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A new soluble synthetic route was developed to fabricate thin films of layered
structure transition metal dichalcogendies, MoS, and WS,. High-quality thin films of

the dichalcogenides were prepared using new soluble precursors, (CH;NH;),MS,
(M = Mo, W). The precursors were dissolved in organic solvents and spun onto
substrates via both single- and multistep spin coating procedures. The thin films were
formed by the thermal decomposition of the coatings under inert atmosphere.
Structural, electrical, optical absorption, thermal, and transport properties of the thin
films were characterized. Surface morphology of the films was analyzed by atomic
force microscopy and scanning electron microscopy. Highly conductive and textured
n-type MoS, films were obtained. The measured room temperature conductivity

~50 Q7' cm™ is substantially higher than the previously reported values. The n-type
WS, films were prepared for the first time using solution-processed deposition.

WS, displays a conductivity of ~6.7 Q™' cm™ at room temperature.

. INTRODUCTION

Solution-based deposition techniques, such as print-
ing' and spin casting,>® have been well developed to
fabricate thin-film transistors (TFTs). Spin-coating tech-
niques have apparent advantages for fabrication of low-
cost, flexible, and large-area devices and have been
widely used to obtain uniform and continuous films.
Most metal chalcogenide semiconductors exhibit poor
solubility in common solvents, which limits the utility of
solution-processed deposition. Recently, Mitzi et al. have
demonstrated that by use of soluble precursors such as
hydrazinium salts, binary metal chalcogenide TFTs (e.g.,
SnS, and In,Se;) can be processed via spin-coating tech-
niques.>*

Transition metal dichalcogenides (TMDCs) are a
group of inorganic materials with both fundamental and
technological importance. They have been used in nu-
merous applications, such as lubricants, catalysis, and
solar cells.””” It has been demonstrated that micro- and/
or nano-structures of TMDCs can be obtained from ther-
mal decomposition of ammonium thiosalts at various
temperatures.® '* Synthetic routes used to produce
TMDC thin films include sulphurization,'"' electrodepo-
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sition,'? sputtering/annealing,'>'* chemical bath deposi-

tions,'® and thermal decomposition.'® Most thin film fab-
rication methods mentioned above require high vacuum
or high temperatures. Very little has been reported on
solution-based deposition of Group-VI metal dichalco-
genides. For example, spin-coated MoS, thin films have
been reported only for tribological applications,'” and to
the best of our knowledge, no study has been reported on
solution-processed tungsten dichalcogenide thin films. In
this work, we report highly conductive n-type MoS, and
WS, thin films obtained by a very simple solution proc-
ess employing spin-casting techniques.

Il. EXPERIMETNAL
A. Preparation of precursors

To prepare the soluble precursors, 1.5 mmol
(NH,),MoS, (99.99%, Alfa Aesar, Ward Hill, MA) was
dissolved in 1.2 ml methylamine (40 wt%, aqueous so-
lution). The dark red clear solution was obtained with
constant stirring in an argon atmosphere at room tem-
perature. This solution was then dried in a vacuum oven
overnight at room temperature. Dark red crystals of
(CH;NH;),MoS, were collected. Crystal data are given
below: C,H,,MoN,S,, Fw = 288.32, orthorhombic
Pnma, a = 9.636(2)A, b = 6.9820(10)A, ¢ =
15.763(3)A, V = 1060.5(3)A%, Z = 4. (CH;NH,),WS,
precursors were also prepared by dissolving 1.4 mmol
(NH,),WS, (99.99%, Aldrich, Milwaukee, WI) in 1 ml
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methylamine. A yellowish orange clear solution was ob-
tained with constant stirring in an argon atmosphere at
room temperature. After the solution was dried in a
vacuum oven overnight at room temperature, yellow
crystals of (CH;NH;),WS, were collected. The crystal
data are given below: C,H,,N,S,W, Fw = 376.23, Or-
thorhombic Pnma, a = 9.692(2)A, b = 7.0400(10)A,
c = 15745()A, v = 10743(3)A%, Z = 4.

B. Preparation of MoS, thin films

To prepare MoS, thin films, the (CH;NH;),MoS,
crystals (0.1687 g) were dissolved completely in 1 ml
ethylene glycol (99.9%, Fisher, Fairlawn, NJ) at room
temperature in an argon atmosphere. Thermally grown
oxidized silicon substrates (dg;o, = 4000 A) were
cleaned by the piranha method.* The substrates were
dipped in a solution mixture containing a 4:1 volume
ratio of 95% H,SO, and 35%H,0, and heated to 90 °C
for 15 min. The cleaned silicon substrates were then
rinsed by distilled water and cleaned again in a solution
of 30%NH,OH, 35%H,0,, and H,O in 1:1:5 (vol%) ra-
tio at 70 °C for 10 min and rinsed with distilled water. A
deep red solution of (CH;NH;),MoS, was spun onto
Si0,/Si substrate at 3500 rpm for 60 s and dried at 70 °C
for a few seconds in air on a hot plate. This spin-casting
sequence was repeated 5 times to improve continuity and
uniformity of the surface. The MoS, thin films formed
after a two-step calcination process (200 °C for 1 h and
600 °C for 2 h under N,).

C. Preparation of the WS, thin films

To prepare WS, thin films, the (CH;NH;), WS, crys-
tals (0.2520 g) were dissolved in 0.8 ml of hydrazine
(98.5%, Alfa Aesar), deposited by a spin coater at 3500
rpm for 1 min onto SiO,/Si and dried at 60 °C for a few
minutes in air on a hot plate. The WS, thin films were
formed after the same two-step calcination process de-
scribed above. The crystallinity of WS, film was much
improved, when hydrazine was used as a solvent after
calcination. On the other hand, the WS, films show very
broad powder x-ray diffraction (PXRD) peaks when syn-
thesized in an ethylene glycol solvent.

D. Characterization of the thin films

PXRD was performed on all films using a Rigaku
(Tokyo, Japan) D/M-2200T automated diffraction sys-
tem (Ultima+). Single-crystal x-ray diffraction was car-
ried out to determine the crystal structures of the both
precursors with an Enraf-Nonius (Bohemia, NY) CAD4
diffractometer with graphite monochromated Mo K, ra-
diation at 293 K. Optical diffuse reflectance was meas-
ured by a Shimadzu (Kyoto, Japan) UV-3101PC double
beam, double monochromated spectrophotometer at
room temperature in the range of 250-2000 nm. Esti-

mated band gaps were obtained by converting the data to
the Kubelka—Munk function.'® Thermogravimetric (TG)
analysis of both precursors was performed on a TA In-
struments (New Castle, DE) TG Q50 analyzer with a
ramp rate of 5 °C/min from room temperature to 600 °C
under N, atmosphere. Surface morphology of thin films
was investigated on an atomic force microscope (AFM)
(Q-scope 350, Quesant, Santa Cruz, CA) in the tapping
mode. Film thickness was measured by scanning electron
microscope (SEM; 6320F Field Emission Electron Mi-
croscope, JEOL, Tokyo, Japan). The temperature-
dependent electrical resistivity of the films was obtained
by the direct current (dc) four-point probe method using
silver paint electrodes on the film surface in the tempera-
ture range of 25-300 K. Room-temperature conductivity
and Hall effect measurements were made on a BioRad
(Milpitas, CA) HL5500IU Hall system. Ohmic contacts
were made to the films by pressing indium metal onto the
surface of the films.

lll. RESULTS AND DISCUSSION
A. MoS, thin films

The crystal structure of the (CH;NH;),MoS, precursor
is shown in Fig. 1. Compared with the starting material
(NH,),MoS,, (CH;NH5),MoS, exhibits significantly en-
hanced solubility (up to 70% at room temperature, 1 atm)
in the solvents used for film deposition and much im-
proved morphology and crystallinity of films. Thermal
decomposition of this precursor was performed from
room temperature to ~600 °C by thermogravimetric
analysis (TGA) under N, atmosphere. As seen in Fig. 2,
the final product was identified as MoS, after a 44.4%
weight loss of organic component, which is in excellent
agreement with the calculated value of 44.5%. Dissolved
samples of precursors were drop cast and annealed on
clean glasses and used for characterization of the struc-
ture and optical properties by PXRD and ultraviolet-
visible (UV-VIS) spectroscopy. Figure 3(a) shows the
PXRD patterns of the thin film samples calcinated at (i)
450 and (ii) 600 °C, respectively. They are compared
with the PXRD of the 2H-MoS, taken from the ICDD
database (ICDD 37-1492)." Clearly, films calcined at
higher temperature (i.e., 600 °C) show higher crystallin-
ity and more preferred orientation corresponding to the
(00/) plane. The shift of the first peak to a lower angle
(~0.2 A) was also observed by Piitz et al.'” The band gap
was estimated to be 1.5-1.6 eV [Fig. 3(b)], slightly
smaller than previously reported data for 2H-MoS,.*°
Film morphology is highly dependent on the choice of
solvents, as well as the spin coating procedure. Depend-
ing on the solvent used and spin coating sequence, dra-
matically different grain morphology and surface cover-
age may result. As shown in Fig. 4(a), when ethylene
glycol was chosen as the solvent, spherical grains with an
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FIG. 2. Thermogravimetric analysis of (CH;NH;),MoS, (ramp rate:

5 °C/min). (inset) PXRD pattern after thermal decomposition of the

precursor at ~600 °C. The final product is 2H-MoS, from the ICDD
database.

average size of ~300 nm were formed by applying single-
step spin coating (with a standard deviation of ~100 nm),
while multistep process yielded a more continuous and
well-connected film with significantly larger grain sizes
[average size ~1.8 pwm, Fig. 4(b)]. Clearly, the thin plate-
shaped crystals have a preferential orientation of (00/), as
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FIG. 3. (a) PXRD patterns of the MoS, films deposited onto glass
slides: (i) 450 °C and (ii) 600 °C. (b) Optical absorption spectra of the
2H-MoS, taken between 250 and 2000 nm; (solid line) film sample
calcined at 600 °C, (dashed line) powder sample purchased from Al-
drich.

seen in Fig. 4(b). However, when hydrazine, a strong
reducing agent, was used as the solvent, ellipsoid shaped
grains (size ~1pwm) were created in the MoS, films by
multistep spin coating. In addition, films were discon-
tinuous and inhomogeneous. As a result, the resistance of
MoS, film was much higher with hydrazine (~1.6 M(})
than it was with ethylene glycol (~1 K(}). Ethylene gly-
col has a high viscosity (~16 cp at room temperature) and
good wetting ability. Moreover, it is favored over highly
toxic hydrazine, because ethylene glycol is environmen-
tally safe.

The resistivity of the films was calculated from sheet
resistance by the four-point probe method with the film
thickness of ~70 nm, as shown in Fig. 5, and was found
to be ~0.02 ) cm at room temperature. This value is at
least an order of magnitude smaller than the previously
reported values.'>*'~>* As shown in Fig. 6, the resistivity
slightly increases with an increase in temperature, indi-
cating metal-like behavior. The metallic nature and low
resistivity of these films may be attributed to high elec-
tron concentration obtained by Hall measurements (see
Table I), which is higher than that typically found in
single crystals (10'° to 10'7 cm™).?* In addition, as seen
in the surface topology of the films shown in Fig. 4,
single-step spin coating resulted in small grain size and
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(b)

FIG. 4. AFM images of the MoS, thin films taken with tapping mode:
(a) Single-step spin-cast sample with a 5 wm x 5 pwm scan; average
film thickness is ~45 nm by AFM. (b) Multistep spin-cast sample with
a 20 pm x 20 wm scan; average thickness is ~70 nm by SEM (see
Fig. 5). In both cases, ethylene glycol was used as solvent.

high grain boundary area and, consequently, higher re-
sistivity (~10 ) cm). On the other hand, the films proc-
essed by multistep spin coating sequence show fewer
grain boundaries and are highly continuous. As a conse-
quence, their resistivity is significantly lowered by two
orders of magnitude. Another possibility to explain high
conductivity is that even though the film is primarily the
crystalline MoS, phase, there maybe a small amount of
impurity in the MoS, film (i.e., MoS,, ) from thermal
decompositions that account for the increased conductiv-
ity.> Table I shows transport data on the films from the
Hall effect measurements. The uncertainty in the values
is about 10%. The Hall measurements indicate electron
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FIG. 5. Cross-sectional SEM image of the MoS, thin film by muti-
step spin coating (scale bar: 100 nm).
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FIG. 6. Resistivity of MoS, and WS, thin films as a function of
temperature by four-point probe methods. (inset) Resistivity of MoS,
plotted at an enlarged scale.

TABLE I. Transport data measured on MoS, and WS, thin films.

Mobility (cm?/Vs) Carrier concentration (cm™)

WS, <1
MoS,

n-type
n-type 2 x 10%°

conduction in the MoS, While the MoS, film exhibits a
higher conductivity, the carrier mobility is relatively low.
Low mobility of the films could be explained by impurity
scattering.”® As shown in Fig. 3(a), lattice distortion oc-
curred at every peak position. Based on the lattice ex-
pansion equation € = Ad/d, (d, is the d-spacing of the
original lattice; Ad is the change in the d-spacing; € is the
lattice f:xpansion)27 the lattice expansion of the (002)
plane of the MoS, was calculated to be 1.5% at 600 °C
and 3.2% at 450 °C. For the MoS, films, this lattice
distortion may arise from carbon impurities, as previ-
ously reported.'”

B. WS, thin films

The crystal structure of (CH;NH;), WS, is isostructual
to that of (CH;NH;),MoS, (Fig. 1). Its thermal decom-
position properties were also analyzed by TGA under
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FIG. 7. PXRD pattern of a WS, thin film spun onto a glass (after
annealing at 600 °C under H,/Ar).

inert nitrogen atmosphere. The final product was a mix-
ture of WO5; and WS, because tungsten oxide is more
stable than molybdenum oxide based on their free an-
thalpy data.?” To avoid WO,, the WS, films were proc-
essed under a flow of hydrogen/argon at 600 °C. The
PXRD pattern of a typical WS, thin film is shown in
Fig. 7 in comparison with that of 2H-WS, bulk (ICDD
08-0237).'? In general, the peaks are broad, possibly due
to relatively poor crystallinity. Average particle size of
the films was estimated to be ~100 nm. It has been re-
ported that highly crystalline WS, may be achieved by
thermal decomposition of ammonium tetrathiotungstate
at very high temperatures (over 1000 °C).*® The first
diffraction peak also shifted slightly to a lower angle, as
in the case of MoS,. Optical absorption experiments re-
vealed a very weak absorption. The optical band gap of
WS, film was consistent with the reported value of 1.3
eV.?° The AFM image of a WS, film is shown in Fig. 8.
Uniform and continuous films were obtained by a single-

FIG. 8. AFM image of WS, thin film by single-step spin casting (size
of the image: 5 pum x 5 pm). Average size of the grain is ~100 nm, and
thickness of the films is ~50 nm by SEM.
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FIG. 9. Cross-sectional SEM image of the WS, thin film by single-
step spin coating (scale bar: 100 nm).

step spin coating procedure because multistep spin coat-
ing did not lead to uniform surface of WS, films as in the
case of the MoS,. Thus, surface morphology is again
strongly case dependent. The average thickness of the
films is ~50 nm, as shown in Fig. 9. Temperature depen-
dence of the electrical resistivity was measured and
plotted in Fig. 6. The WS, films show a typical semi-
conductor behavior. The resistivity of the film was
found to be ~0.15 ) cm at room temperature, which is
lower than that of WS, films synthesized by other tech-
niques.'"'*3° Because of low carrier mobility, the Hall
measurement on WS, films has some uncertainty, but the
thermal probe does indicate the films are n-type.

IV. CONCLUSION

In summary, we have developed a simple, efficient,
and low-cost solution-processed deposition route to fab-
ricate MoS, and WS, thin films by using soluble precur-
sors via the spin-coating technique. Surface morphology,
such as grain size and continuity of the films, was di-
rectly influenced by the choice of organic solvents used
to dissolve the precursors, as well as spin-coating se-
quences. Morphological changes affected the conductiv-
ity of the films. Highly conductive and textured n-type
MoS, thin films were achieved by multi-step spin casting
using ethylene glycol as the solvent. The n-type WS, thin
films were fabricated using soluble precursors via single-
step spin coating.
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