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High quantity and quality few-layers transition metal
disulfide nanosheets from wet-milling exfoliation

Mohammed Aziz Ibrahem,?< Tian-wey Lan,?® Jing Kai Huang,® Yang-Yuan Chen ¢
Kung-Hwa Wei," Lain-Jong Li¢ and Chih Wei Chu*<

Low-cost and large-area electronic applications require the deposition of active materials in simple and
inexpensive techniques at room temperature; properties usually associated with polymer films. In this
study, we demonstrate a simple, low-cost and environmentally friendly method for the high-yield
production of two dimensional nanosheets of semiconducting transition metal disulfides, integrated with
the route towards the solution-processed deposition of MoS, and WS, thin films. The resulting materials
with high purity and no contamination or distortion in their structural and electronic properties were
confirmed with different microscopic and macroscopic methods. As a proof of concept, we utilize these
layered transition metal disulphide films as electron extraction layers in an inverted structure organic solar
cell, prepared at relatively low annealing temperatures (<150 °C). A promising power conversion
efficiency with high stability is achieved, which makes these proposed buffer layers quite attractive for
next-generation flexible devices requiring high conductivity and transparency, as well as wide range of

www.rsc.org/advances other potential applications.

1. Introduction

Because of its desirable combination of excellent thermal,
electronic, optical and mechanical properties, graphene has
become the most widely studied two-dimensional (2D)
material; nevertheless, the absence of an energy gap has
retarded its application in logic electronics."” Accordingly, it
has become necessary to synthesize graphene analogues of
layered inorganic materials that have a finite band gap, such
as the dichalcogenides of molybdenum and tungsten.
Transition metal dichalcogenides (TMDs) are extremely
promising building blocks for the development of next-
generation nanoelectronics. There are more than 40 different
types of TMDs having the stoichiometry MX,, depending on
the combination of transition metals (M; e.g. W, Mo, Ti, Nb
and Ta) and chalcogen (X; S, Se and Te);*>” they form stacked
2D trilayered X-M-X (e.g. S-W-S) sheets that are stabilized
through weak interactions. Each sheet is trilayered with an M
atom in the middle covalently bonded to six X atoms located at
the top and bottom of the sheet (Scheme 1a). Although the
bonding within these trilayer sheets is covalent, adjacent
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sheets stack through van der Waals interactions.®® Depending
on the combination of metal and chalcogen, the material can
be metallic, semimetallic or semiconducting; for example,
tungsten sulfide (WS,) and molybdenum sulfide (MoS,) are
semiconductors, whereas niobium selenide (NbSe,) is a
metal.>® Unlike the poor mobilities of organic semiconduc-
tors, semiconducting TMD compounds can have high mobi-
lities."® In addition, the electronic properties strongly depend
on the number of layers; for instance, single-layer MoS, and
WS, are direct gap semiconductors having gap energies (E,) of
1.9 and 2.1 eV, respectively, whereas bulk MoS, and WS, are
indirect gap semiconductors having values of E, of 1.2-1.3
eV.»""" Nanomaterials based on transition metal disulfides
(MoS,, WS,) have several applications as, for example, super-
lubricants,'* materials for batteries," tips for scanning probe
microscopes,'® thin film transistors (TFTs),"” field effect
transistors (FET),"® enhancement and depletion-mode transis-
tors,"® light emitting diodes (LEDs), gas sensors,”® hydrogen
evaluation catalyst,”'>* Schotky-barrier solar cells,” bulk
heterojunction solar cells®® and UV range photodetectors.”’
Several methods have been employed to fabricate TMD thin
layers, including scotch tape-assisted micromechanical exfo-
liation,*®?° solution exfoliation,**%3' intercalation-assisted
exfoliation,*>** atomic layer deposition,** physical vapor
deposition,®® sputtering,®® atomic layer with chemical vapor
deposition®” and electrochemical synthesis.*® Although most
of these methods can be used to produce good-quality TMD
layers, there are several drawbacks: the lateral dimensions are
typically small; the processes require high vacuum, high
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Scheme 1 (a) Atomic structure of a layered TMD (M, transition metal; S, sulfur). Each layer of MS, comprises covalently bonded one transition metal with two sulfur
atoms, S-M-S. Layers are held together by weak interlayer forces. (b) TMD nanosheets produced through wet grinding of the layered bulk material in EG.

reaction temperatures, or long reaction times; and the
semiconducting ~ properties can  be  variable.”?*%°
Furthermore, most TMD semiconductors exhibit low solubility
and only in solvents that are highly toxic and have high boiling
points (e.g. octadecylamine),*® making it difficult to achieve a
large scalable production and limiting the utility of deposition
through solution-processing. Herein, we describe a wet
grinding method that is a simple but effective approach for
producing few-layer nanosheets in high yields. By employing a
spin-casting technique we have assembled exfoliated WS, and
MoS, to form high-quality, continuous thin films at low
temperatures (150 °C); these films can be used as electron
extraction layers in inverted-structure bulk heterojunction
organic solar cells (OSCs). Many 2D materials, in particular
graphene, have been used for the fabrication of solar cell,*"*
but to the best of our knowledge, this paper is the first to
report OSCs featuring WS, and MoS, nanosheets as the
electron extraction layer that have a promising power conver-
sion efficiency (PCE) and high stability. Unlike previously
reported approaches, our solution-based method is relatively
simple and cheap. It does not require a third-phase dispersant
(i.e. surfactant) and can potentially be scaled up to give large
quantities (gram) of exfoliated material.

2. Experimental

2.1 Materials and chemicals

MoS, (powder, 99%; Sigma-Aldrich), WS, (powder, 99%;
Sigma-Aldrich), MoSe, (99.9%; Alfa Aesar), NbSe, (99.9%;
Alfa Aesar), BN (hexagonal; 99.5% Alfa Aesar), V,0s (99.6%
min.; Alfa Aesar), aluminium (Al, 99.999%; Admat Midas), ITO
(<10 Q sq~ '; RiTdisplay), poly(3-hexylthiophene) (P3HT, Rieke
Specialty Polymer), PCBM (>99%; Solenne), holey carbon-
coated copper grid (Lacey Carbon Type-A 300 mesh copper
grids; TED Pella), EG (J.T. Baker), 1,2-dichlorobenzene (DCB;
Aldrich), and methanol (Aldrich) were used as received without
further purification. Deionized water was purified using a
Milli-Q System (Millipore, Billerica, MA, USA); the detergent
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(TFD4) water (Franklab SA, Taiwan) was diluted with deionized
water.

2.2 Exfoliation process

The wet grinding mechanism used to prepare the 2D
nanosheets is presented in Scheme 1b. First, WS, and MoS,
powders were mixed with pure ethyleneglycol (EG) at a
concentration of 1 wt%. The dark black solution was placed
with zirconia beds (size = 100 um and density > 5.95 g cm °)
in a grind container. Mechanical commuting through bead-
milling in a wet-grinding instrument was performed for 480
min, with the peripheral speed of the rotor fixed at 2000 rpm.
Further, imposing the materials for longer time does not effect
the thickness of the resultant nanosheets as observed by
microscopic instruments. The impact and friction of the beds
on the large aggregated TMDs peeled away a single or a few-
layers smaller in size, at which the fractional force breaks the
large sized chunk into smaller and thinner pieces, whereas the
shear force chips the single or few-layers from the surface. The
resultant dark green colour dispersion was purified without
any contamination from the zirconia beds, since these beds
are highly dense they will precipitate very quickly after
grinding to the bottom of the container.

2.3 Solar cell devices

Prior to spin-coating a thin WS, or MoS, film, ITO substrates
were cleaned through sonication in detergent-containing water
and twice with deionized water (15 min each), dried in an oven
over night, and then treated with UV/ozone for 15 min. A
stable EG solution of WS, (MoS,) was spun onto the ITO
substrate at 2000 (1500) rpm for 60 s and then the sample was
thermally annealed at 150 °C for 60 min in air on a hot plate.
The thickness of the film was controlled by the volume of the
solution and the speed of the spin coater during the spin-
coating process. Devices featuring a WS, (MoS,) interfacial
layer were prepared in an inverted ITO-WS, (MoS,)-
P3HT:PCBM-V,05-Al structure (inset to Fig. 5b). The active
layer of the device was spin-coated from a solution containing
P3HT : PCBM (1 : 1, w/w) in DCB on top of the WS, (MoS,)
film and dried for 30 min in a covered Petri glass dish (solvent
evaporation); the films were then annealed at 130 °C for 30
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min. The thickness of the active layer in each device was
approximately 200 nm. Layers of V,05 (10 nm) and Al (100 nm)
were thermally evaporated through a shadow mask under
vacuum (<10 ° Torr). The active area of each device was 10
mm?®,

2.4 Characterization

The ground dispersion of the 2D nanomaterial was diluted
tenfold with methanol; drops of the solution were placed on a
holey carbon-coated copper grid or Si/SiO, and then dried in
air at 70 °C prior to characterization using TEM (JEM 2100F),
SEM (FEI Nova200), AFM (Veeco di Innova) coupled with XPS
(PHI 5000 Versa Probe scanning ESCA microprobe) and
Raman spectroscopy (NT-MDT confocal Raman microscopic
system; exciting laser wavelength: 473 nm; laser spot-size: 0.5
pm). Thin films of WS, and MoS,, processed through spin
coating onto ITO surfaces, and the TMD powder before and
after grinding were characterized using XRD (PANalytical).
Absorption and transmittance spectra of the thin films were
recorded using a Jasco V-670 UV-vis-NIR spectrophotometer.
The physical thicknesses of WS, and MoS, thin films were
measured by the step profile of AFM; while the active layer
thickness was measured using a Veeco Dektak 150 alpha step
surface profiler. Solar cell devices were tested inside a glove
box under simulated AM 1.5G irradiation conditions (100 mW
em™?) using a Xenon (Xe) lamp-based solar simulator
(Thermal Oriel 1000W).

3. Results and discussion

Thermodynamically, the free energy of mixing non-electrolytic
systems predominates over the solvent and solute mixing
process.*® Favourable mixing occurs when the free energy is
negative.*>*” Furthermore, the Hildebrand parameter is
related to the total cohesive energy density of the solvent (or
solute) and, therefore, represents the entire set of solute-
solvent interactions. The Hansen solubility parameter theory
classifies these interactions into dispersion, polar and hydro-
gen bonding interactions. Thus, the dispersion process
requires balancing of the solvent-solvent, solvent-solute and
solute-solute binding energies.*® The Hildebrand-Scatchard
eqn (1) suggests that the enthalpy of mixing is dependent on
the balance of the nanosheet and solvent surface energies:

AHysix/Vaiix ~ 2/Taake(0i — Osur)® »

where AHy;x is the enthalpy of mixing, Vi is the total volume
of mixture, 3;=/E! is the square root of the surface energy of
phase (i), Thake is the thickness of a nanosheet (flake), and ¢ is the
nanosheet volume fraction. Eqn (1) implies that the energy per
unit area required to overcome the van der Waals forces so that
the nanosheets become dispersed is minimized when the surface
energies of the nanosheets and solvent are matched.*>*” For a
wide range of TMDs, graphene, hexagonal boron nitride and
carbon nanotubes, a good dispersing solvent is one having a
surface tension between 40 and 50 mJ m ™2 (surface energy close to
70 mJ m~%).>*° Although the strong attraction between the solvent
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and nanosheets is not sufficient to exfoliate sheets from the bulk
materials, it still weakens the van der Waals interactions between
adjacent layers.

Direct dispersion and ultrasonication methods result in the
low production of single-layer nanosheets.**° Alternatively, the
exfoliation of different types of intercalates through ultra-
sonication can produce gram quantities of submicrometre
sized monolayers, but the resulting exfoliated material differs
structurally and electronically from the bulk material.
Whereas, the flammability of the Li compounds under
ambient conditions requires the work to be carried out under
inert gas, long reaction times and high reaction tempera-
tures.”** In this present study, therefore, we used an attrition
mill (Scheme 1b) to facilitate the exfoliation and isolation of
individual nanosheets through the friction and sheer forces of
the beads on the layered materials, obtaining clear dispersions
of TMDs in EG (surface tension: 47.7 mJ m~? at 25 °C) that
were stable for relatively long periods of time (three months).

To determine the chipping state of the materials dispersed
after grinding, we first used scanning electron microscopy
(SEM) to examine the initial states of the TMD powders. SEM
analysis (Fig. 1a and e) revealed very thick (>100 nm) and
disordered network arrangements of 2D sheets (>15 pm) for
both WS, and MoS,; in comparison, the ground materials were
very thin, separate nanosheets. SEM and atomic force
microscopy (AFM) images (Fig. 1c and g) of individual
nanosheets revealed a typical average thickness of 2.5 nm.
Next, we examined the electronic structures of the WS, and
MoS, nanosheets using Raman spectroscopy (Fig. 2). The
Raman spectrum (excitation = 473 nm) of MoS, featured two
main bands at 381.2 and 405.76 cm™ ' with modes related to
E',, and Alg, respectively. The energy difference between
these two peaks is ~24-25 cm ™', corresponding to the Raman
signature for MoS, with 4-5 layers.** For WS,, these signals
appeared at 353.5 and 418.4 cm ™, respectively, with an energy
difference of ~64-65 ¢cm™ ', corresponding to the Raman
signature for WS, with 3-4 layers.® In each case, these
positions match reasonably well with the observed peaks for
stacked crystals; shifts of a few wavenumbers can occur upon
exfoliation, leading to a slight disagreement between mea-
sured and predicted peak positions. These results are
consistent with observations reported in the literature.>>*° In
addition, the stoichiometry of the resultant nanosheets was
confirmed by X-ray photoelectron spectroscopy (XPS) and the
energy dispersion spectroscopy (EDS) spectrum. XPS revealed
strong Wf,,,,Wf;,, and S2p;,, bands at 31.98, 34.38 and 37.3
eV, respectively, for WS, (Fig. 3a); S2s, Mo3ds/,, and Mo3d;,
bands at 225.55, 228,47 and 231.5 eV, respectively, for MoS,
(Fig. 3b); and S2P;,, and S2P;/, at 162 and 169.5 eV for both
WS, and MoS, (Fig. 3c). The binding energy positions of the
Mo3d, Wf and S2P peaks were assigned to the W™ and $*~
oxidation states in WS, and Mo"™ and S*>~ oxidation states in
MoS,.>>*! From EDS (Fig. 3d) it can be estimated that the atom
ratio of WS™" and MoS ™" of an individual nanosheet is close to
1: 2, giving the samples a composition of WS, and MoS,.

RSC Adv., 2013, 3, 13193-13202 | 13195


http://dx.doi.org/10.1039/c3ra41744a

Published on 07 May 2013. Downloaded by National Chiao Tung University on 28/04/2014 01:55:36.

View Article Online

RSC Advances

(="
~

20

15

1.0

height (nm)

0.5

200 400 600
width (hm)

height (nm)
5

200 400
width (nm)

=3
=3

Fig. 1 (a, b, e, f) SEM images, (c, g) AFM images and (d, h) height profiles of the corresponding AFM topographies (average thicknesses: 2-2.5 nm) of typical
nanosheets of (c) WS, and (g) MoS,. SEM images of films formed through spray dispersion on Si/SiO, and annealing (70 °C, 10 min) of (a, ) non-ground powders of

WS, and MoS, and (b, f) ground (for 480 min) WS, and MoS, dispersions.

Moreover, X-ray diffraction (XRD) patterns (Fig. 4) revealed
the crystal structure of the TMD powders prepared with and
without grinding. The nearly identical diffraction angles (20)
of the XRD peaks imply the same degree of crystallinity, with
the decreased intensity and broadening of the peaks after
grinding being consistent with decreased lateral sizes. All the
recorded diffraction peaks of the powders prepared with and
without grinding can be mainly indexed to the WS, and MoS,
phase.

We used transmission electron microscopy (TEM) to further
analyse the dispersed materials. Fig. 5a and 5b present TEM
images of typical WS, and MoS, nanosheets, respectively; the
selected area electron diffraction (SAED) patterns (Fig. 5b and
5e) of the flat areas of the nanosheets and the corresponding
high-resolution TEM (HRTEM) images (Fig. 5c¢ and 5f) reveal
hexagonal lattice structures having a hexagon width of 2.735 A
and 2.74 A, assigned to the WS, and MoS, (100) planes,
respectively, which give a lattice constant of 3.158 A and

3.164 A for WS, and MoS,, respectively, confirming that no
distortion occurred upon exfoliation of these 2D materials.*
The few-layers nanosheets were typically a few hundred
nanometers in length, in agreement with previous reports.**°
We attribute the lack of monolayers to the aggregation that
occurred during deposition and drying. Furthermore, we
performed sedimentation tests of stored dispersions in EG,
before and after grinding. The dispersion prepared without
grinding precipitated completely within several minutes, but
the dispersion prepared with grinding retained its high quality
for at least three months after preparation (inset of Fig. 5a and
5d).

Most methods for the fabrication of thin films of transition
metal disulfides require high vacuum, high temperature and
complicated chemical syntheses;***°** very little has been
reported regarding solution-based deposition. The challenge
remains to develop simple methods for the preparation of
high-quality 2D nanosheets and solution-processable at low
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Fig. 2 Raman spectra (4 excitation = 473 nm) of 2D nanosheets of transition metal disulfides (a) WS, and (b) MoS,. The samples were prepared by dropping the
dispersion (diluted tenfold with methanol) on a Si/SiO, surface and drying under ambient atmosphere at 70 °C for 10 min.
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Fig. 3 XPS data of the binding energies of (a) W, (b) Mo and (c) S atoms in WS, and MoS, multilayers prepared by placing drops of dispersions onto Si/SiO, wafers
and drying under an ambient atmosphere at 70 °C for 10 min. (d) A representative EDS spectrum collected from an individual nanosheet indicating that the material
is WS, and MoS,, respectively. Cu peaks came from the holey carbon-coated copper grid.

temperature thin film materials that should have a broad
range of applications (e.g. in solar cells). Fig. 6 displays a few-
layer spin-coated transition metal disulfide thin film that we
prepared over large areas. The surface roughness (root-mean-
square values) of films prepared from WS, and MoS, solutions
were 2.7 nm and 3.2 nm, respectively, indicating the high

thereby enhance the device performance. We obtained the
values of Eg of the as-deposited thin films on ITO-coated glass
substrates by extrapolating the straight line portion of the
curve to zero absorption coefficients (Fig. 6¢ and f), as
determined from the equation®

smoothness of the film compared to the bare ITO surface (rms Ag= Z—C = IZEﬂ 2)
= 4.22 nm). Therefore, these TMD materials can improve the £ ¢
contact between the active material and the ITO surface and
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Fig. 4 XRD patterns of the TMD powders of (a) WS, and (b) MoS, prepared with and without grinding for 420 min. Periodicity in the c-axis is evident for the bulk
materials, with a strong (002) peak observed at a value of 260 of 14°. Diffraction peaks are indexed from the WS, phases (reference code. 008-0237) and MoS,

(reference code. 024-0513).
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Fig. 5 (a, d) TEM images, (b, e) SAED patterns and (c, f) HRTEM images of (a—c) a typical single-layer WS, nanosheet and (d—f) a typical single-layer MoS, nanosheet.
Inset of (a) and (d) are the sedimentation tests of dispersions before and after grinding for 480 min in EG: (a) WS, (starting concentration: 1 wt%), (d) MoS, (starting

concentration: 1 wt%).

The values of E, for the thin films of WS, and MoS, are 1.75
and 1.72 eV, respectively, which match well with the
experimentally determined indirect band gaps for their few-
layer films.">* It has been shown that when periodicity in the
c-axis is present in bulk materials, a strong (002) peak is
usually observed at a value of 20 around 14° (Fig. 4),>”>” in

contrast, this signal of the (002) plane was barely detectable in

our thin films (see Fig. 7), which suggests the successful
fabrication of ultrathin films (few-layers).

Next, as proof of principle we used the uniform continuous
films (without pinholes or cracks), which we formed from the
grinding of WS, and MoS, solutions, spin-coating and thermal
annealing at relatively low temperatures (<150 °C), as electron
extraction layers in the fabrication of highly stable inverted-
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Wavelenghth (nm)

't“‘x 0ok —
W K/ ‘-5 550 600 650 700 750
i RO Wavelenghth (nm)

Fig. 6 SEM and tapping-mode AFM images of transition metal disulfide thin films formed through the spin-coating of dispersions onto ITO surfaces and annealing
(150 °C, 60 min): (a, b) WS, spin-coated at 2000 rpm; (d, ) MoS; spin-coated at 1500 rpm. UV absorption spectrum of (c) a WS, thin film and (f) a MoS; thin film.
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Fig. 7 XRD patterns of TMD thin films deposited from ground dispersions onto ITO glass: (a) a WS, solution spin-coated at 2000 rpm and then thermally annealed at
150 °C for 60 min; (b) a MoS, solution spin-coated at 1500 rpm and then thermally annealed at 150 °C for 60 min. For each thin film, it was more difficult to
distinguish the signal for the (002) plane, near a value of 260 of 14°, relative to that for its bulk powder, which further confirms the fabrication of ultrathin films (few-

layers).
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Fig. 8 (a) llluminated J-V curves for inverted device structures featuring WS, and MoS, as the buffer layer. Inset: Dark J-V curves. (b) Stability of solar cell devices
featuring WS, and MoS; as electron extraction layers, measured in terms of the PCE over time. Inset: inverted device structure.

structure OSCs. The current density-voltage (J-V) character-
istics of the devices are shown in Fig. 8a; Table 1 summarizes
their extracted device parameters. A comparable PCE with the
control device prepared with other metal oxides electron
extraction layer as reported in our previous work>>>® have been
achieved. The variations in device performance were not

Table 1 Device performance parameters of inverted P3HT:PCBM solar cells
fabricated with WS,/MoS, thin films as the electron extraction layer

Buffer layer Voc (V)  Jsc (mAcem™?)  FF (%) PCE (%) R (Q)°
WS, 0.58 9.31 55.28 2.98 2.85
MoS, 0.58 11.19 51.6 3.35 0.96

“ Device series resistance (Rs) of the OSC obtained from the inverse
slope of the dark J-V curve.

This journal is © The Royal Society of Chemistry 2013

significant in terms of open-circuit voltages (Voc), possibly
because of same potential barrier alignment (same band gap)
with the same thickness (around 10 nm) with the active layer
materials. In contrast, the device incorporating the MoS,
buffer layer (PCE = 3.23%) had a higher short-current density
(Jse = 11.19 mA cm™?) than that of the device featuring a WS,
buffer layer (PCE = 2.93%; Jo. = 9.31 mA cm ™ ), presumably
because MoS, materials have higher conductivities (approxi-
mately tenfold),”” lower series resistances (Rs = 0.96 Q)
measured from the dark current (inset to Fig. 8a) and lower
absorption coefficients relative to those of WS, (Fig. 6¢ and f).
The mechanism behind our device may be related to the
deposition of high electron affinity materials, namely the
electron extraction layer at the anode that increased the
photocurrent extraction by reducing the extraction barrier
heights and reducing the recombination at the electrodes.
Decreasing the energy barrier that the carriers must overcome
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Fig. 9 TEM images of typical nanosheets of (a) BN ground in IPA at a concentration of 0.75 wt% for 360 min, (b) NbSe, ground in EG at a concentration of 0.5 wt%
for 240 min and (c) WSe, ground in EG at a concentration of 0.5 wt% for 420 min. Insets: images of the ground dispersions (BN in IPA; NbSe, and WSe; in EG).

or tunnel through at the electrode emissive layer interface will
lead to a high injection efficiency.”® We therefore further
investigated the effect of the inserted WS, and MoS, interlayer
thicknesses on the device performance. Small variations in
thickness of the films correlated with clear variations in the
series resistance of the device, which in turn affects its
performance. Meanwhile, devices with a very thick electron
extraction layer (~50 nm) give a very poor PCE, which may be
correlated with an increase in the resistance and high
absorbance of the film, and a control device without the
electron extraction layer exhibited a tremendous decreases in
Voc, FF and performance, revealing the important role that the
these interlayers played in the device performance.

Fig. 8b displays the results of the stability measurements of
the as-prepared inverted-structure OSCs prepared with WS,
and MosS, as the electron extraction layers. We observed a very
minor decrease in the device efficiency over time (40 days).
The average decrease in PCE for the device featuring the WS,
buffer layer was approximately 16%, while the major loss arose
from the fill factor, which is related to the change in the active
layer and not to the buffer layer. The same could be said for
the device incorporating the MoS, buffer layer. The improved
stability of the devices featuring transition metal disulfides as
cathode buffer layers, relative to those of previously reported
highly stable devices incorporating metal oxide buffer layers,>
can be explained in two ways: (i) these transition metal
disulfides prevent degradation by providing a larger extraction
interface and good electron conduction to the ITO electrode
for a longer period of time; (ii) the transition metal disulfides
are very stable in ambient environments (in particular, they are
barely affected by moisture or oxidation, indeed, both
materials are used widely as superlubricants'*®’) and thus, a
significant decrease in the degradation of the blend polymer is
likely.

Most importantly, our production method can be applied
also to other types of TMD layered materials, including
molybdenum(v) selenide (WSe,, semiconductor) and
niobium(1v) selenide (NbSe,, conductor), as well as boron
nitride (BN, insulator). Fig. 9 shows typical TEM images of few-
layer nanosheets of these materials, which are several hundred
nanometers in size. We propose that this technique is a
general one that can be applied to other TMDs and BN.
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4. Conclusions

In summary, we have developed a novel, simple, efficient and
low-cost method for the high-yield production of 2D
nanosheets of semiconducting transition metal disulfides, as
well as a route towards the solution-processed deposition
(through spin-coating) of MoS, and WS, thin films from the
dispersion. This fabrication approach requires no vacuum
processing and was carried out at a relatively low annealing
temperature (150 °C). We measured the physical and electro-
nic characteristics of these TMD layered materials using
various spectroscopic (Raman, XRD, XPS) and microscopic
(TEM, SEM, AFM) methods. Solar cell devices incorporating
WS, or MoS, buffer layers in ambient condition exhibited
promising PCEs and a high stability. Thus, this new method
for preparing TMDs is a very promising one that might
enhance the stability and decrease the cost of photovoltaic
technologies and other electronic applications.
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