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Highly crystalline thin films of MoS2 were prepared over large area by pulsed laser deposition

down to a single monolayer on Al2O3 (0001), GaN (0001), and SiC-6H (0001) substrates. X-ray

diffraction and selected area electron diffraction studies show that the films are quasi-epitaxial with

good out-of-plane texture. In addition, the thin films were observed to be highly crystalline with

rocking curve full width half maxima of 0.01�, smooth with a RMS roughness of 0.27 nm, and uni-

form in thickness based on Raman spectroscopy. From transport measurements, the as-grown films

were found to be p-type. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4907169]

Two dimensional (2D) materials have garnered great in-

terest in recent years due to their unique electronic, mechani-

cal, and optical properties.1,2 2D materials can be found in

nature as bulk solids, formed from the stacking of strongly

bonded layers that are held together by weaker van der Walls

interaction. This characteristic of the bulk materials has

opened the way to experimentally investigate the properties of

individual layers through the method of exfoliation.3 One of

the materials of great scientific interest has been graphene

which exhibits a conical Dirac energy spectrum near the K

point, producing charge carriers that can be described as

essentially massless Dirac fermions that have important con-

sequences for thermal conductivity and carrier mobility.4,5

Though the band-structure of graphene is the source of many

interesting properties, there is no gap in the density of states

which makes graphene incompatible with applications such as

traditional electronic switching devices. By contrast, transition

metal dichalogenides (TMD) that consist of stacked layers of

covalently bonded transition metal and group six atoms have

large band-gaps as a result of the broken symmetry in the

atomic basis set. Field-effect transistor (FET) devices made

from TMD materials could potentially provide large on/off

ratios (>106) and excellent electrostatic integrity at ultra-

scaled dimensions.6–8 However, to materialize the promise of

these TMD materials, appropriate methods for large area

growth must be developed. To that end, extensive efforts have

been applied following different approaches such as intercala-

tion assisted exfoliation,9–11 micromechanical exfoliation

using scotch tape,12–15 liquid exfoliation,16 hydrothermal syn-

thesis,17 thermolysis of single precursors,18,19 chemical vapor

deposition,20 vapor solid epitaxy,21 and physical vapor deposi-

tion.22–24 Recently, vapor-solid grown MoS2 has been shown

to have excellent electronic quality.21 However, the lateral

dimensions of films synthesized by these various methods

have mostly been limited to the order of a few hundred

microns.

Physical Vapor Deposition methods, particularly Pulsed

laser Deposition (PLD), have been explored less. Recently,

there are a couple of reports of MoS2 growth by PLD.25,26

Late et al. deposited films containing dense nanostructures

of MoS2 on W and Si and studied the field emission and

photo-response.25 MoS2 growth mechanism by PLD on

metal substrates like Al, Ag, Ni, and Cu have been studied.26

In this paper, we demonstrate that highly crystalline thin

films consisting of a few monolayers (ML) of MoS2 can be

synthesized over large areas by pulsed laser deposition.

MoS2 thin films (1–15 ML) were deposited by pulsed

laser deposition. One inch diameter targets were made by

cold isostatic pressing of MoS2 and sulfur powder with vary-

ing Mo to S atomic ratios. The powders were obtained from

Sigma-Aldrich and used as received. The targets were placed

5 cm away from 5 � 5 mm2 substrates of single-side polished

Al2O3 (0001), GaN (0001), and SiC-6H (0001). A circular

mask and UV transparent lens with a focal length of 16.5 cm

were used to focus the beam to a 4 mm2 spot on the target

surface. The laser source was a pulsed KrF excimer laser

operating at 248 nm maintained at a 30 ns pulse width with

repetition rate of 4 Hz. The laser energy was held at 50 mJ

per pulse while the substrate temperature was held at 700 �C.

The chamber was evacuated to a base pressure of 10�6 Torr

and films were grown in a residual background pressure

from target ablation of 0.1 mTorr. After the film growth, the

samples were cooled down to room temperature in growth

pressure at a rate of 10 �C/min.

X-ray diffraction (XRD) and X-ray reflectivity (XRR)

analysis (Panalytical X’Pert Pro Diffractometer) was used

for phase identification and thickness determination, respec-

tively. Atomic force microscopy (AFM) using a Veeco-DI

equipped with a Nanoscope IV Controller and silicon tip

from MikroMasch was used in tapping mode to determine

surface roughness. High-angle annular dark-field scanning

transmission electron microscopy (HAADF-STEM) images

and selected area electron diffraction (SAED) were carried

out using an aberration corrected FEI Titan 80–300 operated

at an accelerating voltage of 300 kV. Raman experiments

were carried out using a JYHoriba LabRAM with excitation

wavelength 472.95 nm. Wave dispersive spectrometry

(WDS) in a scanning electron microscope (JEOL JSM-6490LV
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equipped with Oxford INCAx-Sight) was utilized to determine

film composition.

Films with the best crystallinity were obtained from tar-

gets with a Mo:S atomic ratio of 1:4. This could lead to

sulfur-rich or molybdenum deficient samples leading to

p-type doping of the samples as discussed later. Figure 1(a)

shows the cross-sectional TEM image of an as-grown MoS2

thin film on GaN(0001) templated on Al2O3(0001). The

stacking of MoS2 (0001) planes on GaN (0001) is clearly

visible (See Fig. S1 in supplementary material27 for a large

area cross-sectional TEM). Figure 1(b) shows a SAED pat-

tern from the MoS2 film and GaN substrate with only the

MoS2 film peaks indexed. For both MoS2 and the GaN sub-

strate, [010] serves as the zone axis, and in both cases, the

out-of-plane direction is [001] and the in-plane is [100]. The

lack of ring patterns indicates the existence of [001] pre-

ferred texture. The in-plane quasi-epitaxial relationship of

MoS2 (10–10) jj GaN (10–10) can also be distinguished.

XRD patterns in the h-2h mode are attained on films

grown on various substrates including Al2O3 (0001), GaN

(0001), and SiC-6H (0001). Figure 2(a) shows a typical

XRD pattern for a 10 nm MoS2 thin film grown on GaN

(0001). The scans were done using the MoS2 film (0002)

peak as the reference. Occurrence of only (00l) peak con-

firms good out-of-plane texture. To estimate the crystallinity

of films, rocking curves around the MoS2 (0002) peak are

measured. The elongation of the rocking curve is seen at dif-

ferent U angles indicating that the grown films exhibit

multiple facets. This is discussed in detail in the supplemen-

tary information (Figs. S2–S4).27 However, the FWHM of

these rocking curves is as low as 0.01�. This indicates a high

degree of crystallinity in a given region. A rocking curve on

aligned MoS2 facet on SiC is shown in Fig. 2(b). Similar cor-

rugations were also observed in graphene films when sup-

ported on oxide substrates due to the van der Waals

interaction coupled with in-plane mismatch strain.28

Raman spectroscopy has been extensively used to char-

acterize MoS2 films of a few layer thicknesses.14,29,30 The

E1
2g mode results from the in-plane vibrations of the two sul-

fur atoms in opposite directions with respect to the Mo atom,

and the A1
g mode is a result of the vibration of the S atomic

sheets in opposite directions with respect to Mo layer.14,29,30

As shown experimentally, when the number of layers

decreases, the A1
g peak blue shifts as a result of the inter-

layer van der Waals interaction in MoS2, resulting in higher

force constants. By contrast, the E1
2g peak red shifts. This

red shift is thought to be due to stacking induced structural

changes or long-range Coulombic intra-layer interactions in

thicker MoS2, which may dominate the change in atomic

vibration frequency.14,30 The difference between the in-plane

E1
2g mode and out-of-plane A1

g mode in the Raman spec-

trum, d, is representative of the film’s thickness with

decreasing difference between the peaks corresponding to a

decrease in the film thickness.

All of our thin films have a similar Raman signal in

terms of peak position, peak height and line shape irrespec-

tive of the substrate on which they are grown suggesting that

the films only weakly adhere to the diverse substrates by van

der Walls forces (Fig. 3(a)). We clearly observe the thickness

effect in our samples with the thinnest samples (1 ML) show-

ing a d� 20.5 cm�1 and the thickest films showing bulk like

behavior with d¼ 25 cm�1. The thickness of the film is con-

trolled by regulating the number of laser pulses. A growth

rate is calculated by x-ray reflectivity measurements and this

rate is further confirmed for films of only a few monolayers

by TEM and Raman spectroscopy. Raman spectra for one,

two, and eight monolayers of MoS2 are shown in Figure

3(b). In order to demonstrate the uniformity of our samples,

Raman measurements are performed on all four corners of a

5 � 5 mm2 representative sample. Figure 3(c) shows the

Raman spectrum taken at bottom left (BL), top left (TL), top

right (TR), and bottom right (BR) on a two mono-layer

FIG. 1. (a) Cross-sectional TEM image

of a MoS2 sample grown on GaN

(0001) demonstrating good stacking of

MoS2 layers with (0001) orientation.

(b) Reverse contrast selected area elec-

tron diffraction with peaks indexed for

MoS2 showing in-plane quasi-epitaxial

relationship (10�10)MoS2 jj(10�10)GaN.

FIG. 2. (a) 2H XRD pattern of MoS2 on GaN showing good out of plane

texture. (b) Rocking curve of the MoS2 film on SiC(0001) displaying a

FWHM of 0.01�.
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MoS2 film grown on SiC. From the figure, it is clear that the

separation between the E1
2g peak and A1

g peaks is constant for

the four locations confirming the high degree of thickness uni-

formity in our sample over a larger area. In addition, the sur-

face topography for the film was measured by AFM. As shown

in Fig. 3(d), the surface of the thin MoS2 film was found to be

smooth with a RMS roughness of 0.27 nm. However, as the

film thickness increases, RMS roughness increases rapidly, due

to particulates that are readily seen on the films.

Electrical characterization was carried out on an 8 nm

MoS2 film on a GaN(0001) substrate. A schematic

representation of the top gated device is shown in Fig. 4(a)

while an optical micrograph is shown in Fig. 4(b). 15 nm

thick Al2O3 grown by atomic layer deposition (ALD) is used

as a gate dielectric. The gate voltage VG was swept while

holding the drain voltage VD constant and the drain current

ID, and probe potentials (V1,V2) were monitored. Fig. 4(c)

illustrates the electrical connections for the gated four-probe

configuration. Voltage sources were used to apply VD and to

measure the source current IS and drain current ID. Voltage

monitoring units (VMU) were used to monitor V1 and V2 via

channel probes and to source VG. From small signal

FIG. 3. (a) Raman spectra of a mono-

layer MoS2 on GaN/Al2O3 (0001)

(black), SiC-6H (0001) (red) and GaN

(0001) (blue); (b) Raman spectra

showing the effect of MoS2 thickness

variation, all films were grown on GaN

substrate; (c) Raman microprobe mea-

surement displaying curves correspond

to the four corner positions, bottom left

(BL), top left (TL), top right (TR), and

bottom right (BR) of a 5 � 5 mm2 two-

monolayer thick MoS2 films grown

GaN indicating good uniformity over

the area. (d) AFM micrograph exhibit-

ing a RMS roughness of 0.27 nm for

the monolayer MoS2 film on GaN.

FIG. 4. (a) Schematic of top-gate

MoS2 transistor device geometry. (b)

Optical micrograph of the MoS2 tran-

sistor structure showing the GaN sub-

strate, patterned MoS2 films as the

channel, and the source, drain, and

channel potential electrodes (Ti 3 nm/

Au 50 nm). (c) Circuit schematic for

the top-gate four-probe MoS2 transis-

tor. Channel dimensions are

W¼ 30 lm, L(L1-L2)¼ 30 lm. (d)

During ID-VG sweeps, the source elec-

trode is held at ground and VD is held

constant (2.5 V) as VG is swept.

Current into the source and out of the

drain electrode is monitored. The chan-

nel potential is measured during VG

sweeping. The close alignment of the

edge of top-gate to the potential probes

ensures that the potentials monitored at

V1 and V2 are only of the gated chan-

nel region.
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resistance measurement, the gated-channel resistance

increased by 2X as VG was swept from �15 V to þ15 V,

indicating that the MoS2 film is p-type (Fig. 4(d)). A resistiv-

ity of 1.6 X-cm is found that indicates the presence of rea-

sonably large defect densities. Recently, McDonnell et al.
showed31 that p-type doping of MoS2 could occur in either

S-rich (anti-sites, intercalates or interstitials) or Mo-deficient

samples. Given that our ablation target is highly rich in sul-

fur, we attribute the p-type nature of our films to excess sul-

fur content induced doping.

To summarize, thin films of MoS2 were synthesized

using pulsed laser deposition on Al2O3 (0001), GaN (0001),

and SiC-6H (0001) substrates. The as-grown films show high

degree of crystallinity and out-of-plane texture. However, no

direct epitaxial strain control from the substrate was

observed. The as-grown films were also found to be p-doped.

Nevertheless, unlike many other growth approaches where

only small areas of crystalline material have been synthe-

sized, our work provides a uniform film over the entire sub-

strate. With detailed study of defect formation in the film

growth and subsequent growth optimization, PLD could pro-

vide a pathway to achieve large area, crystalline, TMD thin

films.
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