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ABSTRACT: An inductively coupled plasma (ICP) process was
used to synthesize transition metal dichalcogenides (TMDs)
through a plasma-assisted selenization process of metal oxide
(MO,) at a temperature as low as 250 °C. In comparison with
other CVD processes, the use of ICP facilitates the decomposition
of the precursors at low temperatures. Therefore, the temperature
required for the formation of TMDs can be drastically reduced.
WSe, was chosen as a model material system due to its
technological importance as a p-type inorganic semiconductor
with an excellent hole mobility. Large-area synthesis of WSe, on
polyimide (30 X 40 cm?) flexible substrates and 8 in. silicon wafers with good uniformity was demonstrated at the formation
temperature of 250 °C confirmed by Raman and X-ray photoelectron (XPS) spectroscopy. Furthermore, by controlling different
H,/N, ratios, hybrid WO,/WSe, films can be formed at the formation temperature of 250 °C confirmed by TEM and XPS.
Remarkably, hybrid films composed of partially reduced WO, and small domains of WSe, with a thickness of ~5 nm show a
sensitivity of 20% at 25 ppb at room temperature, and an estimated detection limit of 0.3 ppb with a S/N > 10 for the potential
development of a low-cost plastic/wearable sensor with high sensitivity.
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B INTRODUCTION nevertheless, the high synthesis temperature is a major
drawback for its use in flexible electronics because of the
requirement of an additional transfer process.””” A few studies
have reported the lowest growth temperatures of 500 °C for n-
type sulfur-based TMDs such as MoS,,”” while for other p-type

The development and application of inorganic p-type semi-
conductors processed at low temperatures has been sluggish
due to their poor performance (bulk hole mobilities <1 cm?* V™
s7!) when the process temperature is lower than 500 °C."”

Recently, organic p-type semiconductors have taken the lead in TMDs, such as selenium-based TMDs, SYntil_"-;iC temperatures
this field, with the development of applications including solar of below 700 °C have not yet been reported.”" Although there
cells, sensors, and thin film transistors (TFTs) for low-cost have been reports of the synthesis of WSe, on an insulator
flexible electronics. In particular, for sensing of oxidizing gases directly, substrate damage caused by chalcogenide diffusion at
such as NO,, p-type semiconductors are expected to offer high growth temperatures still occurs.'’ Thus, a further transfer
better response by increasing the conductance upon gas process of the TMDs for device fabrication is needed. The
exposure. In this regard, WSe, possesses a high hole mobility transfer method is costly and inefficient for the fabrication of
and a good charge transfer with NO, molecules,’ making it an

excellent candidate as a p-type inorganic material with a Received: October 19, 2016

thickness of below 10 nm.*”* Chemical vapor deposition (CVD) Revised: ~ December 20, 2016

is a common approach used for the growth of TMDs; Published: December 21, 2016
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Figure 1. (a) Schematic of the low-temperature plasma-assisted selenization process. (b—d) The corresponding Raman and W-4f and Se-3d XPS
spectra of WSe, after the plasma-assisted selenization processes of the WO, film. (e—g) The Raman and Mo-3d and Se-3d XPS spectra of MoSe,
after the plasma-assisted selenization processes of MoO,. (h, i) Raman spectra of WO, after the selenization process without and with the plasma
treatment at different temperatures. (i, j) High-resolution plane-view TEM images of a few WSe, monolayers at selenization temperatures of 500 and
250 °C with plasma powers of 50 and 400 W, respectively. The upper inset shows FFT diffraction patterns. The lower inset is the zoom-in displaying

the areas that have a smaller fringe pattern (~0.28 nm).

electronics over large areas due to the formation of wrinkles
and scratches as well as the accumulation of polymer residues
on the TMD surfaces, which leads to a degradation of the
overall device performance.'' The synthesis of TMDs with
monolayers to exploit the optical properties that arise from the
transition of indirect to direct bandgaps by using the
conventional solid—vapor phase CVD process has been well-
developed.“_6 However, it has been reported that WSe,
prepared with a thickness of a few monolayers offers better
mobility compared to that with a monolayer.>'” In the standard
solid—vapor growth CVD process, the most pressing difficulty
lies in controlling the number of deposited TMD layers over a
large area because of the uncontrolled layer formation, which
leads to the formation of walls."”'* Instead, the predeposition
of metal oxide followed by a postselenization process offers
much better thickness control over a larger area and provides
an easy platform that has a controllable pattern process for the
direct growth of TMDs.

In this regard, we successfully demonstrate here the
incorporation of an inductively coupled plasma (ICP) into a
typical selenization process, which is then applied to metal
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oxides, namely, a plasma-assisted selenization process, for the
synthesis of atomically thin TMD films at a temperature as low
as 250 °C. In a comparison to other CVD processes where
substrate temperature triggers the reaction between the metal
oxide and the calcogen source, the use of plasma aids the
decomposition of the metal oxides in the presence of high-
energy Se ions facilitating the formation of TMDs at low
temperature. The formation of MoSe, and WSe, was
demonstrated by the plasma-assisted selenization process,
while detailed phase and material characterizations of WSe,
with different parameter tuning were investigated. WSe, was
chosen as a model material system because of its technological
importance as a p-type semiconductor. We have also
demonstrated the large-scale synthesis of WSe, on 30 X 40
cm® polyimide and an 8-in. silicon wafer. Intrinsic hole
mobilities of a few WSe, monolayers at different selenization
temperatures were measured, reaching 40 cm® V™' s7! at the
plasma-assisted selenization temperature of 500 °C. A hole
mobility of approximately 6 cm> V™' s™! can be achieved at the
plasma-assisted selenization temperature of 250 °C, which is a
remarkable value for an inorganic p-type semiconductor to
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achieve at such a low temperature, and with a thickness of less
than S nm. Interestingly, by controlling the ratios of the
different forming gases (N, and H,), a S-nm-thick WO,/WSe,
hybrid structure was observed to possesses a high sensitivity to
NO, with a sensitivity over 20% at only 25 ppb, and an S/N
over 40 operating at room temperature. An estimated detection
limit up to 0.3 ppb at an S/N ratio larger than 10 can be
achieved, which is one of the most important environmental
gases to monitor contributing to the secondary formation of
fine particle matter with size <2.5 ym (PM2,5)."*"* Bending
tests on the 5-nm-thick WO, /WSe, hybrid structure directly
synthesized on a polyimide substrate at 250 °C were
demonstrated, showing a slight decrease in the sensitivity and
an increase in the sheet resistance after the bending angle >75°.
The plasma-assisted selenization approach toward M-Se,
synthesis as well as hybrid MO, /MSe, demonstrated here can
bring major advantages in terms of performance, compatibility
with traditional and next-generation flexible device processing
technology, scalability, and processing cost because no further
transfer process is required.

B EXPERIMENTAL SECTION

Metal Oxide Deposition. RF-sputtering with WO; and MoOj;
targets was used under 15 mTorr in an Ar/O, ratio of 20 and a fixed
power of SO W. On SiO, and glass substrates for selenization at 500
°C, WO, was deposited at 300 °C, while SiO, and PI substrates for
low-temperature selenization (250 °C) were deposited at 250 °C. The
time was controlled to achieve different oxide thicknesses.

Plasma-Assisted Selenization Process. After the deposition of
the target metal oxide, the films were transferred to the selenization
chamber. The pressure was set in the range 1—10 Torr, and the
mixture of hydrogen and nitrogen inside the chamber was controlled
to achieve the desired WSe,—WO, ratio. Then, selenium was first
heated to the desired temperature of 300 °C and maintained during
the entire process, while the temperature of the target substrate
ramped to the desired value within 1 h. Once the temperature of the
substrate is stable, the plasma is initiated for 1 h. Finally, the plasma
and hydrogen flow are turned off, and the substrate and Se are left to
cool naturally until the temperature decreases to below S0 °C. Then,
the samples were retrieved and unloaded from the chamber.

Hall Bar Device Fabrication. In this work, we commenced the
fabrication process on a few WSe, monolayers on a 100 mm
degenerately doped n** (N ~ 1 X 10" cm™) silicon wafer and
performed a standard photolithography procedure twice, to define the
Hall bar structure and contact electrodes, and subsequently, the
completed WSe, hall bar structure was shaped by dry etching (AOE
Oxide Etcher) for S s while contact electrodes were deposited Ti/Au
(10 nm/100 nm) by standard E-beam evaporation (CHA Mark 40) at
deposition rates of 0.01 nm/s for Ti and 0.1 nm/s for Au, respectively.
Furthermore, a third photolithography step was performed to pattern
and deposit the outside electrodes (50-nm-thick Cr/100-nm-thick Au
films) that connected with the previously patterned inner electrodes.
These metallic outer electrodes were in intimate contact with the inner
region, allowing easy probing and biasing of the WSe, devices.

Fabrication of Gas Sensors and FET Devices. For the back gate
devices, WSe, films were transferred by a polymer-assisted process
onto ZrO,, and Ti 10 nm/Pt 100 nm was later deposited by a hard
mask. Gas sensor devices were fabricated directly from the as-grown
film without a transfer process, but instead just by the deposition of
metal electrodes by a hard mask (10 nm Cr/S0 nm Au).

Characterizations. Raman spectroscopy was recorded using 514
nm laser excitation in all cases except for the PI substrate, for which
Raman spectra were recorded with a 325 nm laser to avoid the strong
background signal from the PI substrate measured at the laser
wavelength of 514 nm. The microstructure is provided from high-
resolution transmission electron microscopy (HRTEM, JEOL, JEM-
3000F FEGTEM, 300 kV) with a point-to-point resolution of 017 nm
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equipped STEM and an energy dispersive spectrometer (EDS). The
chemical bonding between tungsten and oxygen on the surface and the
interior of the film were certified by X-ray photoelectron spectroscopy
PHI 5000 VersaProbe II. The electrical properties of the fabricated
devices were measured with a semiconductor parameter analyzer
(Keithley 4200) at room temperature. An Ecopia HMS-3000 Hall
measurement system was used for measurements of the resistivity,
carrier concentration, and mobility of a few WSe, monolayers.

B RESULTS AND DISCUSSION

Figure la describes the overall plasma-assisted selenization
process from metal oxide to a few TMD monolayers. As a proof
of concept, metal oxides, such as tungsten oxide (WO,) and
molybdenum oxide (MoO,), were deposited on silicon oxide
arbitrary substrates by sputtering with thicknesses 2—10 nm,
followed by the plasma-assisted selenization process to form the
TMDs. (See Experimental Section and Figure S1.) Figure 1b
shows Raman spectra of a S-nm-thick WO, film after
completing the plasma-assisted selenization process under a
power of 50 W at 500 °C for 1 h. The spectrum was then
deconvoluted into 4 peaks. The peak located at 250 cm™
corresponds to an out-of-plane vibration of the selenium atoms
(Alg) , while the peak located at 260 cm™ refers to the second-
order vibration of the longitudinal acoustic phonon at the M
point (2LA(M)), which clearly confirms the formation of a few
WSe, monolayers."> Note that the peak position of the in-plane
vibrational mode (E'y,) is very close to the position of A,
which makes identification difficult."® The notation that
expresses this mode as A, is preferred because of its stronger
intensity compared to Elzg under a 532 nm excitation
wavelength.'® The peak at 300 cm™' is characteristic of Si
from SiO,/Si substrates (Figure S2a and Figure S2b). Due to
the particularities of our process, the deposition can be easily
extended to different substrates; in order to demonstrate its
feasibility, WSe, was synthesized on additional substrates such
as silicon nitride and sapphire, as shown in Figure S2c. A small
shoulder located at 235 cm™" was also observed, which is most
likely attributed to unreacted selenium (Se) and corresponds to
crystalline Se (t-Se).'”'® To confirm the existence of the t-Se
peak, an empty glass sample was placed for a few hours under
the plasma-assisted selenization process (Figure S3). X-ray
photoelectron spectroscopy (XPS) was employed to further
confirm the transformation of the WO, into a few WSe,
monolayers. Figure lc,d presents the W 4f and Se 3d XPS
spectra, respectively. The peaks located at 32.1 and 34 €V are
attributed to binding energies of W 4f,, and 4f;,, for a few
WSe, monolayers, while the two peaks located at 54.5 and 55.2
eV correspond to the 3ds/, and 3d;/, binding energies of the Se
atoms in WSe,."” Similarly, the formation of MoSe, was also
demonstrated and confirmed by the associated Raman spectra
(Figure 1e), where the characteristic modes A,, (241 cm™") and
E'y (290 em™) from MoSe, can be clearly observed.”” The
Mo 3d spectra display two peaks at 229 and 232 eV, which
correspond to binding energies of Mo 3d;,, and 3d;/, in MoSe,
(Figure 1f). In the case of the Se 3d spectra, the corresponding
3ds/, (54.4 eV) and 3d;/, (55.3 eV) binding energies for Se in
MoSe, are also present, as shown in Figure 1g.>' No peaks were
detected in the ranges 35—39 and 233-237 eV, which
correspond to the binding energies of WO,'” and MoO,,**
thus implying the full transformation of WO, and MoO, into a
few WSe, and MoSe, monolayers after the plasma-assisted
selenization process.
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To demonstrate plasma-assisted selenization at low temper-
atures, we focus on optimizing the growth parameters through
the formation of a few WSe, monolayers as the model material
system. To confirm the effectiveness of the plasma-assisted
process, the selenization was conducted with and without the
plasma treatment. Initially, WO, was first deposited. Sub-
sequently, Se powder in the chalcogenide heater was set at 300
°C to provide the Se vapor that is necessary for the subsequent
selenization step, and the selenization temperature (substrate
temperature) was tuned from 700 to 400 °C without the
plasma treatment, as shown in Figure 1lh. At selenization
temperatures of 700 and 600 °C, the Raman spectra show a
strong A;, vibrational mode, which corresponds to the WSe,
signal, while the intensity decreases as the temperature drops to
500 °C and disappears completely at temperatures below 400
°C. It can be expected that the ionization of Se atoms into Se
radicals, which have a much higher chemical reactivity, triggers
the selenization via the replacement of existing oxygen by Se
atoms, thus leading to a decrease in the selenization
temperature during the plasma treatment. Although a “remote”
concept has been applied in our plasma-assisted process, higher
plasma power could still result in crystalline defects, which have
also been observed during the synthesis of graphene.”’ A trade-
off condition was then imposed to achieve the lowest
selenization temperature within a suitable plasma power,
while obtaining the complete transformation of TMDs from
metal oxides with the least amount of damage to the structure
due to plasma bombardment. The complete transformation of
the WSe, monolayers from the WO, films has been carefully
tuned with different selenization temperatures accompanied by
different applied plasma powers, as shown in Table 1 and

Table 1. Plasma Power vs. Process Temperature

temp plasma power (W)
500 50
400 150
300 300
100 400

Figure 1i. Interestingly, the lowest selenization temperature can
be brought down to 250 °C with a plasma power of 400 W for
which the WSe, phase remains, confirmed by the existence of a
prominent A, peak (Figure 1i). Because no clear Ay, peak of
WSe, was observed as the selenization temperature was below
250 °C, we believe that 250 °C is the lowest temperature that
can achieve the WSe, phase, with no lower-temperature
synthesis reported in all of the TMD literature. To analyze
the crystalline quality of a few WSe, monolayers, the planar
view high-resolution TEM images of a few WSe, monolayers
prepared at the selenization temperatures of 250 and 500 °C
with plasma powers of 400 and 50 W are shown in Figure 1j,k,
respectively. For a few WSe, monolayers prepared at 250 °C
(Figure 1j), small domains of ~3—13 nm were observed, where
the interspacing of ~0.28 nm, corresponding to the (010) plane
of WSe,, can be indexed.”* Those with a larger internal spacing
of ~0.69 nm are in agreement with the (001) plane of WSe,, as
marked as the green areas, which indicates the occurrence of
different stacking orientations.'” The ring pattern in the FFT
diffraction pattern, as shown in the upper inset, confirms the
polycrystalline feature of a few WSe, monolayers. A larger grain
of ~18-32 nm can be achieved once the selenization
temperature increases to 500 °C with a reduced plasma
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power of 50 W, as shown in Figure 1k, and the corresponding
FFT diffraction pattern shows symmetry spots with a [001]
zone axis and confirms the larger grains of a few WSe,
monolayers where the internal spacing of ~0.28 nm, which
corresponds to the (010) place of WSe,, is indexed. In addition,
Figure S4 displays corresponding low-magnification TEM
images of a few WSe, monolayers that were synthesized at
the plasma-assisted selenization temperatures of 250 and 500
°C. There are no major differences with the high-magnification
TEM images displaying small domains that have random
orientations at 250 °C, and for the 500 °C, the large domains
are clearly observed. As a result, the average grain sizes of ~8
and ~25 nm for WSe, with 250 and 500 °C selenization
temperatures with different powers were estimated by taking
more than 10 regions in TEM images.

To further investigate the influence of the plasma power on
the obtained Raman spectra, 5—7-nm-thick WO, films were
exposed to different plasma powers at the selenization
temperature of 250 °C (substrate temperature), while the Se
heater and selenization time were fixed at 300 °C and 1 h,
respectively (Figure SSa). Note that the intensity of WSe, was
compared to the Raman spectra at ~300 cm™', which was
contributed from Si as a reference, and the full width at the half-
maximum (FWHM) of each peak was measured at different
points (Figure S5b,c). The intensity ratio of A;,/Si increases
from 2 to 5.9 with the increased power from 200 to 400 W,
while a constant increase in the average fwhm of the A, with a
standard deviation (av 20 cm™ to 30 cm™!/std dev ~1—4
cm™") was also observed. The increase in the Ay,/Si implies a
greater reduction barrier of WO, into WSe, during the
selenization at low temperatures, which is associated with the
plasma treatment. The increase in the fwhm in Ay, is also an
indication of material damage caused by strong plasma
irradiation. The corresponding cross-sectional TEM (XTEM)
images at different plasma powers at the fixed selenization
temperature of 250 °C are shown in Figure 2a—c. At a plasma
power of 200 W, no discernible layered structure was observed,
and the structure of the film is mainly amorphous (Figure 2a).
Interestingly, after the plasma power increases to 300 W, two
different layers were clearly differentiated, including a layered
structure at the top region with an interlayer spacing of 0.69
nm, which is in agreement with the interlayer spacing of WSe,
and an amorphous structure located at the bottom region
(Figure 2b). Figure S6 presents the EDS spectra and chemical
compositions at different positions marked in Figure 2b. The
atomic ratios of Se with respect to W being ~2:1 at points 1, 2,
and 3 located in layered structures confirm the WSe, phase,
while it is greatly reduced at the bottom due to the coexistence
of WO, and WSe,. When the power was further increased to
400 W, only the layered structure with an interlayer distance of
0.69 nm can be observed as a confirmation of the complete
reduction of the WO, into WSe, (Figure 2c). Another
advantage of our method is the precise control of the number
of WSe, layers, depending on the initial thickness of the WO,,
films. For example, a 5—7-nm-thick WO, layer can form 6—8
WSe, monolayers (Figure 2d,e), while 4—5 WSe, monolayers
were achieved as the thickness of the WO, decreases to 4—5
nm (Figure 2fg). However, we found that the growth of the
WO, film on the SiO, substrates shows a tendency to form
islands rather than thin film growth once the thickness of the
WO, layer decreases below 2 nm because of the high surface
energy difference or higher surface roughness between WO,
and SiO,, which yields discontinuity in a few WSe, monolayers
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Figure 2. Cross-sectional TEM images of S—7-nm-thick WO, films exposed to the plasma powers of (a) 200 W, (b) 300 W, and (c) 400 W with the
selenization temperature of 250 °C. (d, f, and h) Cross-sectional TEM images of as-deposited WO, films with different thicknesses on SiO,/Si (d
and f) and sapphire (h) substrates. Parts e, g, and i show the corresponding cross-sectional TEM images of a few WSe, monolayers after the plasma-
assisted selenization process. (j) Plot of numbers of WSe, layers as a function of the thicknesses of WO, films after the plasma-assisted selenization
process. In parts k, I, and m are the Raman and W 4f and Se 3d spectra of WSe, reduced at 250 °C and 400 W under different nitrogen and hydrogen

ratios.

(Figure S7ab). A continuous WO, layer of ~2 nm thickness
can be achieved on a sapphire substrate because it has a
significantly lower surface energy difference or a small surface
roughness, which results in ~1—3 WSe, monolayers (Figure
2h,i). Figure 2j summarizes the dependence of the resulting
numbers of WSe, monolayers compared to the thicknesses of
the as-deposited WO, films. We believe that a WSe, monolayer
is achievable as long as we can deposit very thin and uniform
WO; by other methods such as atomic layer deposition,”
molecular beam epitaxy,”® and pulsed laser deposition.””
However, in this work, we demonstrated WSe, devices that
were prepared by films composed of a few monolayers rather
than a monolayer film due to their improved mobility.”'* The
precise thickness controllability provides different absorption
abilities at different wavelengths (Figure S8)

In addition, the gas forming ratios also play a major role
during the plasma-assisted selenization process. Figure 2k—m
shows the Raman and W 4f and Se 3d XPS spectra of the WO,
films under the plasma-assisted selenization process at different
forming gas ratios consisting of N, and H,, respectively. Under
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a pure nitrogen atmosphere, no WSe, can be formed, as
confirmed by Raman spectra. From the W 4f spectra of XPS, 4
peaks can be deconvoluted in accordance with the W** (38.2
and 35.5 eV) and W™ (37.5 and 34.9 eV) oxidation states as
expected due to the amorphous phase of the WO, deposited by
physical evaporation methods.”® The Se 3d spectra show a
small peak located at 59 eV, which corresponds to an oxidation
state for Se due to residual unreacted selenium oxidized during
the preparation process of the XPS samples.”” Once a small
amount of H, increases, the typical W 4f,, and 4f;, bands, and
Se 3ds/, and 3d;/, bands, can be found, indicating that the
selenization of WO, obviously occurs (Figure 2lm). To
evaluate the selenization percentage of WO, to WSe,, the W
4f,, and 4f;, bands are further fitted using Gaussian peaks, and
the areas under the curves are compared to that of the fitting of
the W and W°' oxidation states of WO,. For easy
understanding, we define the ratio between the areas as the
conversion percentage from the WO, into WSe, as the sum of
the area corresponding to W 4f,,, and W 4f;,, peaks of WSe,
(Awagr/2 + Awags/2) over the total area of the tungsten spectra
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Figure 3. (a) Photographs of a few WSe, monolayers on half of a 4 in. SiO,/Si wafer. (b) The corresponding Raman spectra at different positions in
part a. (c) Photograph of a few WSe, monolayers on a 30 X 40 cm” polyimide flexible substrate at the plasma-assisted selenization temperature of
250 °C. The left inset is the magnified image of different contrasts between the polyimide flexible substrate and a few WSe, monolayers. (d) Raman
spectra in part ¢, which correspond to the PI substrate (black spectra) and WSe, (red spectra). (e, f) OM images of patterning on a few WSe,
monolayers after the plasma-assisted selenization of the WO, film. (g) A Raman mapping image of patterning on a few WSe, monolayers. (h) The

corresponding Raman spectrum of Ay, in part g.

including W and W*" oxidation states of WO, (A +
Aygssy + Awes + Aws,). Obviously, the WSe, occurs in a pure
H, environment. At a N:H, gas ratio of 2:1, the 30% conversion
percentage of WSe, can be found while 55% and 90%
conversion percentages are reached with N,:H, gas ratios of
1:1 and 1:2, respectively. No changes are observed in the
Raman spectra under those conditions. However, in the pure
H, environment, the broadened Raman peaks of WSe, with a
strong background associated with damage in the substrate are
observed (SiO, was used as a reference substrate for this test).
A Dlue shift of W 4f spectra peaks under the higher H, ratio
occurs, indicating a complete selenization of the W** oxidation
state. Under the low H, atmosphere, the contribution of W
dominates, while the W** oxidation contributes to ~20% of the
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peak. On the basis of previously reported works, this value is in
agreement with a stoichiometry of WO,,.*" However, as the H,
ratio increases, the contribution of W% is almost 100% for a
stoichiometry closer to the crystaline WO;. This result is
opposite to the one expected from the expected reduction of
WO, into W metal.’" This trend can be explained due to the
lower Gibbs free energy of WO, (W® oxidation state)
compared to other stoichiometries of WO, (W*" oxidation
state).’” Then, it is more reasonable to think that under a
higher H, ratio the less stable WO, (W*" oxidation state) will
be reduced to WSe, first.

One important advantage related to the synthesis of TMDs
by the plasma-assisted selenization process is the possibility of
depositing TMDs on arbitrary substrates, including SiO,, glass,
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Figure 4. (a) Schematic diagram of the chemresistor configuration using WO,, WO,—WSe, hybrid, and WSe, films. In parts b and c, the W 4f and
Se 3d XPS spectra are shown. In part d, the corresponding conductance changes upon NO gas exposure are shown.

and some high-temperature-resistant polymers, such as
polyimide films. These substrates, in particular, are of special
interest for several applications in transparent and flexible
electronics. The large-area uniform growth of TMDs is still
challenging, especially when following the CVD approach to
TMD growth, which is limited by the size of the furnace tube.
As a result, a vertical chamber design during the plasma-assisted
selenization process allows the transformation of TMDs from
metal oxides over a large area, which is exclusively restricted by
the scalability of the chamber and sample holder. Figure 3a
shows a photograph image of a few WSe, monolayers on a 300-
nm-thick SiO,/Si 4 in. wafer after the plasma-assisted
selenization process, where WO, was selectively deposited on
a half wafer. The uniform dark blue color corresponds to WSe,,
and the purple area is the uncovered 300-nm-thick SiO, area.
No major difference can be found on the 10 points marked
from “1” to “10” within the WSe, region, as confirmed by
Raman spectra, where the A;, peak was measured as shown in
Figure 3b. A photograph of a few WSe, monolayers formed on
an 8 in. Si wafer, and the corresponding Raman spectra at
different points confirm the potential of this process for
formation over a large area and integration into CMOS
technology (Figure S9). Furthermore, we directly demon-
strated the growth of a few WSe, monolayers from S-nm-thick
WO, film on a 30 X 40 cm” polyimide flexible substrate at the
selenization temperature of 250 °C (Figure 3c). Note that the
slight color difference can be observed on the polyimide flexible
substrate (inset in Figure 3c), whose Raman spectra of two
areas marked in the zoomed area in the inset of Figure 3c
confirm the existence of the WSe, peak located at 250 cm™
while no WSe, peak can be measured at the edge side of the
polyimide flexible substrate (Figure 3d). Patentability is also
fundamental for device fabrication. In a different way from the
standard preparation of TMD devices that involves patterning
of the device channel by dry etching, we predefine the channel
areas during the deposition of the WO, films using a standard
photolithography method as shown in Figure 3e, where the
gold markers were used as the alignment key. The
corresponding magnified image is shown in Figure 3f. The
Ay, Raman mapping image is shown in Figure 3g, which is
taken from Figure 3f and shows similar color intensity,
indicating the uniform formation of a few WSe, monolayers.
The corresponding Raman spectra inside and outside the
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channel area confirm only the formation of a few WSe,
monolayers from the predefined WO, regions (Figure 3h).

The intrinsic p-type behavior of the plasma-assisted WSe,
was further confirmed from the electrical characterization using
a back gate configuration of fully selenized films as shown in
Figure S10. Hall measurements were performed using a four-
probe configuration to extract the intrinsic mobility of a few
WSe, monolayers. The inset in Figure S1la shows an optical
micrograph image of the Hall bar used for measurements with
the current fixed at 1 nA. Figure S1la,b shows Hall resistance
measurements in the formation of a few WSe, monolayers (~$
nm) from the WO, films at selenization temperatures of 500
and 250 °C, which also confirms an intrinsic p-type behavior.
The hole mobility (4,) can be calculated by gy, = [Vil/RsIB =
1/(gnR,), where B is the applied magnetic field, R, is the sheet
resistance, Vy is the Hall voltage, n, is the carrier concentration,
and q is the electron charge. Note that the Hall measurements
were conducted in an open atmosphere. Interestingly, a few
WSe, monolayers formed at the selenization temperature of
500 °C exhibit an intrinsic hole mobility of 40 cm® V™' 57,
which is remarkably high compared to those of the other
polycrystalline TMD monolayers synthesized at a similar
temperature.”” Interestingly, the hole mobility still maintains
a relatively high hole mobility of approximately 6.4 cm® V™' 57
at the lowest selenization temperature of 250 °C.

As a gas sensor, some reports have shown excellent p-doping
properties of WSe, under exposure of NO, requiring annealing
in order to achieve chemical bonding.’ In this study, we aim to
avoid chemical bonding in order to achieve only physical
adsorption of the NO, molecules for later desorption as a
requirement for gas sensing devices. For a first NO,, sensor, we
test three different samples with different conversion
percentages between WO; to WSe, denoted as WO;, WO,/
WSe,, and WSe, (Figure 4). Figure 4a shows the schematic of
the basic chemresistor device used for gas sensing while Figure
4b,c presents the XPS spectra of films. The corresponding
conductance changes over time under exposure to different NO
concentrations are measured in Figure 4d. In order to
understand the response of the gas sensor, Figure S12
highlights the cycles used during the measurement as follows:
At an initial state, the NO, is first introduced in the chamber at
the desired concentration and maintained for certain time (gas
in). Second, the NO, gas is pumped out of the chamber in
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Figure 6. Cross-sectional TEM images of 7-nm-thick WO, films exposed to the plasma power of 300 W with (a) 2:1, (b) 1:1, and (c) 1:2 H;:N
ratios at a selenization temperature of 250 °C. In parts c—e, the conductance variation after 500, 250, 125, 50, and 25 ppm of NO gas exposure. In
parts d—f, adsorption and desorption conductance change over the time after exposure to 500 ppm of NO gas. (g) Summary plot of the adsorption
response time (7) and (h) comparison of desorption time with and without UV treatment.

order to desorb the gas from the surface of the gas sensor (gas
out). Furthermore, in order to enhance the desorption process,
a UV light was turned on (UV on). For a pure WO, film, no
response was obtained due to the poor crystallinity as a
reference while the completely selenized WSe, sample was also
tested, showing a minor response.

Interestingly, the device tested with a hybrid film mixing
WO, and WSe,, namely, a half selenized film, exhibited a large
sensitivity upon NO gas exposure compared with those of the
pure WO, and fully selenized WSe, samples (Figure 4d). The
increased current is due to carrier transport from NO, to WSe,
since WSe, is the p-type material. Oxidizing gases (such as
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NO,) extract electrons from the conduction band when
adsorbed at the surface of a semiconductor, resulting in an
increase of resistance for an n-type semiconductor (fewer
electrons) while an increase in conductance will be noted in a
p-type semiconductor (more holes).”> The combination of
different oxides to form hybrid heterojunctions such as SnO,/
WO, offering a larger sensitivity for gas sensing than the
pristine SnO, and WO, layers has also been demonstrated
recently.”* Despite that, several explanations have been
employed; we believe that the large enhancement in sensitivity
results from the carrier recombination in the local interface of
“pn-junction” generated between WO, and WSe, as schemati-
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cally constructed in Figure S13.>**° On the basis of those

results, sensors fabricated with hybrid WO, /WSe, films with
different conversion percentages from 30% to 90% were
measured in order to optimize the material ratio as presented in
Figure 5. Considering WO, as the n-type and WSe, as the p-
type materials in the pn-junction, it is obvious to think that the
ratio between the n- and p-type materials will influence the size
of the depletion region at both sides of the pn-junction. Then,
when the hybrid structure is dominated by the n-type
semiconductor (WO,), the depletion region will be enlarged
in the p-type semiconductor (WSe,). This enlargement of the
depletion region induces a reduction of the free carriers in the
p-type semiconductor, displaying a larger resistance as a base
current (Figure Sa—c), thus increasing the sensitivity of the gas
sensor. We do not discount that the presence of defect sites or
Se vacancies caused by the plasma may enhance the sensitivity
due to the higher chemical activity as suggested by other
works.”” Although the response time also increases with the
sensitivity (Figure Sd—f and summarized in Figure Sg), the
overall response is within a few minutes, which is acceptable for
practical application in gas sensors. In addition, we found that a
short UV treatment can enhance the desorption rate, reducing
the total response time to less than 100 s in comparison to the
several minutes required for self-detaching (Figure Sh).

The cross-section TEM images provide direct evidence of the
coexistence of WO, and WSe, at different conversion
percentages (Figure 6a—c). As a result, a large junction
interface generated between WO, and WSe, can be observed
for a WSe,-30% hybrid film (Figure 6¢c). Furthermore, we
focused on improving the desorption time, which is more
critical than the adsorption time due to the long time required
(5—6 times longer than the adsorption time). Several
approaches have been tested on gas sensors in order to reduce
the detaching time. Note that, with the increased WSe,
concentration in the hybrid WO,/WSe, films, the desorption
is more difficult, and in many cases, the current cannot go back
to the initial state similar to the results observed on MoS,
sensors, which is due to the existence of WSe, edge sites,
providing favorable Gibbs free energy to NO gas molecular
adsorption compared to the basal plane.*® However, we cannot
prove this assumption from our experiments, and extra
theoretical studies are required in the future. An additional
test was carried out by increasing the operation temperature of
the sensor (Figure S14). Although the detach rate can be
enhanced, the sensitivity largely decreases. In all cases, the films
showed good gas sensitivity compared with both WO, and
WSe,, but in particular, the WSe,-30% film exhibits an
enhanced sensitivity over 280% at SO ppm. Focusing on the
WSey-30% film, we attempted to further reduce the NO
concentration to ppb level. Figure 6d shows the response of the
sensor in a range from 500 to 25 ppb. Furthermore, the
electrical measurement at 25 ppb shows a noise signal smaller
than 0.5% while reaching a sensitivity over 20% for a clear S/N
of 40 (Figure S1S5). Similarly, the response to other NO
concentrations was also fitted in a similar way to determine the
maximum adsorption and response time as presented in Figure
6e,f. Obviously, the detection limit of our sensors is close to a
value of 0.3 ppb at S/N larger than 10 from Figure 6d using an
exponential fitting, which is an outstanding value for a gas
sensor in a chemresistor configuration measured at room
temperature. In a comparison of our results with other studies
based on other materials, our results are comparable to the best
(Table 2) with good stability and repeatability.
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Table 2. Comparison of Other NO, Gas Sensors Based on Other Materials

ref

Hai Li et al.*®

response time
~120 s

limit of detection

sensitivity

80%@3 ppm

method

mechanical exfoliation 2—3 layers

0.8 ppm

MoS,

Qiyuan He et al.*!

>30 min

0.5 ppm

15%@1.2 ppm

liquid exfoliation
exfoliated

C
C

MoS,rGO + Pt
Graphene

MoS,
MoS,

Schedin et al.**

within 1 min

4%@1 ppm

Bilu Liu et al.*®

5—8 min

~20%@20 ppb

Cho B. et al.**

80%@120 ppb baseline@100 °C

2.9%@5 ppb

Ahmad N. Abbas et al.*®

this work

280—-350 s
~250 s

mechanical exfoliate

black phosphorus

estimated detection limit of 0.3 ppb@S/N > 10

~13%@25 ppb

plasma-assisted selenization

hybrid WO,/WSe,
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Figure 7. (a—c) Photographs of the gas sensor on a polymer substrate, the bending test device used during measurement, and the cross-sectional
images of the device under different bending angles. (d—f) Sensitivity, response time, and film resistance under different bending angles, respectively.

Furthermore, the development of sensors on flexible
substrates for wearable electronics is becoming an important
area of research.’””*" For that reason, we also prepared the
devices directly on flexible substrates (polyimide) for a bending
test as shown in Figure 7a. The experimental setup for the
electrical measurement during bending is displayed in Figure
7b. Figure 7c displays the different angles used for the
measurements. The corresponding AG/G,, response time, and
resistance were recorded in Figure 7d—f, respectively. For
bending angles >45°, a slight decrease in the sensitivity was
observed. At the larger bending angles, a more pronounced
decrease in the sensitivity is found. However, the devices
remain operational even at the large bending angle of 75°. Note
that a clear change in the film resistance was measured.
However, this variation is rather small compared with the
conductance change upon exposure to NO gas. These findings
indicate that our low-temperature plasma-assisted selenization
process provides a pathway to the direct formation of large-area
TMD films on plastic substrates. In addition to the plasma-
assisted selenization process for the formation of MSe,-based
TMDs at an extremely low temperature, we believe that the
current design for the plasma treatment can also be applied to
different “reduction” processes of metal oxides, such as plasma-
assisted sulfurization and telluridization processes, which will
open a new window for the formation of versatile TMDs for
integration with existing technologies that require lower process
temperatures and maintain a manageable thermal budget. The
process can also be compatible with other semiconductor
processes, which will be desirable for technology development
in the next generation of applications.

B CONCLUSION

In summary, we have demonstrated the growth of TMDs at low
temperatures, as low as 250 °C using the plasma-assisted
selenization process applied to metal oxides. Two types of
TMDs, WSe, and MoSe,, which are converted from WO, and
MoO, films, were demonstrated at a formation temperature as
low as 250 °C. To demonstrate the plasma-assisted selenization
at low temperatures, optimization of the growth parameters
through the formation of a few WSe, monolayers as the model
material system was chosen due to its technological importance

1596

as a p-type inorganic semiconductor with an excellent hole
mobility and good adsorption of NO, molecules. FET devices
made of a few WSe, monolayers show evidence for the p-type
behavior. Processing at temperatures of 500 and 250 °C
exhibited the hole mobility of ~40 and ~6 cm® V™' s7" with
plasma powers of 50 and 400 W. Additionally, a large-area
synthesis of WSe, on a polyimide (30 X 40 cm?®) flexible
substrate and 8 in. silicon wafer with good uniformity was
demonstrated, thus creating a suitable process for future
industrial development on flexible and wearable electronics.
With control of the different ratios of forming gas between N,
and H, gases, a 5-nm-thick WO,/WSe, hybrid structure
possessing a high sensitivity to NO, of over 20% at only 25 ppb
with a /N ratio over 10 operating at room temperature and an
estimated detection limit up to 0.3 ppb at a S/N ratio >10 has
been demonstrated. Our hybrid films with a thickness of a few
nanometers show high sensitivity measured at room temper-
ature and the potential for a low-temperature process for direct
deposition on plastic substrates for plastic and wearable
electronics. Most importantly, the low-temperature plasma-
assisted selenization process can be extended to the synthesis of
other chalcogenide materials at low temperatures, which would
allow the integration of TMD materials with existing
technologies that require lower process temperatures and
maintain a manageable thermal budget.
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