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ABSTRACT
Molybdenum disulfide (MoS2) has a wide range of applications from electronics to catalysis. While the properties of single-layer and mul-
tilayer MoS2 films are well understood, controlling the deposited MoS2 polytype remains a significant challenge. In this work, we employ
chemical bath deposition, an aqueous deposition technique, to deposit large area MoS2 thin films at room temperature. Using Raman spec-
troscopy and x-ray photoelectron spectroscopy, we show that the deposited MoS2 polytype can be changed from semiconducting 2H MoS2
on hydrophobic –CH3 and –CO2C6F5 terminated self-assembled monolayers (SAMs) to semimetallic 1T MoS2 on hydrophilic –OH and
–COOH terminated SAMs. The data suggest that the deposition of MoS2 polytypes is controlled by the substrate surface energy. High surface
energy substrates stabilize 1T MoS2 films, while 2H MoS2 is deposited on lower surface energy substrates. This effect appears to be general
enabling the deposition of different MoS2 polytypes on a wide range of substrates.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5089661

I. INTRODUCTION

Transition metal dichalcogenides (TMDs) have varied and
unusual physical, electronic, and chemical properties1–6 and con-
sequently have applications in energy,2,3,7 sensors,3,8 catalysis,2,3,6

biomedicine,3 optoelectronics,6,8 and nanoelectronics.1,9–11 The
large number of potential applications can be attributed to the chem-
ical identity of the chalcogenide (S, Se, Te) and the d-electron count
and coordination of the transition metal.2,4,12,13 TMDs are X-M-X
sandwich structures, where M is the transition metal and X is the
chalcogenide.2,12,13 The metal atom either has octahedral coordina-
tion (ABC stacking) leading to tetragonal symmetry (1T) or trigo-
nal coordination (ABA stacking) with either hexagonal (2H, 4Hc)
or rhombohedral symmetries (3R). Mixed coordination structures
(4Hb, 6R) are also possible.

Molybdenum disulfide is one of the most widely studied
TMDs6,8,14–25 and has applications from lubrication15,18,19 to catal-
ysis.14,15,20 Most recently there has been increasing interest in the
use of MoS2 in electronics14,16,17,21,26,27 and as photodetectors.6,8

These applications rely on the direct bandgap of ∼1.8 eV of single-
layer 2H MoS2, which is the thermodynamically stable polytype.14,28

However, the bandgap of semiconducting 2H MoS2 varies with the

number of layers in the material; for bulk 2H MoS2, the bandgap
is indirect and is ∼1.2 eV.15 Molybdenum disulfide can also be syn-
thesized as a metastable octahedral phase (1T) which is semimetal-
lic.29 The unique indirect to direct bandgap transition of 2H MoS2
and semimetallic nature of 1T MoS2 enables the tuning of the
material properties and so further broadens the applications of
MoS2.

While the variation in polytype properties is advantageous
for potential technological applications, it is a large problem for
the controlled synthesis and precise in situ placement of these
materials. In current methods, such as chemical vapor deposition
(CVD),2,3,14,17,23,25 atomic layer deposition (ALD),24,30 hydrother-
mal synthesis,6,20,31 electrodeposition,32 and micromechanical14,33

and chemical14,34,35 exfoliation, there is little, or no, control of the
deposited MoS2 polytype. The transition temperature of metastable
1T MoS2 to 2H MoS2 is relatively low, 95.7 ○C,29,33 and so high tem-
perature deposition techniques such as CVD, hydrothermal synthe-
sis, and ALD always lead to the deposition of 2H MoS2. Upon chem-
ical exfoliation using lithium compounds (Li intercalation),14,15,34,35

2H MoS2 undergoes a transition to 1T MoS2 which can easily be
reversed either by heating or aging.15,35–37 Furthermore, the transi-
tion to 1T MoS2 is generally not complete.34,38
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Given these observations, there are two requirements to control
the deposition of 1T and 2H MoS2: (1) a low temperature deposition
method and (2) a method by which to stabilize 1T MoS2. In this
paper, we employ chemical bath deposition (CBD) to synthesize
the MoS2 films. Chemical bath deposition (CBD) is a solution-
based method which employs a controlled ion-exchange precip-
itation reaction to deposit thin films39 and can be performed at
low temperatures (≤50 ○C). It is attractive for large area synthesis
because it is inexpensive since no vacuum equipment is required.
Generally, CBD reactions are controlled by both the concentration
of the cation and the anion.39 To control the concentration of the
“free” metal ions in solution, metal ions are complexed with species
such as nitriloacetate.40 The anion concentration (e.g., S2−) is con-
trolled via the slow decomposition of a precursor such as thiourea or
thioacetamide.39–42

The second requirement for the controlled deposition of 1T
and 2H MoS2 is a means by which to preferentially stabilize 1T
MoS2. Using the differential scanning calorimetry data of Yu and
co-workers,33 we estimate that the energy difference between the 1T
and 2H polytypes of MoS2 is ∼21.5 kJ mol−1. On metals, such as Pt,
it is well known that the energy difference between two structural
phases of the surface (often called the “reconstructed” and “unre-
constructed” surface) is very small,43 and substrates can undergo
reconstruction upon adsorption of small molecules.43,44 Thus, one
possible route to the synthesis 1T MoS2 films is to exploit the surface
energy of the substrate in a similar way to small adsorbate molecules
“lifting” the surface reconstructions of Pt and other substrates.44

In this paper, we initially investigate MoS2 CBD on functionalized
alkanethiolate self-assembled monolayer (SAM) substrates. Func-
tionalized SAMs were chosen because they are ideal model sys-
tems; they are synthetically flexible, are well-ordered, and have a
known number of terminal functional groups, and so their surface
energy can be controlled.45 We employ –OH and –COOH termi-
nated SAMs which are hydrophilic and have high surface energy. We
also use methyl (–CH3)- and pentafluorophenol ester (–CO2C6F5)-
terminated SAMs which are hydrophobic and have a low surface
energy. In later experiments, we employ other substrates such as
soda lime glass, which is hydrophilic, and polytetrafluoroethylene
(PTFE) tape, which is hydrophobic. In all cases, our results show
that 2H MoS2 is deposited on the low energy (hydrophilic) sur-
faces while 1T MoS2 is stable on the higher energy (hydrophobic)
surfaces.

II. EXPERIMENTAL METHODS
A. Materials

All materials were used as received without any further
purification. Ammonium molybdate (99.98%), hexadecanethiol
(99+%), 16-mercaptohexadecanoic acid (90%), 16-hydroxy-1-
hexadecanethiol (99+%), dichloromethane (≥99.5%), sulfuric acid
(95%–98%), and acetone (≥99.5%) were purchased from Sigma-
Aldrich (St. Louis, MO). 14.8M ACS-grade ammonium hydroxide
was obtained from Ward’s Science+ (Rochester, NY). Hydrazine
monohydrate (98+%), thioacetamide (99% ACS grade), 1-(3-
Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC)
(98+%), and pentafluorophenol (99%) (PFP) were acquired from
Alfa Aesar, Inc. (Ward Hill, MA). Ethanol (200 proof, undenatured)

was purchased from Spectrum Chemical MFG Corp (New
Brunswick, NJ). Hydrofluoric acid (49%), ammonium fluoride
(40%), hydrogen peroxide (30%) were acquired from J.T. Baker
(Avantor, Center Valley, PA). Acetone (≥99.5%; histological grade)
and isopropyl alcohol (99.5%) were obtained from Fisher Chemical
(Thermo Fisher Scientific, Inc., Waltham, MA) and BDH Chemicals
(VWR International LLC, Radnor, PA), respectively.

PTFE thread seal tape (MIL SPEC. T -27730A; 1/2”) was pur-
chased from Home Depot. VistaVision™ soda lime glass microscope
slides (75× 25× 1 mm3) and methanol (≥99.8%) were obtained from
VWR International, LLC (Radnor, PA). Prior to use, microscope
slides were cut using a diamond scribe, rinsed in deionized water
and then isopropyl alcohol, and dried using nitrogen gas. Additional
methanol (99.8%) was purchased from Macron Chemicals (Avantor,
Center Valley, PA).

The gold substrates used in these studies were prepared in
the Cleanroom Research Laboratory, University of Texas at Dal-
las. Briefly, silicon wafers (⟨111⟩ orientation) were acquired from
Addison Engineering, Inc. (San Jose, CA), and ∼200 Å of chromium
followed by ∼1000 Å of gold were thermally deposited onto these
substrates.

Native silicon oxide samples were prepared using silicon wafers
(⟨111⟩ orientation; Addison Engineering, Inc.). The wafer samples
were sonicated for 10 min in acetone, then thoroughly rinsed using
methanol, and followed by deionized water. The substrates were
then dried using N2 gas.

Hydrogen terminated silicon was prepared by using previously
described methods.46 Briefly, n-type silicon wafers (phosphorus-
doped, resistivity 20–60 Ω cm; float zone; ⟨111⟩ orientation; Sili-
con Valley Microelectronics, Inc., Santa Clara, CA) were cut into
∼(1.5 × 3.8) cm2 pieces. The samples were then sonicated in
dichloromethane, acetone, and methanol for 10 min each and then
left in deionized water overnight. Afterward, the silicon samples
were cleaned at 80 ○C in a Piranha etch bath (3:1 H2SO4:H2O2)
for 30 min. Finally, Si was dipped in 49% hydrofluoric acid for 30 s
and then ammonium fluoride for 2.5 min at room temperature. To
ensure that the SiO2 layer was fully reacted to Si-H, IR spectra of
the silicon wafers were obtained before and after the HF/ammonium
fluoride treatment.

B. Preparation of self-assembled monolayers
The preparation of alkanethiolate self-assembled monolayers

(SAMs) on Au has been previously described in detail.47,48 Briefly,
a well-ordered SAM is prepared by immersing a gold substrate into
a 1 mM solution of the desired alkanethiol (with –CH3, –OH or
–COOH terminal group) in ethanol for 24 h at room temperature.
The samples were then rinsed with ethanol and dried with nitrogen
gas.

Preparation of perfluorinated SAMs (–CO2C6F5 terminated
SAMs) on Au has also previously been described in detail.49 First, a
–COOH terminated SAM on Au was prepared. The sample was then
immersed in an isopropanol solution containing 0.1M EDC and
0.2M PFP. After 5 h, the substrate was removed from the reaction
solution, thoroughly rinsed with deionized water and ethanol, and
then dried with nitrogen gas.

After preparation, the SAM substrates were characterized using
methods including single wavelength ellipsometry, time-of-flight
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secondary ion mass spectrometry (TOF SIMS), and x-ray photoelec-
tron spectroscopy (XPS).

C. Chemical bath deposition
of molybdenum disulfide

The CBD of the MoS2 films was adapted from the method
reported by Pramanik and Bhattacharya.50 First, an aqueous solu-
tion containing 5% ammonium molybdate in 10 ml of water was
prepared and stirred continuously while the other reagents were
prepared. Next, 15 ml of 14.8M ammonium hydroxide followed
by 10 ml of 80% hydrazine hydrate were added to the solu-
tion. Finally, 15 ml of 1M thioacetamide was added. The deposi-
tion bath was then stirred for 2 min before immersing the sub-
strate into solution. The sample was placed facing upwards in the
deposition bath for the desired deposition time, usually ∼24 h.
After deposition, the samples were removed, washed with deion-
ized water, and dried with nitrogen gas prior to further charac-
terization. All depositions were carried out at room temperature,
21 ± 2 ○C.

For XPS and Raman analysis (except where noted), the MoS2
films were mechanically exfoliated using a razor blade from the sub-
strates and the free-standing films were analyzed. To facilitate intro-
duction into the XPS and Raman spectrometers, the free-standing
MoS2 films were placed on clean Si wafers.

D. Optical microscopy
Optical microscopy was performed using a Keyence VHX-2000

digital microscope. Bright-field images were obtained from repre-
sentative samples with 2500× magnification. The images shown are
representative of the data obtained.

E. Atomic force microscopy
Atomic force microscope (AFM) measurements were collected

using the tapping mode of a Nanoscope Dimension 3100 micro-
scope (Veeco Instruments, Inc., Plainview, NY). The images were
processed using Gwyddion 2.50. The rms roughness was obtained
over (1 × 1) µm2 from at least 3 different areas, and the data reported
are the average of those measurements.

F. X-ray photoelectron spectroscopy
Ex situ XPS was performed using a PHI VersaProbe II Scan-

ning XPS Microbrobe (Physical Electronics, Inc., Chanhassen,
MN) equipped with a monochromatic Al Kα X-ray source (Ep
= 1486.7 eV). During measurement, the pressure was lower than
6.7 × 10−10 mbar. High resolution spectra were collected with a
pass energy of 23.5 eV, an energy step of 0.2 eV, and an analy-
sis angle of 45○. All spectra were collected using a charge com-
pensation system with both electron and ion beams incident on
the surface. The binding energies were calibrated using the C 1s
binding energy (284.8 eV).51 Spectra were analyzed using CasaXPS
2.3.17 (RBD Instruments, Inc., Bend, OR) and AA Analyzer 1.07.
XPS measurements were performed on at least three different
samples, and the spectra reported are representative of the data
obtained.

G. Raman spectroscopy
Raman spectra were collected using a Thermo Scientific DXR

Raman microscope equipped with a 532 nm diode laser and a 50×
objective lens. Measurements were collected with a laser power
0.3 mW through a 25 µm slit aperture, and the estimated laser spot
size is 0.7 µm. The Raman shifts were calibrated using the peak
shift frequency of Si, 521 cm−1.52 To reduce fluorescence, “fluores-
cence correction” was employed. The data were obtained on at least
three different samples, and the spectra reported are representative
of these spectra.

III. RESULTS AND DISCUSSION
After MoS2 CBD for 24 h, all four SAM substrates show a

color change from gold (yellow) to green indicating that a film
has deposited (see Fig. S1 of the supplementary material). The
color change is consistent with the deposition of MoS2 multilayers,
which are blue deposits, atop the gold (yellow) substrate.16,31 Atomic
force microscopy (AFM) (Fig. 1) and scanning electron microscopy
(SEM) (data not shown) images indicate that the deposited lay-
ers have different morphologies which are dependent on the SAM
terminal group chemistry. The AFM and SEM data show that for
–COOH and –CH3 terminated SAMs, the deposited films are rel-
atively smooth, polycrystalline films with a grain size of ∼100 nm.
We note that similar grain sizes have been observed for multilayer
MoS2 films grown by CVD.28 The films also appear to be confor-
mal to the underlying substrate; the rms roughness of the deposited
films is very similar to the underlying –COOH and –CH3 terminated
SAM substrates (Table I). By contrast, MoS2 films deposited on
–CO2C6F5 terminated SAMs exhibit a different morphology than on
–COOH and –CH3 terminated SAMs. The film appears to be incom-
plete; there are a number of “holes” in the film, and the grain size

FIG. 1. AFM images of the deposited MoS2 film on –COOH, –OH, –CO2C6F5, and
–CH3 terminated SAMs. Deposition time: 24 h.
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TABLE I. rms roughness of the samples before and after MoS2 CBD on –COOH,
–OH, –CO2C6F5, and –CH3 terminated SAMs.

SAM terminal rms roughness (nm)a

group Before deposition After MoS2 deposition

–CO2C6F5 2.53 2.05 within deposited area;
4.42 overall

–CH3 1.33 1.58
–OH 1.30 11.62
–COOH 1.44 1.69

aThe rms roughness was measured over at least three areas for each SAM. The error is
±0.3 nm except for the MoS2 film deposited on –OH terminated SAMs, which has an
error of ±1.6 nm.

is difficult to determine (Fig. 1), which is likely due to the interac-
tion of the aqueous deposition solution with the very hydrophobic
–CO2C6F5 terminated SAM. The rms roughness of the MoS2 film
is similar to the underlying –CO2C6F5 terminated SAM substrate
within the deposited layer areas, but the overall roughness of the
film is larger than the bare SAM substrate (Table I). At first glance,
on –OH terminated SAMs, the morphology of the deposited MoS2
film appears to be similar to those deposited on –COOH and –CH3
terminated SAMs; the films are polycrystalline with a grain size of
∼100 nm (Fig. 2). However, the films are very rough; the rms rough-
ness of the deposit is ∼10× that of the underlying –OH terminated
SAM (Table I).

The above data indicate that the morphology of the MoS2 film
is dependent on the terminal group chemistry of the SAM substrate.
To investigate the reason for the observed behavior, we examined
the deposits using Raman spectroscopy and XPS. Due to the differ-
ences in their symmetry, 2H and 1T MoS2 films can be distinguished
in both XPS and Raman spectroscopy.34,53 Since it is well known
that the presence of a gold layer or nanoparticles significantly affects
the Raman shifts and XPS photoelectron binding energies,21,28 the
MoS2 films were mechanically exfoliated from the SAM substrates

FIG. 2. Mo 3d and S 2s photoelectron spectra of mechanically exfoliated MoS2
films deposited on –COOH, –OH, –CO2C6F5, and –CH3 terminated SAMs.
Deposition time: 24 h.

for analysis. The XPS data show that the films are composed of
MoS2; the calculated ratio of S/Mo is equal to the expected sto-
ichiometry of 2.0 within the experimental error (see Table S1 of
the supplementary material). Figure 2 displays the Mo 3d and S 2s
photoelectron spectra of the deposited MoS2 films. Between 224 eV
and 236 eV, three peaks are observed. For MoS2 films deposited
on –CH3 and –CO2C6F5 terminated SAMs, the peak binding ener-
gies are at ∼229.7 eV, ∼232.8 eV, and 226.6 eV which correspond
to the Mo 3d5/2, Mo 3d3/2, and S 2s peaks of 2H MoS2,34 respec-
tively (see Table S1 of the supplementary material). By contrast, for
MoS2 films deposited on –COOH and –OH terminated SAMs, these
peaks shift to lower binding energies by ∼0.9 eV (see Table S1 of the
supplementary material) indicating that 1T MoS2 has deposited.34

Furthermore, the photoelectron peaks can be fit to a single Gaussian-
Lorentzian peak indicating that for each MoS2 film there is only
one polytype present. Consistent with the Mo 3d and S 2s peaks,
the S 2p3/2 binding energy decreases from 161.9 eV to ∼161 eV for
films deposited on –CH3 and –CO2C6F5, and –OH and –COOH
terminated SAMs, respectively (see Fig. S2 of the supplementary
material).

Since 2H- and 1T-MoS2 are semiconducting and semimetallic,
respectively, the valence band (VB) XPS data can also be employed
to distinguish between MoS2 polytypes (see Fig. S3 of the supple-
mentary material). The valence band maximum (VBM) of MoS2
can be considered to be the density of states for Mo 4d. For MoS2
deposited on –COOH terminated SAMs, there is photoelectron
intensity from the Mo 4d band (VB) even at a binding energy of
0 eV which is the Fermi level of the system (EF). These obser-
vations indicate that the MoS2 layer is metallic and is consistent
with deposition of 1T MoS2. On –OH terminated SAMs, a small
bandgap of 0.7 eV is observed which is also consistent with the depo-
sition of semimetallic 1T MoS2.54 By contrast, for MoS2 deposited
on –CH3 and –CO2C6F5 terminated SAMs, the valence band maxi-
mum (VBM) is at higher binding energies than 0 eV indicating the
deposit is semiconducting, i.e., 2H MoS2. For MoS2 deposited on
–CH3 terminated SAMs, the VBMs are at 1.30 eV which is consis-
tent with the bandgap typically observed for multilayer 2H MoS2.28

On –CO2C6F5 terminated SAMs, the measured VBM, 1.0 eV, is
lower than expected for semiconducting 2H MoS2 (see Fig. S3 of
the supplementary material). However, we note that for –CO2C6F5
terminated SAMs, photoelectron peaks due to a small amount of
Au (<1%) exfoliated with the sample were also observed and so the
measured VBM is likely lower due to the presence of Au under the
MoS2 film.28 For films deposited on –CH3, –OH and –CO2C6F5 ter-
minated SAMs, we note that the VB spectra also show that there
is a small tail in front of the valence band edge (see Fig. S3 of the
supplementary material) which likely arise from defect-induced gap
states.28

Raman spectroscopic studies of the exfoliated MoS2 films are
consistent with the XPS data (Fig. 3). There are two prominent first-
order Raman active modes which correspond to the E1

2g and A1g

modes (Table II).19,55 The in-plane E1
2g mode is due to the vibration

of the Mo and S atoms in opposite directions, while the out-of-plane
A1g mode results from the symmetric vibration of S atoms along
the c-axis. We note that the full-width-half-maximum (FWHM) of
the Raman peaks are relatively broad, 8–9 cm−1, compared to other
mechanically exfoliated samples (typically 2–6 cm−1) but are similar
to those observed for chemically exfoliated samples (8–9 cm−1).34
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FIG. 3. Raman spectra of mechanically exfoliated MoS2 films which were
deposited on –COOH, –OH, –CO2C6F5, and –CH3 terminated SAMs. Deposition
time: 24 h.

There are a number of possible reasons for this, including thickness
inhomogeneties in the film and the presence of defects.34,56,57

Additionally in the spectra of the MoS2 deposited on –COOH
and –OH SAM substrates, the Raman spectra exhibit peaks which
suggest the presence of 1T MoS2. These broad peaks are centered
at ∼200 cm−1, ∼287 cm−1, ∼160 cm−1, ∼225 cm−1, and ∼338 cm−1.
The modes at ∼200 cm−1 and 287 cm−1 correspond to the [A1g

− LA(M)] and the E1g modes of MoS2.19,55 The additional peaks at
∼160 cm−1, ∼225 cm−1, and ∼338 cm−1 correspond to the J1, J2, and
J3 modes, respectively, which are active in 1T MoS2 and not in 2H
MoS2.6,55,56,58 We note that as the deposition time (and deposit thick-
ness) increases the J1, J2, and J3 modes become stronger in intensity
for MoS2 deposited on –OH and –COOH terminated SAMs provid-
ing further evidence that 1T MoS2 was deposited (see Fig. S4 of the
supplementary material).

The frequencies of the E1
2g and A1g modes can be addition-

ally employed to estimate the thickness of the MoS2 deposit.59,60

Li et al.60 reported that at 532 nm for mechanically exfoliated MoS2,
the A1g peak frequency increases from 403 cm−1 for a monolayer to
408 cm−1 for bulk material, while the E1

2g peak frequency decreases
from 385 cm−1 for the monolayer to 383 cm−1 for bulk films. This
effect was attributed to changes in the MoS2 interlayer coupling.
For the deposited MoS2 films, the difference in the E1

2g and A1g

peak frequencies is ∼24 cm−1 (Table II) suggesting that the deposit

TABLE II. Frequencies observed for E1
2g and A1g modes and the difference in

frequency between E1
2g and A1g modes (∆).

SAM terminal group E1
2g A1g ∆ (cm−1)

–CO2C6F5 383 407 24
–CH3 382 407 25
–OH 383 407 24
–COOH 383 407 24

is approximately 5 layers thick (∼3.25 nm).14,59,60 In the XPS spec-
tra for the unexfoliated MoS2 samples, clear signals are observed
from the Au substrate, and so we can calculate the thickness of the
MoS2 films in the following way. According to the uniform overlayer
model,

IxAu = I0
Auexp(−

x
cos θ × LAu

),

where I0
Au and IxAu are the Au 4f7/2 peak intensities (peak areas) before

and after MoS2 deposition, respectively, x is the thickness of MoS2
film, θ is the photoelectron takeoff angle with respect to the sample
surface normal, and LAu is the average practical effective attenuation
length of Au 4f7/2 photoelectrons in the MoS2 overlayer. The value of
LAu was calculated using the TPP-2M predictive inelastic mean free
path (IMFP) equation in the NIST Standard Reference Database 8261

to be between 2.557 nm (bulk MoS2 Eg = 1.23 eV) and 2.565 nm
(monolayer MoS2 Eg = 1.80 eV). The following values were used
during calculation: electron kinetic energy = 1402.6 eV, asymme-
try parameter (β) = 1.04, number of valence electrons per molecule
(Nv) = 18,62 and density = 5.06 g/cm3. The uniform overlayer model
assumes that the films are flat and supporting a well-defined over-
layer (i.e., with no pinholes).63 However, it has been demonstrated
that the uniform overlayer model is also applicable to rough sur-
faces whose thickness is in the nanometer range and well-defined.63

From the AFM data (Fig. 1), the MoS2 films deposited on –CH3 and
–COOH terminated SAMs are pinhole free and have a similar rms
roughness to that of the bare SAM substrate (Table I). After MoS2
deposition, for unexfoliated samples, the intensity of the Au 4f7/2
photoelectron peak is ∼10% of the Au 4f7/2 peak on the bare –CH3
and –COOH terminated SAM samples. From this data, we calculate
that the films are ∼4.0 nm thick (∼6 layers14) which is consistent with
the Raman spectroscopic data.

The data clearly show that the deposited MoS2 polytype is
dependent on the chemistry of the SAM terminal group. There are
two possible reasons for this behavior. First, the interaction of the
precursors with the SAM terminal groups leads to the nucleation and
growth of different MoS2 polytypes. Pramanik and Bhattacharya50

proposed that MoS2 CBD occurs via the following reaction
pathway:

MoO2−
4 + NH2NH2 + S2−

→MoS2 + H2O + N2.

In this deposition, S2− ions are formed by the slow decomposi-
tion of thioacetamide,39

C2H5NS + OH−
→ CH3COO− + NH3 + HS−,

HS− + OH−
→ S2− + H2O.

The above reaction suggests that molybdate ions, MoO4
2−, are

reduced by hydrazine to Mo4+ which then reacts to form MoS2.
In deposition of PbS,41 CdSe,40 ZnO,64 and ZnS,42 Walker and
co-workers showed that the CBD reaction pathways were depen-
dent on the terminal functional group chemistry of SAMs. On
–OH and –CH3 terminated SAMs, deposition occurs via a cluster-
by-cluster mechanism. In contrast, on –COOH terminated SAMs,
the film growth occurs via an ion-by-ion reaction. At the typical
deposition bath pHs (pH ∼ 10), the –COOH terminal functional
groups are almost fully deprotonated and so the deposits nucleate at
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metal ion-carboxylate surface complexes.40–42,64 However, the for-
mation of metal ion-terminal group complexes cannot explain the
observed differences in the MoS2 film growth. On –OH and –COOH
terminated SAMs, the metastable 1T MoS2 polytype deposits. While
the –COOH terminal groups can deprotonate at the bath pH
employed (pH ∼ 11), the –OH terminal groups do not deprotonate.
The pKa of hexadecanol is 16.2,65 and surface pK1/2 values are typi-
cally 2–5 units higher than the bulk pKa value.66 Thus, the –OH ter-
minal groups do not protonate and there are no metal ion-terminal
group complexes present to act as the nucleation sites for depo-
sition. Furthermore, on –CO2C6F5 and –CH3 terminated SAMs,
which also do not deprotonate and form metal-terminal group
complexes, the thermodynamically stable 2H MoS2 is deposited.
It is, therefore, unlikely that the interaction of metal ions with
the SAM surface leads to the deposition selectivity in the MoS2
polytype.

A second reason for the observed behavior is that the surface
energy of the SAMs stabilizes the metastable 1T MoS2. Small dif-
ferences in surface energies are well known to drive surface recon-
structions and change surface properties of metallic and semicon-
ducting surfaces.44 These changes are often caused by the adsorp-
tion or reaction with the surface. For MoS2, it has been shown that
lithium intercalation of 2H MoS2 films leads to the formation of 1T
MoS2. The mechanism is believed to involve charge transfer between
the Li and MoS2 substrate. Voiry et al.38 demonstrated that cova-
lent functionalization of 1T MoS2 by groups such as –CH3 and
–CH2ONH2 altered its properties such that the MoS2 film changed
from metallic to semiconducting and exhibited photoluminescence.
More recently Tang and Jiang54 predicted that, when functional-
ized with at least ∼25% of a monolayer of small functional groups
(H, CH3, CF3, OCH3, or NH2), 1T MoS2 is more stable than 2H
MoS2. Furthermore, the bandgap of the 1T MoS2 layer could be
adjusted from 0 eV to 1 eV depending on the functional group
chemistry.

Acid-terminated and hydroxyl-terminated alkanethiol SAMs
have low water contact angles, ∼0○67 and ∼20,○67–69 respectively,
indicating that they are hydrophilic and have a relatively high sur-
face energy. By contrast, –CH3 and –CO2C6F5 terminated SAMs
have a large water contact angle, ∼120○,67–69 and so are hydropho-
bic and have a lower surface energy. Our data indicate that the more
thermodynamically stable 2H MoS2 polytype is deposited on the sur-
faces with lower energy, i.e., –CH3 and –CO2C6F5 terminated SAMs,
while 1T MoS2 is deposited on the higher surface energy –COOH
and –OH terminated SAMs suggesting that the extra surface energy
stabilizes the metastable 1T MoS2 film.

To test the hypothesis that the surface energy of the substrate
is critical in determining the MoS2 formed using CBD at room tem-
perature, the following experiment was performed. Using room tem-
perature CBD, MoS2 was synthesized on a variety of substrates. The
hydrophobic (low surface energy) substrates employed were PTFE
(polytetrafluoroethylene) tape, which is commonly used to seal pipe
threads, and hydrogen functionalized Si (H-Si). The hydrophilic
(high surface energy) substrates used were soda-lime glass slides
and a native oxide covered silicon wafer (SiO2). On the low surface
energy substrates, Raman spectra show that 2H MoS2 is deposited
[Fig. 4(a)], while the high surface energy substrates Raman spectra
show that 1T MoS2 is synthesized [Fig. 4(b)]. These observations
are consistent with our hypothesis that the surface energy of the

FIG. 4. Raman spectra of mechanically exfoliated MoS2 films which were
deposited on (a) PTFE tape and Si-H and (b) soda lime glass and silicon diox-
ide (SiO2). Note: The MoS2 film was not exfoliated from the PTFE tape and so
exhibits a Raman scattering peak at ∼300 cm−1 due to the presence of PTFE.
Deposition time: 24 h.

substrate is critical in determining the growth of the MoS2 using
room temperature CBD. Furthermore, the effect appears to be gen-
eral and so does not require a surface with a well-ordered and known
density of functional groups.

Using the surface energy of functionalized SAMs, we can esti-
mate the difference in surface energy required to stabilize the 1T
MoS2 films. While there are many reported measurements of the
contact angles for functionalized SAMs, there are few studies that
have quantified the surface energies of SAM surfaces. Takenaga
et al.70 observed that the surface energies of CH3(CF2)n(CH2)12-nSH
SAMs decreased substantially from 19 mJ/m2 for tridecanethiol
[CH3(CH2)12SH] to ∼9 mJ/m2 for partially fluorinated SAMs. The
surface energy was observed to remain approximately constant as
the number of fluorinated carbons increased from n = 4 to n = 10.
Lamprou et al.71 measured the variation of the SAM surface energies
as a function of the terminal group chemistry. They observed that
the surface energy was consistent with the nature of the ω-functional
group: –OH > –COOH > –CH3 ≫ –CF3. For well-ordered –OH and
–COOH terminated SAMs, the surface energy was ∼30 to ∼35 mJ/m2

suggesting that this is the surface energy range required to stabilize
the 1T MoS2 film. We note that the –COOH terminated SAM sub-
strates employed in this study are likely to have a higher energy than
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the surface energy reported by Lamprou et al.71 For mercaptohex-
adecanoic acid SAMs, the surface pK1/2 is ∼8.0, which is the pH of
the solution at which a surface is 50% ionized.66 Thus, at the bath
pH employed (pH ∼ 11), the –COOH terminal groups is almost fully
deprotonated, i.e., the terminal functional groups are carboxylates
(COO−), leading to an increased surface energy.27,66

It is interesting to note that the rms roughness of the deposited
MoS2 films on –OH terminated SAM substrates is approximately
10× higher than the underlying SAM and is significantly higher
than the other deposited MoS2 films (Table I). In the Raman spec-
tra, the majority of the samples exhibit 1T MoS2 features while
25% exhibit spectra characteristic of 2H MoS2. On –OH termi-
nated SAMs, we tested sixteen areas on four different samples,
which were synthesized on different days. Of these, four spots
appeared to have Raman spectra characteristic of 2H MoS2, while the
other areas were composed of 1T MoS2 (i.e., 25% were 2H MoS2).
This suggests that the high film roughness for MoS2 deposited on
–OH terminated SAMs is likely due to the formation of a mixed
MoS2 polytype surface; the layer is mostly 1T MoS2 but has some
areas of 2H MoS2. Since a mixed MoS2 layer is deposited on –OH
terminated SAM substrates, the data also suggest that the surface
energy of the –OH terminated SAM, ∼30 mJ/m2,71 is very close to
the energy required to stabilize 1T MoS2. Thus, for surfaces with
energies less than 30 mJ/m2, thermodynamically stable 2H MoS2 is
deposited.

IV. CONCLUSIONS
We have investigated the room temperature chemical bath

deposition of MoS2 on a variety of substrates. Our results indicate
that the substrate surface energy is critical in the deposition process
and controls the polytype of the MoS2 deposited. On hydrophilic
surfaces, which have a high surface energy, metastable 1T MoS2
is deposited. By contrast, on low energy surfaces (hydrophilic sur-
faces), the thermodynamically most stable polytype 2H MoS2 is
deposited. Furthermore, the facile deposition of different MoS2 poly-
types broadens the applications of MoS2 in catalysis, electronics,
sensing, energy storage, and optoelectronics.

SUPPLEMENTARY MATERIAL

See supplementary material for optical microscopy images of
the bare gold substrate and after MoS2 is deposited on –COOH,
–OH, –CO2C6F5, and –CH3 terminated SAMs (Fig. S1); Mo 3d
and S 2S photoelectron energies and S/Mo ratio of mechanically
exfoliated MoS2 films which were deposited on –COOH, –OH,
–CO2C6F5, and –CH3 terminated SAMs (Table S1); and S 2p photo-
electron spectra of mechanically exfoliated MoS2 films which were
deposited on –COOH, –OH, –CO2C6F5, and –CH3 terminated
SAMs (Fig. S2); valence band spectra of mechanically exfoliated
MoS2 films which were deposited on –COOH, –OH, –CO2C6F5,
and –CH3 terminated SAMs (Fig. S3); and Raman spectra of thicker
MoS2 films deposited on –OH and –COOH terminated SAMs
(Fig. S4).
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