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ABSTRACT: A two-dimensional crystal of molybdenum disul-
fide (MoS,) monolayer is a photoluminescent direct gap semi-
conductor in striking contrast to its bulk counterpart. Exfoliation
of bulk MoS, via Li intercalation is an attractive route to large-scale
synthesis of monolayer crystals. However, this method results in
loss of pristine semiconducting properties of MoS, due to
structural changes that occur during Li intercalation. Here,
we report structural and electronic properties of chemically
exfoliated MoS,. The metastable metallic phase that emerges
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from Li intercalation was found to dominate the properties of as-exfoliated material, but mild annealing leads to gradual restoration
of the semiconducting phase. Above an annealing temperature of 300 °C, chemically exfoliated MoS, exhibit prominent band gap
photoluminescence, similar to mechanically exfoliated monolayers, indicating that their semiconducting properties are largely

restored.
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tomically thin sheets of layered inorganic compounds such as
Ametal chalcogenides and oxides represent an emerging class
of materials with prospects for a range of applications.' > Layered
transition-metal dichalcogenides (LTMDs) form a large family of
materials with interesting properties that have been studied for
decades.® Crystals of LTMDs can be easily cleaved along the layer
plane due to weak van der Waals forces between the layers similar
to graphite. Individual monolayers of LTMDs can be isolated via
micromechanical cleavage or the “Scotch tape method” used to
obtain graphene from graphite.' The two-dimensional crystals of
LTMD:s are an inorganic analogue of graphene and represent the
fundamental building blocks for other low-dimensional nanostruc-
tures such as inorganic nanotubes and fullerene.”

Molybdenum disulfide (MoS,), a widely known LTMD, is a
solid state lubricant and catalyst for hydrodesulfurization and
hydrogen evolution.® It is an indirect band gap semiconductor
with an energy gap of ~1.2 €V in the bulk form® and has also
attracted interest as photovoltaic and photocatalytic materials.'”""
The band gap of MoS, increases with decreasin§ crystal thickness
below 100 nm due to quantum confinement'* and calculations
predict it to reach 1.9 eV for a single monolayer."* In addition
to the increase in its size, the nature of the band gap also
changes from indirect to direct when the thickness reaches a
single monolayer."® Recent success in isolating monolayers of
MoS, has allowed the observation of strong photoluminescence
that can be attributed to the direct gap electronic structure
of monolayer MoS, (refs 14—16). The indirect-to-direct gap
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transition results in giant enhancement (~10*) in photolumi-
nescence quantum yield, highlighting the distinguishing feature
of the monolayer compared to multilayer counterpart."® Large in-
plane carrier mobility of around 200—500 cm®/(V's) (ref 17) and
robust mechanical properties of MoS, also make it an attractive
material for flexible field-effect transistors (FETs).'*'"? Recently
Radisavljevic et al.”® demonstrated high-performance FET fabri-
cated using monolayer MoS, as the channel material with mobi-
lities comparable to those of bulk crystals.

Exfoliation of MoS, into individual monolayers is a critical
step toward making it optically active and implementing
into novel devices. For practical applications, a scalable and
controlled deposition technique is required.””** Coleman et al.**
recently proposed liquid-phase exfoliation of bulk MoS, powders
in an appropriate organic solvent with aid of ultrasonication as a
viable route to achieving this goal and demonstrated facile
fabrication of bulk films and composites of the exfoliated material.
This method yields thin sheets of MoS, with thicknesses of
3—12 nm, corresponding to 5—20 monolayers; however, mono-
layers were not observed. It has been previously shown by
Morrison and co-workers® that Li-intercalated MoS, (Li,MoS,)
can be exfoliated into monolayers via forced hydration, yielding a
stable colloidal suspension. This method offers a versatile route
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Figure 1. (a) Scanning electron microscopy image of MoS, powder.
Inset shows higher magnification image of the layered structure. The
scale bar is 400 nm. (b) Photograph of a typical chemically exfoliated
MoS, suspension in water. (c) AFM image of individual exfoliated MoS,
sheets after annealing at 300 °C. Height profile along the red line is
overlaid on the image. The sample was prepared by filtering a small
volume (~3 mL) of dilute MoS, suspension to minimize overlap
between individual sheets. The resulting film was nonhomogeneous
due to partial aggregation. Regions of the sample where the sheets were
isolated were imaged for step height analysis. (d) TEM image of an
as-deposited Mo$S, sheet on holey carbon grid. (e) SAED pattern from
the MoS, sheet in (d) showing the hexagonal symmetry of the MoS,
structure. (f) HAADF STEM image of monolayer MoS, annealed at 300
°C in Ar. Inset is a blow-up image showing individual Mo (green dot)
and S (orange dot) atoms and their honeycomb arrangement. The scale
bar is 0.5 nm. The white blur on the surface of the sheet is possibly due to
carbon residues from the intercalation and exfoliation processes.

toward assembly of MoS, sheets into thin films,** formation of
inclusion compounds,25 and composites.26 Facile solution-based
deposition of thin films has also enabled their use as the hole
transport layer in polymer light-emitting diodes.””

While exfoliation of Li,MoS, allows simple access to mono-
layer MoS,, their physical properties have not been fully under-
stood.”® This is partly attributed to the phase changes that occur
during Li intercalation and concomitant alteration of the pristine
properties.” Specifically, Li intercalation results in loss of the
semiconducting properties due to emergence of a metallic phase.
In addition, the small size of the exfoliated flakes (typically <1 gm)
and their tendency to aggregate upon deposition make study of the
inherent monolayer properties challenging. Here, we show that the
material consists of a mixture of two distinct phases and that their
composition strongly determines their electronic properties. We
demonstrate that the intercalation-induced phase transformation
can be almost fully reversed via mild annealing such that the
semiconducting properties of the pristine material are largely
restored. The phase restoration is confirmed by the observation
of band gap photoluminescence from ultrathin MoS, films.

A colloidal suspension of highly monodisperse monolayer
MoS, sheets was prepared from commercial powder (Figure 1a)
through Li intercalation and exfoliation followed by extensive

Figure 2. (a) Photograph of MoS, film floating on water (top panel)
and deposited on glass (bottom panel). (b) Photograph of an as-
deposited thin film of Mo$S, on flexible PET. The films in (a) and (b)
are approximately S nm thick. (c) AFM image of an ultrathin film with an
average thickness of 1.3 nm. The film consists of regions that are covered
by monolayers and others that are slightly thicker due to overlap
between individual sheets. Height profile along the red line is overlaid
on the image.

purification (Figure 1b). A majority of the exfoliated MoS, sheets
were found to be 300—800 nm in lateral dimensions and
exhibited typical thickness of 1—1.2 nm (Figure 1c,d). The
selected area electron diffraction (SAED) patterns indicate
hexagonal symmetry of the atomic arrangement and that indivi-
dual sheets consist of a single crystal domain (Figure le). The
apparent thickness of the thin films shown in Figure 1c is larger
than the 0.65—0.7 nm values reported for mechanically exfo-
liated MoS, monolayers.”>* This discrepancy may be explained
by surface corrugation due to distortions,”" the presence of
adsorbed or trapped molecules (See Supporting Information
for further atomic force microscopy (AFM) analysis ). Absence of
any sheets below the thickness values and no evidence of step
edges on the nanosheets surface suggest that they consist of
monolayers.

In order to unambiguously verify that a majority of exfoliated
sheets are monolayers, we conducted high angle annular dark field
scanning transmission electron microscopy (HAADF STEM)
imaging. The STEM image shown in Figure 1f clearly reveals the
honeycomb structure of MoS, where the Mo and S sites can be
identified by differences in their contrast.”>*> Multilayers can be
readily distinguished from monolayers in the STEM by examin-
ing the projected lattice images and the relative intensity of the
lattice sites. For example, the two lattice sites are indistinguish-
able for commensurately stacked multilayer 2H-MoS, with stacking
sequence of BcB AcA where the upper case and the lower case letters
represent S and Mo layers, respectively.”” On the other hand,
triangular lattice projection is expected for commensurately stacked
multilayer 1T-MoS, with AbC AbC stacking sequence. Incommen-
surately stacked multilayers exhibit Moire patterns and can be readily
distinguished from monolayers. Despite the possibility of local lattice
distortions reported previously,” our observations suggest that the
honeycomb arrangement of the atoms extends over the entire sheet
as indicated by the SAED patterns in Figure le.

Thin films of exfoliated MoS, sheets were fabricated by vacuum
filtration of the suspension through a filter membrane with nano-
meter-sized pores.*> The filter membrane with the MoS, film was
slowly inserted into the water, allowing the film to delaminate
from the membrane, which in turn resulted in a free-floating film
on the water surface (Figure 2a). The intact floating MoS, film
was captured by carefully scooping onto a substrate. Transfer was
achieved on arbitrary substrates including glass and flexible PET
(Figure 2b). The AFM image shown in Figure 2c demonstrates
the remarkable uniformity of MoS, sheet coverage on Si/SiO,
substrates. It should be noted that our thin film deposition method
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Figure 3. (a) Structure of 2H- and 1T-MoS,. (b) XPS spectra showing Mo 3d, S 2s, and S 2p core level peak regions for samples annealed at various
temperatures. The samples were measured on Pt foil and Pt 4f;, was taken as a reference. After Shirley background subtraction, the Mo 3d and S 2p
peaks were deconvoluted to show the 2H and 1T contributions, represented by red and green plots, respectively. (c) Extracted relative fraction of 2H and
1T components (top) and the linewidths of S 2s and Mo 3d; , peaks as a function of annealing temperature (bottom). The Mo 3d; , peak linewidths are
shown for the two phases. A similar trend was also observed for the S 2p peaks, but the data are not shown here for clarity.

allows extremely fine control over the film thickness ranging from
near-monolayer up to tens of nanometers via adjustment of the
filtration volume or the concentration of the suspensions used.
The thickness of ~1 nm films reported here is distinctly thinner
than those obtained previously by the spreading method,** which
results in films thicker than 3 nm (ref 27). Our films exhibit some
inhomogeneity, consisting of regions with slight variations in the
number of layers as shown in Figure 2c.

Raman spectra of all samples showed the well-known in-plane
Elzg and out-of-plane A, peaks of 2H-MoS, both before and
after annealing (See Supporting Information for details.) Fre-
quencies of these Raman modes have been shown to indicate the
number of layers in mechanically exfoliated MoS,.** However, due
to local variations in film thickness and the rotational stacking
disorder, frequencies of these Raman modes do not allow direct
determination of the number of layers in our samples. Instead,
average film thicknesses have been calculated from AFM as
discussed in the Supporting Information.

A thermodynamically stable form of MoS, is the trigonal
prismatic (2H-MoS,) phase where each molybdenum atom is
prismatically coordinated by six surrounding sulfur atoms®
(Figure 3a). Upon Li intercalation, MoS, undergoes a first-
order phase transition to a metastable phase where the
coordination of Mo atoms becomes octahedral (1T-Mo$,)*’
(Figure 3a). The intriguing consequence of this phase transi-
tion is the dramatic change in the density of states which
renders 1T-MoS, metallic.>®> The structure of chemically
exfoliated MoS, sheets has been the subject of several studies®
and is believed to be of 1T-type but with lattice distortions.>®
While annealing at moderate temperatures (~200 °C) is likely
to cause transformation back to the initial 2H phase,®” the
extent of its restoration is not known. The phase transforma-
tion is also suggested to be triggered by removal of interlayer
water in deposited films®® and also progresses at lower tem-
peratures over a period of weeks.*” In this study, all experi-
ments and measurements were conducted within 2 days from
deposition in order to avoid aging effects.

Due to the differences in the symmetry elements in their
structures, 2H and 1T phases can be differentiated by Raman
analysis.”” The as-deposited samples exhibit Raman peaks sug-
gesting the presence of a 1T phase; however, due to its weak
response, quantitative analysis of the phase composition was not
possible (see Supporting Information). Instead we study the
phase compositions by X-ray photoelectron spectroscopy (XPS).
The Mo 3d, S 2s, and S 2p regions of the XPS spectra for samples
annealed at various temperatures are shown in Figure 3b. The
Mo 3d spectra consist of peaks at around 229 and 232 eV that
correspond to Mo*" 3ds,, and Mo*" 3ds,, components of 2H-
MoS,, respectively. Deconvolution of these peaks reveals addi-
tional peaks that are shifted to lower binding energies by ~0.9 eV
with respect to the position of the 2H-MoS, peaks. Similarly, in
the S 2p region of the spectra, additional peaks are found besides
the known doublet peaks of 2H-MoS,, S 2p; s, and S 2p; ,, which
appear at 163 and 161.9 eV, respectively. The parallel shift of these
additional peaks suggests that they arise from the 1T phase. Our
observations are similar to those reported for single crystal MoS,
progressively intercalated Egr Li where additional peaks appear due
to formation of 1T phase.”™ The 1T peaks are gradually quenched
after annealing above 100 °C. It is worth noting that absence of a
prominent peak at around 236 ¢V, which corresponds to Mo®* 3ds»,
indicates that oxidation of Mo is minimal. Similarly, no peaks were
observed between 168 and 170 eV, which indicates that sulfur
atoms also remain unoxidized. Extracted phase compositions show
that the as-deposited samples consist of nearly equal amounts of the
two phases (Figure 3c). Increase of the 2H phase fraction is nearly
linear with temperature up to about 150 °C and becomes gradual
for higher temperatures. After annealing at temperatures above
200 °C, the material is predominantly in 2H phase, reaching 0.95 at
300 °C. It can also be noticed that the line width of 2H-MoS, peaks
becomes progressively narrower with annealing above 150 °C,
suggesting improved structural uniformity and relaxation of local
strain (Figure 3c).

As-deposited films with thickness below 10 nm were semi-
transparent and electrically conducting, but the conductivity
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Figure 4. (a) Absorption and (b) photoluminescence spectra of MoS, thin films annealed at various temperatures. In (b), two sets of spectra for thin
and thick samples are shown. Photoluminescence was measured with excitation wavelength at 514 nm. The spectra are normalized with the intensity of
the A, Raman peaks. (c) Absorption and (d) photoluminescence spectra of MoS, thin films with average thicknesses ranging from 1.3 to 7.6 nm. The
average film thickness and error bars were obtained from the height analysis of the AFM data (Supporting Information). Insets of (c) and (d) show
energy of the A exciton peak as a function of average film thickness. The peak energies were extracted from the absorption and photoluminescence
spectra in the main panel, respectively. No clear A exciton peak was identified in the emission spectrum of 7.6 nm film.

quickly dropped with annealing (Supporting Information). These
films typically exhibited resistivity of ~1 £2.cm while values as large as
~10° Q- cm were observed after annealing at 300 °C. The unusually
large resistivity of annealed films suggests non-negligible contribu-
tions from interflake resistance and residual defects that localize
carriers. Nevertheless, significant increase in resistivity largely reflects
the evolution of phase composition. We observed weak field
modulated conductivity for annealed samples suggesting restoration
of the semiconducting properties (Supporting Information).
Evolution of the mixed phase structure was further studied
by measuring the absorption spectra of MoS, films as a func-
tion of progressive annealing (Figure 4a). As-deposited films
exhibit no clear characteristic peaks of pristine 2H-MoS,
except for the high energy excitonic features in the near-UV
range (200—300 nm). With increasing annealing temperature,
the characteristic MoS, excitonic features emerge and grow in
intensity. Specifically, A and B excitonic peaks arising from the K
point of the Brillouin zone were observed between 600 and
700 nm while convoluted C and D excitonic peaks appeared
around 420 nm. Emergence of these features indicates restora-
tion of 2H phase upon annealing. As compared to the pristine
mechanically exfoliated monolayer, the exciton peaks are less
resolved, suggesting the presence of residual structural disorder,

probably owing to remnant lattice distortion.*® Gradually sup-
pressed absorption in the near-IR region, which is below the
band gap of 2H-MoS,, also suggests reduction of the metallic
1T phase component.

In order to evaluate the restored semiconducting phase, we
investigated the photoluminescence properties of our samples.
Monolayer of MoS, is a direct gap semiconductor where the
lowest energy interband transition occurs at the K point of the
Brillouin zone." Relaxation of excitons at the K point can result in
emission of photons with energy of 1.9 eV (ref 15). Our as-
deposited MoS, films do not exhibit photoluminescence, as
expected from their partial metallic character. On the other hand,
annealed films exhibit reproducible photoluminescence when their
thickness is sufficiently low (<S nm). Figure 4b shows photo-
luminescence spectra of thin (~1.3 nm) and thick (~10 nm)
films after annealing at different temperatures. For direct com-
parison, the spectra are normalized with A;; Raman peak inten-
sity. Gradual increase in the emission intensity with annealing
temperature is observed for the thinner film while no emission is
observed from the thick film even after annealing. The emission
spectra for the thin film consist of one major peak and one minor
peak at around 660 and 610 nm, respectively. These peaks,
labeled as A and B, agree well with the energy of A and B excitons,
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suggesting that they are from the direct band gap photolumines-
cence from the K point. The emission spectrum of our ~1.3 nm
film is in good agreement with those reported by Mak et al.'* and
Splendiani et al.'* for mechanically exfoliated monolayer sam-
ples, indicating that the observed photoluminescence arises from
the intrinsic electronic properties of monolayer MoS, and not
from structural defects or chemical impurities. The emission
intensity for our thinnest samples (~1.3 nm in average thickness)
was comparable to that for mechanically exfoliated monolayers.
(See Supporting Information for the comparison.) Defects with
unsaturated Mo or S bonds which introduce midgap states are
expected to be active nonradiative recombination centers for
excitons.*' Our observations suggest that despite the possible
residual structural disorder in our samples, density of such critical
defects is sufficiently low.

Increase in film thickness was found to result in a slight red
shift in both the absorption resonance and photoluminescence
energy (Figure 4c,d). The shift is small (~20 meV) but consistent
with the fact that direct gap is only weakly sensitive to the
confinement effect due to the large electron and hole mass around
the K point, changing by only 20 meV between mono- and bilayer
MoS, (ref 15). Figure 4d shows that the thinnest samples exhibit
the strongest photoluminescence while the emission intensity
gradually decreases with increasing film thickness. The gradual
quenching of photoluminescence with film thickness is in con-
trast to that in mechanically exfoliated MoS, where the quantum
yield drops rapidly from monolayer to bilayer. Our observation
may be explained by the fact that there may be monolayered
regions within the multi-layered films. Alternatively, weak
interlayer coupling between the restacked MoS, sheets due to
rotational stacking disorder as suggested by Raman analysis
could be responsible for the gradual decrease in PL. (See
Supporting Information for details.)

Solution-based exfoliation of layered materials is a promising
route for producing 2D crystals in large scale and realizing their
unique properties in practical applications. We have demon-
strated chemical exfoliation of MoS, to individual monolayers
and deposition of ultrathin films that are up to several layers in
thickness. Unlike chemically derived graphene,42 MoS, sheets
remain chemically unmodified so that their fundamental electro-
nic properties are largely preserved. Our films exhibit prominent
band gap photoluminescence that is consistent with the behavior
of mechanically exfoliated MoS,, indicating that despite the
chemical exfoliation, the MoS, sheets retain structural integrity
with sufficiently low density of critical defects which may inhibit
luminescence. The thickness-dependent electronic structure
and the unique two-phase behavior of MoS, reveal unusual
versatility of this material. For example, the properties of metallic
and semitransparent 1T-MoS, represent new opportunities in
the development of transparent conductors. These features of
chemically exfoliated MoS, make them attractive for novel
electronic and optoelectronic devices such as nonvolatile mem-
ory, solar cells, and light-emitting diodes which remain to be
explored.

Method. Lithium intercalation was achieved by immersing 3 g
of natural MoS, crystals (Sigma-Aldrich) in 3 mL of 1.6 M
butyllithium solution in hexane (Sigma-Aldrich) for 2 days in a
flask filled with argon gas. The Li,MoS, was retrieved by filtration
and washed with hexane (60 mL) to remove excess lithium and
organic residues. Exfoliation was achieved immediately after
this (within 30 min to avoid deintercalation) by ultrasonicating
Li,MoS, in water for 1 h. The mixture was centrifuged several

times to remove excess lithium in the form of LiOH and
unexfoliated material. Thin films were prepared by filtering a
diluted suspension (0.01—0.1 mg/mL) through a mixed cellu-
lose ester membrane with 25 nm pores (Millipore). The film was
delaminated as described in the main text on water surface for
subsequent transfer onto a substrate. AFM data were obtained in
Digital Instruments Nanoscope IV in tapping mode with stan-
dard cantilevers with spring constant of 40 N/m and tip
curvature <10 nm. Annealing was conducted on a hot plate in
Ar-filled glovebox with low vapor and oxygen levels (~1 ppm).
Samples were annealed at a desired temperature for 1 h. Raman
and photoluminescence spectra were measured with an InVia
Raman microscope (Renishaw) at excitation laser wavelength of
514 nm. Absorption spectra were collected for films deposited on
quartz substrates in a PerkinElmer Lambda 25 UV—vis spectro-
meter. X-ray photoelectron spectroscopy (XPS) measurements
were performed with a Thermo Scientific K-Alpha spectrometer.
All spectra were taken using a Al Ka microfocused monochro-
matized source (1486.6 eV) with a resolution of 0.6 eV. The spot
size was 400 um and the operating pressure was S X 10~ Pa.
The MoS, films were measured on Pt foil, and Pt 4f;, was taken
as reference at 70.98 eV. XPS measurements were made im-
mediately after annealing. The TEM image and correspond-
ing SAED in Figure 1 were taken in a JEOL 2000X at 200 kV.
HAADF STEM imaging was performed using JEOL JEM-2100F
TEM/STEM with double spherical aberration (Cs) correctors
(CEOS GmbH, Heidelberg, Germany) to attain high contrast
images with a point-to-point resolution of ~1.0 A. Collecting
angle was between 100 and 267 mrad. The lens aberrations were
optimized by evaluating the Zemlin tableau of an amorphous
carbon. The residual spherical aberration was almost zero
(Cs=—0.8 & 1.2 um with 95% certification). The acceleration
voltage was set to 120 kV, which is the lowest voltage with
effective Cs correctors in the system.

Il ASSOCIATED CONTENT

© Ssupporting Information. Details on X-ray diffraction,
thermal analysis, afm analysis and film thickness determination,
transparent and conducting properties, Raman spectroscopy, and
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