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ABSTRACT: In the present investigation, we report a one-
step synthesis method of wafer-scale highly crystalline tungsten
disulfide (WS,) nanoparticle thin film by using a modified hot
wire chemical vapor deposition (HW-CVD) technique. The
average size of WS, nanoparticle is found to be 25—40 nm
over an entire 4 in. wafer of quartz substrate. The low-angle
XRD data of WS, nanoparticle shows the highly crystalline
nature of sample along with orientation (002) direction.
Furthermore, Raman spectroscopy shows two prominent
phonon vibration modes of Elzg and A, at ~356 and ~420
cm™, respectively, indicating high purity of material. The
TEM analysis shows good crystalline quality of sample. The
synthesized WS, nanoparticle thin film based device shows
good response to humidity and good photosensitivity along
with good long-term stability of the device. It was found that
the resistance of the films decreases with increasing relative
humidity (RH). The maximum humidity sensitivity of 469%
along with response time of ~12 s and recovery time of ~13 s
were observed for the WS, thin film humidity sensor device. In
the case of photodetection, the response time of ~S1 s and
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recovery time of ~88 s were observed with sensitivity ~137% under white light illumination. Our results open up several avenues
to grow other transition metal dichalcogenide nanoparticle thin film for large-area nanoelectronics as well as industrial

applications.
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B INTRODUCTION

Graphene was thought not to exist in a free state until 2004,
when Novoselov and co-workers isolated a single-atom-thick
layer of carbon.' Since then, interest in graphene has grown
continuously because of its extraordinary electrical, optical,
magnetic, and mechanical properties. Graphene has attracted
more attention in nanoelectronics and optoelectronics devices
because of its huge mobility ~200 000 cm?/(V s) and ultrafast
speed in radio frequency communication devices. The only
disadvantage of graphene is the low I /I g ratio; as a result, it is
difficult to switch off the electronic devices because of the lack
of band gap. Graphene analogues of transition metal
dichalcogenides (TMDCs) semiconducting layered materials
have attracted much more attention because of tunable, wide,
and direct band gap with good mobility of ~500 cm*/(V s) and
a good I,,,/I ¢ ratio of ~10%>7" Recently, Kalantar-zadeh et al.
reported that TMDCs have potential to be used in biological
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systems because of their tunable optoelectrical properties,
highly stability, large surface area, and low levels of toxicity.'*

Bulk WS, is an indirect band gap (1.4 eV) semiconductor;
when thin to monolayer, the band gap becomes wide and direct
(2.1 eV). Each single layer of WS, comprises a trilayer of atoms
composed of a tungsten layer sandwiched between two sulfur
layers in a trigonal prismatic coordination so that structure
resembles S—W—S,"> and the 2H—WS, polytype crystalline
structure has the hexagonal space group P6;/mmc with lattice
parameters of a = 3.1532 A and ¢ = 12.323 A.">' Because of its
excellent optical, electrical, and mechanical properties, WS,
nanosheets has been widely used for various applications
including field emission,'” lubrication coatings,18 field-effect
transistors,19 and water

20 . . o 21
sensors,” antibacterial activities,
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Figure 1. HW-CVD-grown WS, nanoparticle thin film characteristics. (a) XRD pattern, (b) Raman spectrum, (c) deconvoluted XPS scan for
tungsten 41, (d) deconvoluted XPS scan for sulfur 2p, (e) UV—visible absorption spectra, and (f) transmittance spectra. Inset of f shows the optical
photograph of typical WS, nanoparticle thin film grown on quartz substrate.

splitting,”* amon others. To date, atomically thin few-layer WS,
has been successfully grown by various methods including
mechanical exfoliation,” annealing (NH,),WS, thin films,”*
wet chemical approaches,25 physical vapor deposition,2 and
sulfurization of tungsten foil at high temperature.”

HW-CVD and CVD are predicted to be a capable method to
produce large-area, uniform TMDCs sheets and nanostructures
for a wide range of device applications from the perspective of
the repeatability and controllability. A two-step process has
been reported earlier to grow centimeter-size”® as well as wafer-
scale nonuniform synthesis of WS, nanosheets using
predeposition and sulfurization of WO; film on SiO,.* It is
important to note that single-crystalline and large-area WS,
single-layer nanosheets with the size of hundreds of micro-
meters have been synthesized on SiO,/Si substrates in CVD
system using WO, powder.”® Kalantar-zadeh et al. also reported
a three-step process for atomically thin WO,.”'

In view of the growth on SiO, substrate that acts as preferred
nucleation growth site for the TMDCs nanosheets behind the
terrace of the substrate nonuniformity, another disadvantage
that is the surface remains mostly hydrophilic oxide. The quartz
substrate seems to be more promising and suitable to grow the
large-area uniform and highly crystalline TMDCs because of
the matching of lattice symmetry.”*”** Zhang et al.>* reported
the synthesis of highly crystalline WS, nanosheets with size up
to 50 X S0 um” on c-sapphire substrate using CVD. The uses of
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the HW-CVD system to prepare controllable WS, nanoparticle
film in one-step growth conditions are therefore more
advantageous. More importantly, the low adhesion of WS,
film can also be used to transfer the WS, film on to the desired
substrate for wide and useful applications. Considering this fact
and the cost of the SiO, as well as sapphire substrates, it is
enormously significant to develop a method to recycle a
substrate to lower the cost of growing highly crystalline
TMDC:s for large-scale industrial applications.

We present uniform and large-area 4 in. wafer-scale synthesis
of WS, nanoparticle thin film using HW-CVD method and its
application toward humidity and photosensing.

B RESULTS AND DISCUSSION

We have successfully synthesized highly crystalline WS,
nanoparticle thin film with thickness of 25—40 nm. Highly
crystalline hexagonal structure of WS, thin film was confirmed
using X-ray Ddiffraction (XRD), as shown in Figure la. From
the XRD data, it is clear that the orientation of WS,
nanoparticle film is along (002) plane. Typical room-temper-
ature Raman spectra for WS, nanoparticle film were recorded
using a 632 nm laser source as shown in Figure 1b. Raman
spectra show two prominent phonon vibration modes, El2g and
Ayg at ~356 and ~420 cm™, respectively, along with other
lower intensity peaks seen in the spectra. Figure lc shows
typical deconvoluted XPS scan for tungsten (4f) of WS, thin
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film; the W (4f) peak in the range of 31—42 eV was observed,
which is further deconvoluted into the three component bands
near 33.1, 35.8, and 38.7 eV assigned to W 4f,,, W 4f; ,, and W
Spsy respectively. Figure 1d shows typical deconvoluted XPS
scan for sulfur (2p) of WS, thin film; the S (2p) peak in the
range of 161—167 eV was observed, which is further
deconvoluted into the two component bands near 162.9 and
164.1 eV assigned to S 2p,/, and S 2p;),. Figure le shows
absorption spectra for WS,; two typical characteristic
absorption peaks of WS, were clearly observed at the region
of 500—700 nm, which corresponds to the Al and B1 direct
exciton transitions of the WS, originating from the energy split
of valence band and spin—orbital coupling.>* Figure 1f shows
the transmittance spectra recorded between 200 and 900 nm.
The inset of Figure 1f shows the optical photograph of typical
WS, nanoparticle thin film grown on quartz substrate.

Figure 2a shows the FESEM image of the WS, nanoparticle
thin film sample, which shows a small spherical nanoparticle
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Figure 2. HW-CVD-deposited WS, nanoparticle thin film. (a) Typical
FESEM image, (b) AFM image, (c) AFM height profile, (d) low-
magnification TEM image, (e) high-resolution TEM image, and (f)
typical SAED pattern.

morphology. Figure 2b shows the typical AFM image of WS,
nanoparticle thin film. Further AFM depicts the WS, film as
consisting of a uniform nanoparticle with average size ~20 nm.
Figure 2¢ shows the typical AFM height profile of WS, thin film
and shows the average thickness of film as 25—40 nm. Figure
2d shows low-magnification TEM image and the ~20 nm size
nanoparticle of WS,. Figure 2e shows the high-resolution TEM
(HRTEM) image with d spacing ~0.34 nm. Figure 2f shows
the corresponding selected area electron diffraction pattern
(SAED) with indexing for the WS, nanoparticle, which shows
highly crystalline nature of the sample. From various optimized
experiments, we observed that the filament temperature is key
parameter for getting morphology of WS, thin film.
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Figure 3a shows the schematic diagram of the device
fabricated for humidity and photosensing experiments. In a
photodetector, photon absorption generates extra free carriers,
reducing the electrical resistance of the semiconductor because
of the photo-generated free electrons and holes that drift in
opposite directions toward the metal leads, resulting in a net
increase in the current. Photocurrent strongly depends on
electron—hole separation and thermal mechanisms.* Figure 3b
shows a typical current versus voltage (I—V) curve in the range
of =5 to +5 V for WS, nanoparticle thin film device under dark
and illumination light conditions. From the I-V curve, it is seen
that the current increases because of illumination which
confirms the semiconducting behavior of the as-deposited
WS, nanoparticle thin film. Figure 3¢ shows current versus time
(I-t) plot for WS,-based photosensor device at constant 0.2 V
bias voltages for 2 min illumination and 3 min dark conditions.
Figure 3d shows a single-cycle I—t curve for measuring
response and recovery time, which are ~51 s and ~88 s,
respectively. Response time is defined as the time required for a
photodetector to reach 90% of the maximum photocurrent
value from its dark current value. Similarly, decay time is
defined as the time required for photodetector reaching 10% of
maximum photocurrent response. The photosensitivity of the
WS, nanoparticle thin film based dev1ce was found to be 137%,
using the relation of photosensitivity*®

Iphoto = T

Photosensitivity (%) =
Idark

Photosensitivity (%) is defined as the ratio between the
difference in photo current (I,y,) and dark current (Ig,)
values to the dark current. The comparisons for TMDCs
photosensor are listed in Table 1.

The humidity-sensing properties were investigated by
fabricating the two probe device and then introducing the
device to different relative humidity (RH) conditions, which
were attained by saturated salt solutions at room temperature.
Figure 4a shows the I—V characteristics of WS, sensor at
different RH levels. From the I-V curve, it is clear that the
current increases with the increase in relative humidity implying
that the H,O molecules present in the saturated salts act as
electron donor and results in n-type doping. The water
molecules present in the saturated salts adsorbed on the surface
of WS, nanoparticle thin film shift the Fermi level closer to the
conduction band edge. Furthermore, the humidity sensing is
based on the mechanism of adsorption of water molecules on
the surface of material and proton conduction; the proton acts
as an effective carrier for the electrical conductivity.”” Figure 4b
shows response and recovery time for WS,-based sensors in a
changing humidity environment (from a minimum of 11.3% to
a maximum of 97.3% in the time interval of 30 s) at 0.5 V bias
voltages. The calculated response time of ~12 s and recovery
time of ~13 s were observed for the WS, nanoparticle thin film
based sensor, which is shown in Figure 4 c. The fast recovery
time may be due to the fast desorption process of H,O
molecules from the WS, nanoparticle, and the slow response is
due to hydrophilic surface of the WS, nanoparticle resulting in
slow adsorption of H,O molecules on the surface of
nanoparticle.

Figure 4d shows the sensitivity versus relative humidity plot,
which shows an increase in sen51t1v1ty V\nth increase in relative
humidity. The sensitivity is defined as*®
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Figure 3. WS, nanoparticle thin film based photosensor device characteristics. (a) Schematic of sensor device, (b) typical current—voltage (I-V)
characteristics for dark and under white light illumination, (c) current vs time plot for dark and under white light illumination conditions, and (d)

current vs time plot for response and recovery time measurement.

Table 1. Comparison of 2D-Layered Materials Based
Photosensors Reported in the Literature

response recovery

TMDCs synthesis method time time ref

1.8 ms 2 ms 38

MoS, m:;}.:)?:::gy 50 ms 50 ms 39

20 s 10.97 s 40

CVD 179 s 123 s 41

MoSe, CVD 60 ms 60 ms 44

PLD 41s 44 42

WS, CVD 60 ms 190 ms 43
HW-CVD S1£5s 88 + 6s  present work

Sensitivity (%) = Rt = Rorae o100

97%

where R, 35, and Ry, are the resistances of the device at lower
humidity and after the change in humidity, respectively. The
comparisons for TMDCs photosensor are listed in Table 2.

B CONCLUSIONS

We have successfully synthesized 4 in. industrial-scale highly
crystalline WS, nanoparticle thin film by HW-CVD method.
Furthermore, XRD and TEM analysis reveal the highly
crystalline nature of WS, nanoparticle thin film, whereas
AFM confirms the spherical size nanoparticles with average
thickness of 25—40 nm. The humidity-sensing behaviors were
investigated in the range of 11—97% relative humidity at room
temperature. The maximum sensitivity of 469%, response time
of ~12 s, and recovery time of ~13 s were observed for the
WS, nanoparticle thin film based humidity sensor. In the case
of photodetection, the response time is ~S1 s, and recovery
time is ~88 s, observed under white light illumination with
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sensitivity & 137%. Our results indicate the potential of HW-
CVD method to synthesize WS, and other TMDCs nano-
particle thin films in one step on an industrial scale for a wide
range of applications including nano sensors, nanoelectronics,
and energy-harvesting devices.

B EXPERIMENTAL METHODS

Synthesis of WS, Thin Film. For WS, thin film, we used tungsten
wire (0.5 mm diameter with 99.99% purity) and H,S (99.99% purity)
gas precursor. The typical reaction of WS, nanoparticle thin film
synthesis is given below.

A
V\'I(Solid) + 2HZS(gas) - WSZ(Solid) + 2H2(gas)

Because of high filament temperature and continuous bombardment of
H,S gas, tungsten itself can be incorporated in the thin film by forming
WS, radicals. Before reaching the substrate, the radical and gas-phase
reaction takes place. During deposition of WS, thin film, the
temperature of the filament was maintained at 2000 °C, and the
quartz substrate were kept at 800 °C.

Raman Spectroscopy. The WS, nanoparticle thin film was
characterized with Renishaw microscope with laser wavelength of 632
nm in the back-scattering geometry. The detector used was a CCD
synapse with thermoelectric cooling to =70 °C. A S0X objective was
used to focus the laser beam and to collect the Raman signal. The laser
power on the sample was ~2 mW so as to avoid the possible heating
effect by the laser on the samples. The peak positions, intensity, and
line widths were extracted by fitting the experimental data with
Lorentzian functions.

Transmission Electron Microscope. Transmission electron
microscopic images and SAED pattern were recorded using a
transmission electron microscope (TECNAI G?-20-TWIN, FEI, The
Netherlands) operating at 200 keV.

X-ray Diffraction. The XRD pattern of WS, thin film was
recorded using X-ray diffractometer (Bruker D8 Advance, Germany)
using the Cu Ka line (4 = 1.54056 A).

DOI: 10.1021/acsami.5b11325
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Figure 4. WS, nanoparticle thin film based humidity sensor device characteristics. (a) Typical current—voltage (I—V) characteristics for various
relative humidity. (b) Typical response to 11.3 and 97.3% RH. (c) Current vs time plot for response and recovery time measurement and (d) typical

plot of sensitivity vs relative humidity.

Table 2. Comparison of 2D-Layered Materials Based
Humidity Sensor Reported in the Literature

synthesis response time  recovery time
TMDCs method (s) (s ref
liquid
MoS, exfoliation o 7 45
vs, o 30-40 25-50 46
WS,  HW-CVD 1245 1345 present
work

UV-Visible Spectroscopy. Transmittance and absorption spectra
of the films deposited on Corning glass were measured using a JASCO,
V-670 UV—visible spectrophotometer in the range of 200—1000 nm.

Field-Emission Scanning Electron Microscopy. The morpho-
logical study of the samples was carried out using a scanning electron
microscope (FEI Nova NANOSEM 450)

X-ray Photoelectron Spectroscopy. For XPS, we used a VG
Microtech apparatus (England, model name Multi-Lab, ESCA-3000,
Sr. No. 8546/1, Multi-Lab). All experiments were carried out under
ultrahigh vacuum (UHV).

Atomic Force Microscopy. Surface morphology and height
profile were measured using Bruker’s multicode 8 instrument using
tapping mode.

Sensor Device Fabrication. The humidity sensor as well as
photodetector devices were fabricated on a quartz substrate with Ag
film as a source—drain electrode (separation = 0.5 mm), deposited
using an electrode mask under vacuum evaporation technique.

Humidity Sensing. All the electrical measurements were carried
out using Keithley 2612A system source meter that was attached to a
computer through a GPIB 488A interface. The response of the device
as a function of RH was performed by introducing the device to
different RH levels. The relative humidity levels were obtained by
keeping the saturated salts of LiCl, MgCl,, K,CO;, NaBr, KI, NaCl,
KCJ, and K,SO, in a closed vessel.
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Photo Sensing. All the electrical measurements were carried out
using a Keithley 2612A system source meter that was attached to a
computer through a GPIB 488A interface. For white light illumination,
a PEC-LO1 Portable Solar Simulator was used for photodetection,
which provided a wide-range spectrum from ultraviolet to near-IR.

B ASSOCIATED CONTENT
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Figure S1:

Figure S1: (a) Typical HWCVD method used for synthesized WS thin film. (b) System photo
taken at during deposition (c) Heated filaments at 2000°C.

S-2



Figure S2:

(a) (b)

Figure S2: (a) tungsten filament arrangement (before deposition) (b) tungsten filament after
deposition of WS; nanoparticle thin film.



Figure S3:

(b)

Figure S3: (a) substrate holder before deposition (b) substrate holder after deposition of WS,
nanoparticle thin film.

s-4



Description of HW-CVD

The schematic of indigenously designed and locally fabricated dual chamber hot wire
chemical vapor deposition (HW-CVD) unit used for the synthesis of WS, films in the present
study. It consists of two stainless steel chambers, referred as process chamber and load lock
chamber. The process chamber is coupled with a turbo molecular pump which yields a base
pressure less than 10 Torr. Use of load lock chamber prevents the process chamber to be
directly exposed to air, which minimizes the pump down time and reduce contamination of
layers with oxygen and water vapors. Substrates can be moved from load lock to process
chamber using pneumatically controlled transport system. The pressure during deposition was
kept constant by using automated throttle valve. For deposition we have used 10 straight
Tungsten (W) filaments, 1 cm apart mounted parallel to each other. Each filament has a diameter
of 0.5 mm and a length of 10 cm. heating of filaments is done by an AC current using a current
transformer and dimmer. The filament temperature was kept constant and measured by optical
pyrometer. A shutter is placed in front of the substrates to shield the substrates from undesired
deposition during pre-heating of filaments. Reaction gases were introduced in the process
chamber from the bottom and perpendicular to the plane of filaments through a specially
designed gas shower to ensure uniform gas flow over the filaments. The substrates can be placed
on substrate holder which is heated by in build heater using K type thermocouple (chromel-

alumel) and temperature controller.



