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ABSTRACT Recently, a few attempts to synthesize monolayers of transition metal dichalcogen-
ides (TMDs) using the chemical vapor deposition (CVD) process had been demonstrated. However, the
development of alternative processes to synthesize TMDs is an important step because of the time-
consuming, required transfer and low thermal efficiency of the CVD process. Here, we demonstrate a
method to achieve few-layers WSe, on an insulator via laser irradiation assisted selenization (LIAS)

process directly, for which the amorphous WO; film undergoes a reduction process in the presence of
selenium gaseous vapors to form WSe,, utilizing laser annealing as a heating source. Detailed growth

parameters such as laser power and laser irradiation time were investigated. In addition,
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microstructures, optical and electrical properties were investigated. Furthermore, a patternable Ve (V) V., )

WSe, concept was demonstrated by patterning the WO; film followed by the laser irradiation. By combining the patternable process, the transfer-free WSe,
back gate field effect transistor (FET) devices are realized on 300 nm-thick Si0,/P " Si substrate with extracted field effect mobility of ~0.2 an?V's7
Similarly, the reduction process by the laser irradiation can be also applied for the synthesis of other TMDs such as MoSe, from other metal oxides such as
MO; film, suggesting that the process can be further extended to other TMDs. The method ensures one-step process to fabricate patternable TMDs,

highlighting the uniqueness of the laser irradiation for the synthesis of different TMDs.
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ecently, because of the layered struc-
Rture with van der Waals forces be-

tween the layers similar to graphite,
transition metal dichalcogenides (TMDs)
have attracted significant attention."? Com-
pared with the zero band gap feature in
graphene, TMDs have their own band gap
and are regarded as potential alternative
materials to graphene for the next genera-
tion of opto- and nanoelectronics.>* Recent
research had pointed out that the electronic
structure of TMDs has a layer-dependent
relation. When the thickness of TMDs was
reduced from bulk to monolayer, quantum
confinement effect would alter the elec-
tronic structures in TMDs from indirect to
direct bandgap and gives to rise the valley
polarization, which in turn enhances the
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photoluminescence, making them highly
competitive for optoelectronics applica-
tions.>*~8 Experimental results had re-
vealed that exfoliated monolayer MoS,
and WSe,-based transistor show impressive
carrier mobilities (200-500 cm® V™' s7)
with high on/off ratio.>'° In addition, WSe,
was found to have ambipolar behavior for
potential use as p-type or n-type FET for
COMS integration application.'®"!

To date, the main obstacle in using TMDs
into applications is development of the
manufacturing process, which could lead
to production of TMDs thin film with
large area and high quality. Conventional
top-down methods such as mechanical
exfoliation,">?'27 ' [ithium-based inter-
calation>~"” and plasma-thinning process'®
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are time-consuming and low-yield processes, while the
amount of layers of resulting TMDs are uncontrollable
ranging from few micrometer to few nanometer (few-
layers). The TMD flakes prepared by ion intercalation
method would suffer from contamination, degrading
the electrical properties. On the contrary, the bottom-
up synthesis of TMDs had been proposed, such as the
thermolysis for growth of WSe,,'°direct deposition of
MoS, by pulsed laser deposition (PLD) process.?® How-
ever, the requirement of high temperature for thermo-
lysis of WSe, and the dependence on expensive PLD
systems would hinder its real popularization and mass
production in industry.

Recently, sulfurization or selenization of transition
metal oxides through chemical vapor deposition (CVD)
process successfully enables monolayer TMDs in large-
area with high quality.2' 23 However, the CVD process
requires high temperature annealing processes
(627—1300 °C) and belongs to time-consuming pro-
cess, which limits the substrates used for synthesis of
TMDs while the additional transfer process of TMDs is
still required. Hence, the development of ultrafast and
low cost synthesis method remains as a major chal-
lenge. In this regard, we demonstrate an ultrafast
(<20 min) and low-cost approach to synthesize few-
layers WSe, from the direct transformation of WO3 to
WSe, by the laser irradiation assisted-selenization
(LIAS) process. Microstructures, optical and electrical
properties were investigated in detail. Growth para-
meters such as laser power and laser irradiation time
were investigated. The detailed transformation me-
chanisms from the transition metal oxide into TMDs
triggered by laser was discussed and investigated as
well. Furthermore, patternable WSe, concept was de-
monstrated by direct patterning the WOs film followed
by the laser irradiation process. Similarly, the reduction
process by the laser irradiation can be also applied for
the synthesis of other TMDs from other metal oxide
such as MoSe, from MOs films, suggesting that the
process can be further extended to other TMD materials.

RESULTS AND DISCUSSION

Figure 1(a) shows the schematic illustration of the
concept how we performance the rapid synthesis of
the WSe, by the LIAS process. A WOs film with con-
trollable thicknesses (2 nm in our case) was directly
deposited on a 300 nm-thick SiO,/Si substrate by
electron beam evaporation and was placed in a
vacuum-sealed quartz tube with 0.1 g of Se ingots at
10~* Torr (Figure 1a). In order to prevent the contam-
ination from melting of Se ingots when rolling and
touching the samples, a neck on the quartz tube was
intentionally created to isolate the WO3/SiO,/Si
substrate and the Se ingots, only allowing the trans-
port of Se vapors through the neck area during the
heating process as shown in Figure S1a (Supporting
Information). Because of the low melting point of Se

CHEN ET AL.

Si0,/Si | _ WO, 2nm

Hot?

Se coating

ﬁk
\‘ \\‘\
\
\
\

O
e vapor _;
generated 8

Laser: 808 nm SiO,/Si

Figure 1. A schematic of few-layers WSe, growth by the
laser irradiation process. (a) 2 nm-thick WO5 on SiO,/Si and
Se ingots was vacuum-sealed together. (b) When quartz
tube heated up to 250 °C by hot plate, Se vapor was
generated and flowed to WOjs irradiated by laser, resulting
information on WSe..

(220.8 °C), the generation of Se vapors can be achieved
at the relatively low temperature. For synthesis of highly
crystalline few-layers WSe, as shown in Figure 1(b),
the vacuum-sealed quartz tube was placed on a hot
plate with an annealing temperature of 250 °C for a few
minutes in order to allow the Se vapor to be homo-
geneously distributed along the quartz tube. Then, a
continuous wave laser with wavelength of 808 nm was
utilized to trigger the substrate heating. While the
laser is locally irradiated on the samples as shown in
Figure S1b, the WO; is heated and reduced with Se
vapors generated by hot plate in the vacuum-sealed
quartz tube. As a result, few-layers WSe, on 300 nm
SiO,/Si substrate can be synthesized (Figure 1b) via the
following chemical reaction:

2WO3(5) + 458(9) - 2WS€2(5) + 302(9)

Figure 2(a) shows optical images of the deposition of
the WO; film before and after the laser irradiation
process. The deposition of 2 nm-thick WOs on the
SiO,/Si substrate has a distinct contrast between the
interface of WO3 and SiO,. After the synthesis of the
WSe, by the laser irradiation process, it is easily ob-
served by naked eye the change of the color from light
green to dark blue (Figure 2a). Furthermore, Raman
spectrum excited by 632.8 nm laser was used to
confirm the phase changes from WO; to WSe, taken
from the area (b1) in Figure 2(a) after the laser irradia-
tion as shown in Figure 2(b1). In addition, the Raman
spectrum of the as-deposited WO; film on the SiO,/Si
substrate was measured as reference. Note that the
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Figure 2. (a) The OM images of as-deposited WOs and laser-
induced WSe, on the SiO,/Si substrate, respectively. (b) Its
characteristic Raman spectrum and corresponding Raman
mapping for WSe, at A, = 251 cm™ ' mode and (c) photo-
luminescence spectra of WSe, after the laser irradiation
process.
peak at 300 cm ™', corresponding to one of the char-
acteristic vibrational modes of intrinsic Si, was mea-
sured because the WOs; Raman peak cannot be
observed probably due to the amorphous nature of
the WO; deposited by electron-beam evaporation
(Figure S2). However, after the laser irradiation process,
three distinctive bands located at 245, 251 and
257 cm™' corresponding to the characteristic E',g,
A,gand 2LA(M) bands of WSe; due to the out-of-plane,
in-plane vibrational modes and second-order Raman
scattering of the LA phonon were measured, distinctly
indicating the successful reduction of WSe, from
WO;'31%2* To further characterize the uniformity of
the obtained WSe, film, Raman mapping image at A,
of ~251 cm™ ' mode excited by the 632.8 nm laser with
a scanning area 20 x 20 ﬂmz was acquired as shown in
Figure 2(b2). Obviously, the uniform contrast indicates
the uniform reduction of the WSe, from the WOs.
Furthermore, the photoluminescence (PL) spectrum
of the synthesized WSe, excited by 632 nm laser
(Figure 2c) exhibits a strong phonon emission at around
1.65 eV, which is in perfect agreement with previous
works, confirming the growth of the few-layers WSe,.'>%*
High-resolution transmission electron microscopy
(HR-TEM) was utilized to reveal the characteristic
layered structure of the WSe,. Prior to the cross-sectional
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Figure 3. (a) A cross-sectional TEM image of WSe,, and (b) a
higher magnification of TEM image, which reveals the
typical interlayer distance of the WSe,.

TABLE 1. Compositional Results Taken an Region As
Shown in Figure 3(b)

element atomic %
Se K 39.53
WL 60.47
total 100.00

TEM observation, TEM sample was prepared by focused
ion beam (FIB). In order to avoid the damage caused by
Ga ion bombardment during the FIB process, a 100 nm-
thick SiO, layer was deposited on the WSe,. Figure 3(a)
shows a typical cross-sectional bright-field TEM image.
Obviously, the thickness of synthesized WSe; is around
2 nm, which corresponds to 3—4 atomic WSe, layers.
Notably, the magnified cross-sectional TEM image
shows the characteristic layer structure with interspa-
cing of 0.69 nm as shown in Figure 3(b), which is in
excellent agreement with the interlayer distance of
exfoliated WSe, from previous report.’® Furthermore,
the compositional analysis of the few-layers WSe, was
also measured by energy dispersive X-ray spectroscopy
(STEM-EDX) as summarized in Table 1. Obviously, ele-
mental compositions of ~39.53 and ~60.47 at. % for Se
and W were measured, showing that the W/Se ratio is
close to 0.5 and confirming the good stoichiometry of
the synthesized few-layers WSe,. Most importantly, the
TEM image indeed shows the controlled number of
WSe, atomic layers by the controlled WO; thickness
deposition.

To further understand the reduction mechanism
from WO; to WSe, influenced by different laser powers,
the evolution of growth for few-layers WSe; from WO;
at different laser power was examined by Raman
spectra, as illustrated in Figure 4(a) while keeping the
laser irradiation time at 20 min. As a laser power of
5.79 W was applied, a broaden peak at ~250 cm ™' can be
observed, which is close to the expected position of the
WSe, A4 band while no 2LA (M) can be differentiated
(Figure 4a1). It is more likely that the observed peak
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Figure 4. (a) Raman spectra of WO; to WSe, with varied laser powers and irradiation time. (b) The growth window for the
reduction of WOs film to few-layers WSe; at different laser powers and irradiation time.

corresponds to amorphous selenium (a-Se) rather than
WSe,, indicating lack of crystallinity.>® Because of the
low melting point of Se, Se powers are easily vaporized.
If the laser power and time illuminated on the substrate
are insufficient to trigger the selenization of the WO;
film, Se vapor would be merely condensed on the WO;
film, resulting in the deposition of a-Se. In addition, the
additional peak at 300 cm™' is contributed from the
SiO,/Si substrate as shown in Figure S2. By gradually
increasing the laser power to 6.75 and 7.73 W at the
fixed irradiation time of 20 min, an additional peak
located at ~237 cm ™' was measured (Figures 4a2 and
4a3). Masuzawa et al.”® point out that a-Se undergoes a
crystallization process into crystalline t-Se (237 cm™)
at an elevated temperature. Therefore, it is reasonable
to believe that a-Se would experience a crystallization
transformation from amorphous to crystalline t-Se due
to the increased temperature during the laser irradia-
tion process in our case. However, the presence of a-Se
and t-Se peaks indicates that the energy gained from
the laser irradiation is insufficient to trigger the chemi-
cal reduction process between Se and WOs. Thus, by
further increasing the laser power to ~9.62 W, the
characteristics of A,y and 2LA(M) bands of the WSe,
appear, indicating a noticeable transformation hap-
pened from WOs5 into WSe, (Figure 4a4). Furthermore,
we found that the irradiation time also plays a key role
in the reduction process. Even at a laser power over
9.62 W, the Raman signal of WSe, is not strong enough,
suggesting the poor crystallinity of the few-layers
WSe, due to noncomplete reduction process when
the irradiation time is under 15 min while the char-
acteristic Raman spectra of WSe, shows a strong
intensity, suggesting a good crystallinity of the few-
layers WSe, once the irradiation time is over 15 min.
Figure 4 (b) shows the summarized parameters in the
growth window of WSe, via the laser irradiation. Note
that the growth condition of the few-layers WSe, by
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the laser irradiation is quite narrow. If the power of the
laser is below 8 W, only t-Se and a-Se are obtained.
However, for laser power over ~13 W, no Raman signal
of the WSe; can be detected, which is expected due to
evaporation of WO film during the laser irradiation
process. As a result, according to experimental results,
setting the power of the laser at ~8—10 W for 20 min
irradiation time was the best condition for the growth
of few-layers WSe, in our current study while it may be
changed due to different laser and annealing environ-
ments. Importantly, we found that the sample position
relative to the laser is also a critical factor to achieve
good quality of the few-layers WSe,. Note that our laser
system uses a confocal lens with a focal length of 7 cm
(Figure S3a). By placing samples at the focus point, a
spot with a diameter of 300 um was found at the
surface of samples while no characteristic peaks of the
few-layers WSe, examined by Raman spectrometer
were found after the laser power and irradiation time
of 9 W and 20 min, respectively. The disappearance of
Raman spectra are mostly like due to thermal damage
by the laser irradiation process as shown in Figure S3b.
To avoid the damage caused by the laser irradiation
process, the sample was placed out of focus at 10 cm to
diverge the exposed total area of the sample, giving
rise to uniform few-layers WSe, as shown in Figure S3b.
In addition, the curvature of quartz tube is another
reason to slightly diverge the laser beam, increasing
the difficulty to estimate the adsorbed power by the
substrate.

In order to obtain the bonding information on the
few-layers WSe,, X-ray photoemission spectroscopy
(XPS) was conducted to acquire the binding energies
of W 1s and Se 1s, respectively. Figure 5(a) displays the
corresponding W 1s spectra before and after the laser
irradiation process. For the pristine WOs film, the peaks
located at 37 and 39 eV are the footprints of W 4f;,,
and W 4fs,,.%” After the reduction of the WO into the
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Figure 5. (a) XPS spectroscopy of the W 1s spectra before
and after the laser irradiation, and (b) the Se 1s spectra after
the irradiation.
few-layers WSe,, W 4f,,, and W 4fs,, peaks, suffering a
chemical shift to 31.8 and 33.8 eV, respectively. This
large down-shift perfectly agrees with the expected W
4f,,, and W 4f5,, band position of WSe, attributed to
the low electronegativity of Se compared with 0.2% In
addition, the Se 1s spectra shown in Figure 5(b) dis-
tinctly reveal two new peaks located at 54 and 55 eV,
which are also consistent with Se 3ds,, and Se 3ds/»
peaks of the few-layers WSe,.?® The above results were
consistent with previous research,?® which implied the
highly crystalline WSe, we successfully obtained.
Contrary to the CVD process, the laser irradiation
process is an ultrafast process compared to the typical
CVD process, which needs at least 80 min per run,
including preheating and cooling processes while
requiring to heat up the whole chamber with tempera-
ture more than 1000 °C.>'~2* The current approach
could achieve the formation of WSe, within 20 min and
only the local heating of the Se precursors are required,
indicating a rapid and low-thermal budget process. In
addition, the thickness of the grown WSe; is control-
lable, depending on the initial thickness of the WO3
film. Because of the limit of thickness control by
electron beam evaporation, the thinnest uniform thick-
ness of the WOj3 in our study is around ~2 nm, yielding
few-layers WSe, after the laser irradiation process.
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Figure 6. (a) An optical image of the prepatterned few-
layers WSe, after the irradiation process. (b) The typical
Raman spectra at the three different regions marked in (a).
(c) A Raman mapping image of the A,y mode for prepat-
terned few-layers WSe; at the patterned region in (a).

TABLE 2. Comparison Table for the Growth of TMDs with
Different Growth Methods

methods process and comparison

exfoliation by Scotch tape’ 2912~ 14

time-consuming, low yield,
high quality
purification needed, restacked
high temperature, lack of electrical
performance
expensive facility, transfer process
needed
time-consuming, scalable
time-consuming, patternable
quick, patternable

lithium-based intercalation’>~'”

vapor—solid growth'®

pulsed laser deposition°

chemical vapor deposition®’ ~23

plasma-induced thinning'®
laser irradiation

However, we believe that monolayer WSe; is achiev-
able 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.>? Furthermore, the current approach
allows the pattern-ability on the WSe,. By using standard
lithography methods, WO; patterns can be created,
followed by the laser irradiation process. Figure 6(a)
displays the optical image of the patterned few-layers
WSe, obtained after the laser irradiation from the
prepatterned WOz film in circular shape by optical
lithography. The Raman spectra presented in Figure 6(b)
and the corresponding Raman mapping images at Alg
in Figure 6(c) confirm the successful transformation
of the patterned few-layers WSe, from the prepat-
terned WO; film. We expect that the prepattern
process of the WO3 film to directly achieve the pat-
terned WSe; can further reduce the complexity of the
device fabrication. To shed light on the growth of the
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Figure 7. (a1—a3) Schematics of fabrication process of WSe, FET devices. An optical image of the prepatterned few-layers
WSe, after the irradiation process. (b1) Optical images of WSe,—FET devices and (b2) the corresponding Raman spectrum at
the channel marked in (b1). (c) I4s—Vys characteristics of back gate WSe, FET devices at different back gate biases with 5 nm Cr
and 50 nm Au as the electrode. (d) /4s—V},q characteristics of the back gate WSe, FET devices at V4; = —10 Vin hole-conduction

channel.

TMD by the laser irradiation process, different growth
methods of the TMDs and uniqueness of each growth
method was listed in Table 2. Quick and direct pattern-
able growth are promising properties of the laser
irradiation process. In addition, laser-assisted seleniza-
tion process was enabled to simplify the fabrication
process of FET devices and free of chemical etchant.
To demonstrate and evaluate the electrical perfor-
mance of few-layers TMDs by combining the direct
patternable growth, the schematics of the transfer-free
WSe, back gate field effect transistor (FET) devices are
shown in Figure 7(a1—a3), with which the thickness of
300 nm SiO, layer was used as the dielectric layer on
P*-Si substrate. First, the prepatterned WO; was de-
posited as the channel (Figure 7a1). After the seleniza-
tion by the laser irradiation and deposition of Cr/Au
metal as electrodes (Figure 7a2—a3), the few-
layers WSe; FET devices can be finally fabricated. The
corresponding real optical images of the few-layers
WSe,—FET device is shown in Figure 7(b1) and the
Raman spectrum as shown in Figure 7(b2) distinctly
confirms the direct formation of the few-layers WSe, as
the channel materials. The Iy—Vy4s characteristics at
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different Vi, biases were measured in the hole-con-
duction channel, as shown in Figure 7(c). Clearly, the
enhanced conductance can be found once the back
gate bias increases, indicating the P-type semiconduc-
tor, which is consistent with the report from the
literature.” [4s—Vpg at Vgs =10 Vis shown in Figure 7(d),
indicating an on/off ratio > ~70. In addition, the field
effect mobility of ~0.2 cm? V™' s™' was calculated
based on the equation u= (L/WCo\Vys)(Alys/AVyg) at
the linear region of Aly/AVpy where L and W are
defined as channel length and width, respectively
and C,, is the gate capacitance (300 nm-thick SiO,).
Although, the field effect mobility of the few-layers
WSe, is low, the result is still comparable with previous
studies of WSe, prepared by mechanical exfoliation'?
and CVD growth approaches.?®> The low mobility is
most likely the oxygen content in the film.?* Because of
the nature of our process, it is likely to have residual
WO; remaining inside the film, which may influence
the electrical performance. Furthermore, the polycrys-
talline WSe, with limited domain size after the
laser irradiation assisted-selenization process on the
amorphous as-deposited WOs film may also result in
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degrading the electrical performance because of
phonon—electron scatting. As a result, we believe that
the improved electrical performance of WSe, film can
be achieved once the uniformity and quality of WO3 is
improved.

Importantly, the laser irradiation process can be
further extended to other TMDs. Similar to WSe,, the
growth of the few-layers MoSe, on the SiO,/Si sub-
strate can be also demonstrated by the laser irradiation
process using the MoOs film instead of the WO;
film (Figure S4). Figure S4(a) shows the characteristic
Raman spectrum after transforming the 2 nm-thick
MoOs into the few-layers MoSe,. Obviously, two char-
acteristic peaks located at 240 and 283 cm™' are
assigned to A4 and E',g, which matches with that of
exfoliated'®'* and CVD-grown MoSe,.>* In addition,
the Raman mapping of the MoSe, A;4 band displayed
in Figure S4(c) shows high uniformity in large scale.
Furthermore, the photoluminescence (PL) spectrum
(excited by 632 nm laser) of the synthesized MoSe,
exhibited a strong emission of photons at around
1.55 eV. It is noteworthy to mention that previous
works suggest the necessity of the introduction of
hydrogen to trigger the transformation of WO; to
WSe, during the selenization process.?'"2* In our
experimental setup, the quartz tube including WO3
and Se ingots inside was sealed in a vacuum of
10~* Torr without introducing any gases, such as

METHODS

Sample Preparation and Laser-Irradiation. First, 2 nm-thick WO5
was deposited on thermally oxidized 50/300 nm SiO,/Si by
electron beam evaporation. Second, WO3/SiO,/Si and Se ingots
were placed into 0.5 in. quartz tube and vacuumed to a
10—4 Torr for a while. Then, quartz tube was sealed by
oxy-propane flame. A continuous wave 808 nm laser was used
as the main heating source to the substrate, while Se vapor was
generated Se using a hot plate set at 250 °C (Coring PC-420).
Once the laser irradiation was finished, the quartz tube was
removed from the hot plate and rapid cooled by air.

Characterizations. Morphologies, lattice spacing and elemen-
tal compositions were acquired by high resolution transmission
electron microscopy (HRTEM, JEOL, JEM-3000F FEGTEM, 300 kV)
equipped with Energy Dispersive Spectroscopy (EDS by INCA
analysis system, Oxford Instruments). Micro-Raman spectrosco-
py (HORIBA, LabRAM, HR800) equipped with a 632.8 nm laser
was used to examine the quality and uniformity of WSe,. The
photoluminescence (PL) spectrum was acquired using the same
system. X-ray photoemission spectroscopy equipped with a
monochromatic Al Ko X-ray source (XPS, Ulvac-PHI 1600) was
carried out to obtain the bonding information.
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hydrogen and WSe; was also successfully synthesized
by the laser irradiation in the vacuum-sealed quartz
tube. We suggest that the higher vacuum level in our
experiment could provide a suitable environment for
the synthesis of TMDs.2'3*

CONCLUSIONS

WSe, have been successfully synthesized by the
laser irradiation process. Contrary to the long and
energy-wasting CVD process, the laser approach is able
to achieve an ultrafast heating process, leading to the
growth of few-layers WSe; in short time. Because of the
local heating induced by the laser directly exposed to
the WO;, the process is highly thermal-energy efficient.
Detailed and systematic investigation was provided by
Raman analysis, XPS analysis and TEM observations.
Furthermore, patternable WSe, concept was demon-
strated by directly patterning the WOs film followed by
the laser irradiation process. By combining the pattern-
able process, the transfer-free WSe, back gate field
effect transistor (FET) devices are realized using the
300 nm SiO,/P*Si substrate. The field effect mobility of
~02 cm? V7' s can be extracted. Similarly, the
reduction process by the laser irradiation can be also
applied for the synthesis of other TMDs from other
metal oxides such as MoSe, from MO; films, sug-
gesting that the process can be further extended to
other TMDs.

and experiment setup during the laser irradiation; pictures of
quartz tube irradiated by laser at the focus point and at the out
of focus point and its corresponding OM image after the laser
irradiation process, respectively; Raman spectrum of Si, 50 nm-
thick SiO,/Si, 2 nm-thick WO5/SiO,/Si; Raman spectrum and
mapping of MoSe, and PL spectrum of MoSe,. This material is
available free of charge via the Internet at http://pubs.acs.org.
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