g and A1g peaks for the 2–5L MoS2 films have also been studied.
The average frequency differences of the 1–5L MoS2 films are 19.9,
21.4, 22.7, 23.3, and 24.2 cm–1, respectively. Simultaneously, the stan-
dard deviations of each number of layers are 0.44, 0.45, 0.19, 0.29, and
0.43 cm–1, respectively. From the degree of dispersion of the data, we
can see that each number of PLD-derived MoS2 layers has good flat-
ness, especially for the 3 L film, which has the best flatness.

As we know, it is difficult to obtain stoichiometry MoS2 films pre-
pared by the PLD method directly. In this letter, annealing in a sulfur
atmosphere is employed to improve the quality of MoS2 films. Figure
2(a) shows the schematic diagram of the annealing process. After
annealing, X-ray photoelectron spectroscopy (XPS) was used to ana-
lyze the valence and composition of both the as-grown and annealed
MoS2 films deposited for 100 s [Fig. 2(b)]. The spectra were referenced
to C 1s emission at 284.6 eV. It can be seen from the XPS images that
the intensity of the hexavalent molybdenum peak of the MoS2 film
annealed with 500 �C as the optimum annealing temperature is the
weakest. Detailed information can be found from the deconvolutions
of XPS spectra. In order to ensure that the fitting results make physical
sense, the binding energy difference DEB of Mo 3d5=2 and Mo 3d3=2
was constrained as 3.16 0.1 eV, and the area of the former was limited
to 3/2 times that of the latter. For sulfur, the binding energy difference
DEB of S 2p3=2 and S 2p1=2 was constrained as 1.26 0.1 eV, and the
area of the former was limited to 2 times that of the latter.9,19

As shown in Fig. 2(c), the deconvolution of Mo 3d spectra con-
sists of peaks at 235.9 eV, 232.8 eV, 232.7 eV, 229.6 eV, 228.3 eV, and
226.8 eV. The doublet peaks at 235.9 eV and 232.8 eV are attributed to
the Mo6+ state of MoO3. The doublet peaks at 232.7 eV and 229.6 eV
are attributed to the Mo4+ state of 2H-MoS2. The peaks at 226.8 and
228.3 eV belong to the S 2s core level corresponding to the S2– state of
MoS2 and other S species such as oxysulfide compounds, MoSx (with
x 6¼ 2) phase, respectively. Comparing the two pictures in Fig. 2(c), it
can be found that the peaks of hexavalent molybdenum are signifi-
cantly reduced after annealing. It is most likely because the imperfect
film surface may react with ingredients in the air when exposed to the
atmosphere. There were residual little hexavalent molybdenum and
abnormal S states in the films after annealing. Figure 2(d) shows that
the deconvolution of S 2p XPS peaks includes doublet peaks at
163.6 eV and 162.4 eV corresponding to the S 2p1=2 and S 2p3=2 orbi-
tals, respectively. Additional redshift peaks obtained in Fig. 2(d) also
suggest the presence of other S2� states in the film, which is weakened
after annealing. Such results are consistent with the XPS spectral
results of molybdenum.19,21 For the sulfur to molybdenum ratio, the
calculated values of the S/Mo ratio are 1.73 of the as-grown sample
and 1.98 of the annealed sample. Simultaneously, the proportion of
Mo6+ decreased from 5% to 2%. All the results suggest that annealing

FIG. 1. (a) Optical and AFM images of a MoS2 film on a fluorophlogopite mica sub-
strate deposited for 100 s. (b) Raman spectra on both sides of the step (a). (c)
Raman mapping of the frequency differences between E12g and A1g peaks for a
monolayer MoS2 film. (d) Raman spectra of MoS2 films deposited for different
times.
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in a sulfur atmosphere can repair the sulfur vacancies and revulcanized
molybdenum oxide at the same time.

The crystallinity of the MoS2 films is also changed after anneal-
ing. Figures 3(a) and 3(b) show the scanning electron microscopy
(SEM) images of one MoS2 film before and after annealing. The sur-
face still maintains good flatness after annealing. Figures 3(c) and 3(d)
show the deconvolution of Raman spectra before and after annealing.
For the as-grown one, the full widths at half maximum (FWHM) of
modes E12g and A1g are 4.05 cm–1 and 6.47 cm–1, respectively, but
decreased to 2.62 cm–1 and 4.54 cm–1 after annealing, slightly larger
than the value from mechanically exfoliated flakes previously reported
by Lee et al.7 As the layer number increases, the FWHM values of
modes E12g and A1g increase as a whole, indicating a deteriorating
tendency for the crystallinity, which may be related to the accumula-
tion of the defect during growth. Photoluminescence (PL) spectra in
Fig. 3(e) provide a strong evidence of improved crystallinity. Before
annealing, no excitonic peaks can be observed on the as-grown MoS2
films except for one from the substrate. However, after annealing, one
obvious peak appears around 660nm (1.88 eV) for the monolayer
MoS2. When added to two and three layers, there is another weak
peak around 615nm. Unlike common sense, no significant shifts are
observed in the peak position for the bilayer and trilayer sample. At
the same time, the PL spectra of bilayer and trilayer MoS2 films have
enhanced excitation peaks than the monolayer with the optical band
from indirect to direct. These phenomena may be related to the good
crystallinity of the bilayer and trilayer MoS2 films and the coexistence
with monolayer MoS2 in them using the PLD method, which has been
observed from the images of Raman mapping. The X-ray diffraction
(XRD) analysis is an evidence of improved crystallinity as well. As
shown in Fig. 3(f), the diffraction peak intensity of the MoS2 film obvi-
ously increased after annealing, as compared to the as-grown one. The
diffraction peak of MoO3 in (020) crystal orientation (JCPDS No.
35-0609, 2h ¼ 12:85�) is near the left side of hexagonal molybdenum
sulfide in (002) crystal orientation (JCPDS No. 37-1492, 2h ¼ 14.45�).26

As we can see, the diffraction peak of the as-grown sample is at

FIG. 2. (a) Schematic diagram of the annealing process for MoS2 films at different temperatures. (b) XPS spectra of Mo 3d core level peaks for MoS2 films as-grown and
annealed at different temperature. The peak of hexavalent molybdenum at 500 �C is the weakest. (c) The deconvolution of Mo 3d, S 2s, and (d) S 2p core level peaks for
MoS2 films before and after annealing at 500 �C. The experimental data are represented by circles, and fitted results are represented by the gray lines.

FIG. 3. (a) The SEM images of as-grown and (b) annealed MoS2 films at 500 �C.
(c) and (d) The Raman, (e) PL, and (f) XRD spectra of the as-grown sample and
the sample at 500 �C. The smaller the FWHM, the better the crystallinity.
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2h ¼ 13:80�, between the diffraction peaks of MoO3 in the (020)
plane and MoS2 in the (002) plane, indicating the coexistence of
MoO3 and MoS2. However, the peak position shifted to the standard
peak of the hexagonal MoS2, which indicates that the composition
of molybdenum oxide is substantially eliminated after annealing.
Meanwhile, the FWHM of the XRD diffraction peak of the annealed
sample is also much smaller than the as-grown one. According to
the Debye-Scherrer formula, the grain size increased after annealing.
In summary, all the SEM images and Raman, PL, and XRD spectra
indicate that the annealed MoS2 films have improved crystallinity.

Electrical properties are important for MoS2 films as a semicon-
ductor material. As shown in Figures 4(a) and 4(d) and Figures 4(b)
and 4(e), the topography and surface potentials around the Au-MoS2
junctions were studied using AFM and a Kelvin probe force micro-
scope (KPFM). As shown in Figures 4(c) and 4(f), the surface poten-
tial differences between monolayer MoS2 and gold are determined to
be 65 mV and 240mV before and after the annealing, respectively.
Both the values are smaller than the theoretical difference between
monolayer MoS2 ðUMoS2 � 4:36 eVÞ and gold ðUAu � 5:1 eVÞ,9
probably because of the large surface states formed by the imperfect
surface and the effect of MoO3 existing in the MoS2 film on the work
function. Using the surface potential of gold as the reference value,
the Fermi level shift is obtained about 0.175 eV, indicating that the
calculated work function of MoS2 reduced by 0.175 eV after anneal-
ing. Simultaneously, the as-grown MoS2 film forms an Ohmic con-
tact with gold, unlike the annealed MoS2 film, which can be seen
from the inset in Figs. 4(c) and 4(d). As mentioned above, the as-
grown MoS2 film obtained using the PLDmethod inevitably contains
molybdenum oxide with a work function as high as 6.9 eV and a lot
of surface states, which could explain the Ohmic contact between the
gold and MoS2 films before annealing and the decrease in the work
function of MoS2 films with an approximate Schottky contact after
annealing.27–29 Such results indirectly demonstrate the effect of
annealing on the crystallinity of MoS2, consistent with the results of
Raman, PL, and XRD spectra.

In conclusion, we have realized large area and thickness-
controllable growth of MoS2 films on the fluorophlogopite substrates
using the PLD technique. Furthermore, we managed to reduce molyb-
denum oxide and sulfur vacancies using annealing under a sulfur
atmosphere. After annealing, the S/Mo ratio approached stoichiometry
and the crystallinity was improved significantly. PL and XRD spectra
provide convincing evidence. Simultaneously, the Fermi level dropped
by 0.175 eV and the MoS2 film forms an approximate Schottky contact
after annealing, also verifying the advantages of the annealing. These
findings provide optimized MoS2 films prepared by PLD leading to
further applications.
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