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ABSTRACT Two-dimensional (2D) semiconducting monolayer
transition metal dichalcogenides (TMDCs) have stimulated lots of
interest because they are direct bandgap materials that have
reasonably good mobility values. However, contact between most
metals and semiconducting TMDCs like 2H phase WSe, are highly
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(FETs) fabricated with WSe; as active channel materials. Recently, a phase engineering concept of 2D MoS, materials was developed, with improved device

performance. Here, we applied this method to chemical vapor deposition (CVD) grown monolayer 2H-WSe, and demonstrated semiconducting-to-metallic

phase transition in atomically thin WSe,. We have also shown that metallic phase WSe, can be converted back to semiconducting phase, demonstrating the

reversibility of this phase transition. In addition, we fabricated FETs based on these CVD-grown WSe, flakes with phase-engineered metallic 1T-WSe, as

contact regions and intact semiconducting 2H-WSe, as active channel materials. The device performance is substantially improved with metallic phase

source/drain electrodes, showing on/off current ratios of 10’ and mobilities up to 66 cm*/V - s for monolayer WSe,. These results further suggest that phase

engineering can be a generic strategy to improve device performance for many kinds of 2D TMDC materials.

KEYWORDS: two-dimensional materials - transition metal dichalcogenides - tungsten diselenide - field effect transistor - contact -

phase engineering - mobility

onolayer transition metal dichal-

cogenides (TMDCs) with general-

ized formula of MX,, where M is
a transition metal (including groups 4 to 7
elements in the periodic table of elements)
and X is a chalcogen (S, Se, or Te), have
stimulated substantial interest in the past few
years."” '° Recent studies on devices fabricated
from either mechanically exfoliated or vapor-
phase-grown TMDCs have revealed that they
possess high current on/off ratios,'"'? decent
charge carrier mobilities,"'>~'® subthreshold
swings (SS) close to the theoretical limit,">'
reasonable energy storage capacity,”® and
interesting catalytic' and optical proper-
ties.?>~%” Among all TMDC materials, semi-
conducting 2H-MoS; is the one which has
received most attention.'¥?®~3” Meanwhile,
there are also lots of recent papers studying
electrical and mechanical properties of semi-
conducting 2H-WSe,.24~2738-4% Compared
to 2H-MoS,, 2H-WSe, possesses a smaller
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bandgap (~1.6 eV in monolayer WSe, and
~1.8 eV in monolayer MoS,) and it typically
exhibits better electrical transport perfor-
mance than MoS,, in terms of charge carrier
mobility. 34!

With a lattice structure similar to MoS,,
WSe; by its nature is a semiconductor with
trigonal (2H) structure, where Se atoms
locate in the lattice positions of a hexagonal
close-packed structure. Planes of W atoms
are sandwiched between two atomic layers
of Se, such that each W is coordinated to six
Se atoms in a trigonal prismatic geometry
(2H). Another WSe, polytype, the octahedral
coordination phase (1T), is based on tetra-
gonal symmetry with one WSe, layer per
repeating unit (schematic coordination of 2H
and 1T-WSe, are shown in Figure 1a and 1b).
As revealed by previous reports, chemical
modification assisted in the phase transition
between 2H and 1T phase TMDCs.'®4%43 For
example, by reacting with n-butyl lithium
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Figure 1. Atomic structures and reversible phase transitions between 2H and 1T phase WSe.. (a) Side view of the 2H and 1T
phase WSe,. Pink atoms represent top layer selenium, cyan atoms represent tungsten, and yellow atoms represent bottom
layer selenium. (b) Top view of 2H and 1T-WSe,. Pink atoms represent top layer selenium, cyan atoms represent tungsten, and
yellow atoms represent bottom layer selenium. (c) An AFM image along with a cross section height profile of a triangular WSe,
flake. The height of this flake is ~0.8 nm, corresponding to a monolayer WSe,. (d) FET device performance (/4s—V, curves)
comparison between 1T-WSe, and 2H-WSe,. The 2H-WSe, device possesses an on/off ratio of 10° consistent with its
semiconducting property. In contrast, 1T-WSe, FET shows little gate dependence, suggesting its metallic nature. (e) Raman
spectra of 1T-WSe, and 2H-WSe, flakes. Typical Raman peaks of 2H-WSe, are observed while 1T-WSe, exhibits very weak
signal. (f) Magnified Raman peaks of 1T-WSe,. Black line is Raman signal for 1T-WSe, on Si/SiO, wafer. Blue line is Raman
signal after substrate subtraction. Raman spectrum of 1T phase shows some new peaks at 50 and 150 cm " range (indicated

by arrows). (g) PL spectra of 1T-WSe, and 2H-WSe, flakes. PL is significantly quenched in the 1T phase WSe,.

(n-Buli), Voiry et al. have systematically investigated
the metallic phase contained in MoS,, WS,, and MoSe,
nanosheets.*? Moreover, Kappera et al. have recently
reported that by using 1T-MoS, as source/drain
contacts, the device performance of 2H-MoS, has
been significantly improved compared with metal
contacts.' However, in spite of the importance of
WSe; in electronic and optical applications, the 2H-1T
and 1T-2H phase transitions of WSe, were rarely
reported. In addition, as for the stability of 1T-WSe,,
it is still an open yet important question.

For field effect transistors (FETs) with high perfor-
mance, low contact resistance and ohmic behavior are
crucial. In modern silicon electronics, good contact can
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be achieved by using highly doped source and drain
contact regimes, on which metal pads can be depos-
ited. There are several parameters that have impact
on the device performance. For example, the lattice
mismatch between metals and the channel materials
may impair the efficiency of carrier injection. Work
function of metals can also influence the efficiency
of carrier injection, so that different metal contacts
may lead to different device behaviors. Aiming at
high-performance devices, FETs with mechanically ex-
foliated monolayer WSe, have been fabricated by
Liu et al., using different kinds of metal contacts, and
the devices with selected high work function metals
showed small contact resistance and high drive current.>®
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Fang et al., also reported p-type FETs based on exfo-
liated single-layer WSe, with chemically doped source/
drain contacts using NO, and potassium, which exhib-
ited high hole mobilities3® Nevertheless, even with
the aforementioned achievements, the performance
of WSe, FET may still be constrained by relatively
high contact resistance, limited injection of carriers,
and structural mismatch between the channel material
and the electrodes.” In principle, 1T metallic phase
WSe, could provide ideal contacts to 2H semiconduct-
ing WSe, and offer improved performance, but such
studies have not been reported so far.

In this paper, we use chemical vapor deposition
(CVD) synthesized 2H phase monolayer WSe,, and
report that n-BuLi treatment can convert 2H-WSe, into
1T-WSe,. These two phases showed substantially dif-
ferent optical and electrical properties, as revealed by
optical microscopy, Raman characterization, photolu-
minescence (PL) characterization, and electrical trans-
port measurements. Importantly, by implementing
the 1T phase as source and drain electrodes and
intact CVD-grown 2H-WSe, as the channel material
in FETs, we show that the effective mobility of these
CVD-grown monolayer WSe, devices can reach up to
66 cm?/V/ - s, on/off ratio reaches 107, and the SS value is
found to be 0.658 V/decade. These values are signifi-
cantly better than those of devices with metal electro-
des deposited directly on top of 2H phase WSe; in
control experiments. More importantly, we found
that by annealing in argon, we were able to convert
1T-WSe; back to 2H phase, demonstrating the reversi-
bility of these phase transition processes. Taking
recent reports on MoS, devices with phase-engineered
contacts into account,’® our results further suggest
that phase engineering can be a generic approach to
improve device performance of TMDC materials.

RESULTS AND DISCUSSIONS

Figure 1a and 1b show side view and top view
schematics of the atomic structures of 2H and 1T
WSe,, and the proposed reversible phase transition in
this study. The 2H-1T phase transition upon organo-
lithium or organoalkali metal treatment has been well
studied in some TMDCs, for example, MoS,.">** It has
been proposed that when 2H phase MoS; is exposed
to organolithium like n-Buli, lithium will intercalate
into the layers of MoS, and donate negative charges.
To accommodate this additional negative charge,
a local transformation of MoS, will occur, leading to
a structural change of pristine 2H MoS, to 1T MoS,."?
The obtained metastable 1T MoS, is demonstrated to
be negatively charged, and such negative charges help
stabilizing 1T MoS,, consistent with the above charge-
donating picture. In a recent study, Wang et al. have
proposed that for large alkali metals like sodium, the
intercalation of sodium into the layers of 2H MoS, leads
to a structure transformation to 1T MoS,, since large
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alkali metal atoms like sodium will introduce large
strain in the pristine lattice of 2H MoS,, and lead to
the formation of 1T MoS,.** Considering the similarity
between MoS, and WSe,, itis reasonable to believe that
they have very similar 2H to 1T conversion process,
despite for the case of WSe;, such a transformation has
been rarely studied. In this study, the 2H-WSe, mono-
layer we used were grown via a CVD process. WO3 and
selenium powders were used as source materials for
W and Se, and WSe, monolayers were directly grown
on SiO,/Si substrate at 950 °C (See Methods for details).
To characterize the detailed structures of as-grown
WSe, flakes, we performed systematical atomic force
microscopy (AFM), Raman and PL studies. AFM char-
acterization indicates that the thin flake shown in
Figures 1c is a monolayer, as evident from the cross-
sectional height profile in the inset of Figures 1c. The
flake shows a triangular shape, which is in accordance
with the trigonal prismatic Se—W—Se layers (space
group P6s/mmc).*®

Starting from CVD-grown 2H-WSe, flakes, we can
prepare 1T-WSe, samples via controlled treatment in
n-BulLi. Specifically, 2H-WSe, samples were immersed
into 5 mL of 1.6 M n-BuLi for 48 h. All the n-BuLi
exposure was done in a glovebox filled with argon
atmosphere at room temperature (Experimental de-
tails can be found in Methods). Based on the phase
transition mechanism discussed above, the diffusion of
lithium facilitates the structural transition, which is a
quite slow thermodynamic process. We speculate that
performing n-BulLi treatment at elevated tempera-
tures, or exposing both faces of monolayer WSe, to
n-BulLi solution, may accelerate the overall 2H-1T phase
transition process. To compare the electrical properties
of as-grown 2H-WSe, and n-BulLi treated WSe,, we
fabricated back-gated FETs using both intact 2H-WSe,
and n-BulLi treated WSe, with e-beam lithography
(EBL). Here we show a comparison of /ys—Vq curves
for these WSe, devices (Figure 1d), where the device
with n-BulLi treated WSe, as channel material showed
little gate dependence and the untreated device (2H-
WSe,) exhibited an on/off ratio of 10°. These results
clearly demonstrate that the n-BulLi treated sample
exhibit metallic behavior, while the intact 2H-WSe,
exhibit p-type semiconducting behavior. Significantly,
the bias voltage across the source and drain is 4 orders
of magnitude smaller for n-BuLi treated WSe; than the
untreated one (0.1 mV versus 2.0 V), revealing a greatly
reduced resistance of WSe, after n-BuLi treatment.
We note that FETs with n-BuLi treated WSe, showed
resistances around 1 kQ, which is much smaller than
the reported resistance of 1T-MoS, device.'® Consider-
ing this device as a monolayer resistor, the calculated
sheet resistivity is found to be ~107% Q-m, which is
2 orders of magnitude larger than graphene, the
material with lowest electrical resistivity.”® These
electrical measurements strongly suggest that n-BuLi
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treatment has converted the original semiconducting
2H phase WSe, to metallic 1T phase.

In addition to their significant difference in electrical
properties, the intact and n-BulLi treated WSe, show
distinct optical properties, as revealed by Raman and
PL measurements. Typical Raman spectra of 2H-WSe,
and 1T-WSe, samples are shown in Figure 1e. 1T-WSe,
showed extremely weak Raman and PL signals com-
pared to 2H-WSe,. This result can be understood since
metals typically exhibit weak Raman signal, and cannot
emit light. Similar phenomena were also observed in
MoS, samples.'®?® From the Raman spectrum of 2H-
WSe,, two strong characteristic peaks are observed
in the region from 245 to 260 cm™', which can be
assigned to E}g (in-plane) and A,y (out-of-plane)
modes of 2H-WSe,. The absence of the B;g peak at
~304 cm™" in Raman spectrum (which is a fingerprint
of few layer WSe, and is absent in monolayer WSe,)
further confirms that the flakes are monolayer 2H-
WSe,, showing good consistency with AFM results.
As for 1T phase WSe,, the Raman signal is much weaker
than 2H phase, hence the 1T phase Raman signal with
10 times magpnification is shown in Figure 1f. As can be
seen from the 1T-WSe, Raman spectrum, additional
peaks are observed between 50 and 150 cm™'. The
Raman E}g and A4 peaks of 2H-WSe, are not comple-
tely disappeared, indicating that the converted materi-
al is not a pure 1T-WSe,. Instead, it is a mixture of
1T and 2H-WSe,, similar to the case of MoS,.'® Notably,
for 1T-WSe, Raman spectrum, signal strength of E}g
peak from remaining 2H-WSe, is almost overwhelmed
by signal strength of A;4 peak, while intact 2H-WSe,
spectrum contrarily shows stronger E}g peak than A,
Moreover, the PL spectra shown in Figure 1g further
suggest that these two phases have substantial
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As-grown monolayer 2H-WSe,
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difference in band structures and optical properties.
The PL spectrum for 2H-WSe, shows a sharp emission
peak at ~1.66 eV, originating from the direct band gap
monolayer WSe,. For 1T-WSe,, the PL signal is signifi-
cantly quenched, which is consistent with the metallic
property revealed in Figure 1d. We also used trans-
mission electron microscopy (TEM) and fast Fourier
transform (FFT) to characterize the structure of 2H and
1T-WSe, (Figure S1 in Supporting Information). Overall,
our results are in agreement with a recent report, which
has pointed out that 2H and 1T-MoS; share the same
hexagonal diffraction pattern.** We also performed
electron energy loss spectroscopy (EELS) studies to
detect the amount of lithium residual in converted 1T
WSe,, since EELS is sensitive to light elements like
lithium. The results show that the amount of lithium
is below the detection limit, since no signal from
lithium K-edge is observed (Figure S2 in Supporting
Information).

To further illustrate the effect of n-BuLi treatment,
we exposed select areas of 2H-WSe, to n-Buli, thus
aiming to transform these areas to 1T phase WSe,.
Patterning was first performed using EBL to expose
certain regions of the WSe, flake for subsequent phase
transition while protecting other regions unexposed
with poly(methyl methacrylate) (PMMA). After the
EBL writing and development, samples with selected
exposure regions were immersed into 5 mL of 1.6 M
n-BulLi for 48 h, so that WSe; in exposed regions were
transformed into 1T phase while 2H-WSe, remained
unchanged in regions protected by PMMA (Experimental
details can be found in Methods). Figure 2a shows the
schematic of patterning and n-BuLi treatment. With the
patterning procedure described above, we fabricated
a 2H-1T-2H-1T-2H laterally structured WSe, flake using

2H-1T-2H-1T-2H structure
n-BuLi
treatment

Display

80

1500 O 14700

Figure 2. Characterization of a 2H-1T-2H-1T-2H laterally structured monolayer WSe, flake. (a) Schematic of lateral structure
fabrication process. (b) Optical microscopy image of the WSe; flake after mask patterning and n-BuLi treatment, showing
different contrast for treated (light regime) and untreated (dark regime) regimes. (c,d) Raman and PL intensity mapping of the

same flake in panel b.
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Figure 3. Device performance of monolayer WSe, flakes with metal contacts or 1T-WSe, contacts. (a) I4s—V,, curves for back-
gated WSe, FET with metal contacts. Inset: Schematicimage of the back-gated WSe,, FET with metal contacts. (b) I4s— Vg curves
for back-gated WSe, FET with 1T-WSe; as contacts. Inset: Schematic image of the back-gated WSe, FET with 1T-WSe, contacts.
(c) I4s—Vys curves for WSe, flakes with metal contacts. (d) I4s—Vys curves for WSe, flakes with 1T-WSe, contacts. Inset in panel
d: Magnified plot of panel d at a small bias. (e, f) Statistics about effective mobility (e) and SS (f) of 2H-WSe, FETs with metal

contacts and 1T-WSe, contacts.

n-BuLi treatment, which was characterized by optical
microscopy (Figure 2b), Raman mapping (Figure 2c),
and PL mapping (Figure 2d). Interestingly, based on
optical microscopy observations, we found that 1T
and 2H phases WSe, possess distinct optical contrasts
on silicon substrates with 285 nm SiO,. Specifically, 1T
phase WSe; is less visible than 2H-WSe,. Thanks to this
optical contrast between 1T-WSe, and 2H-WSe,, optical
microscopy could serve as a quick and nondestructive
method to examine the phase transition process. Here,
we also show Raman and PL intensity mapping on the
same sample in Figure 2b. As can be clearly seen, the
Raman and PL mapping duplicate the patterning of EBL
and subsequent n-Buli treatment, further confirming
the success of selected-area phase transition of WSe,.
Also we have found that the n-BulLi diffused into the
region underneath PMMA, especially for samples with
long n-BuLi treatment time, so that some portions of
the channel in the covered region have been converted
into the 1T phase. Remarkable contrast differences
between chemical-treated and untreated regions have
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also been observed under scanning electron micro-
scopy (Figure S3 in Supporting Information), which
reflects the difference in electrical conductivity.

One application of the selected-area 2H-1T conver-
sion is to use metallic 1T-WSe, as contacts for 2H-WSe,
FETs. To evaluate the effect of contacts on the perfor-
mance of WSe, transistors, we have fabricated two
types of back-gated FETs using CVD-grown WSe,. In
one type, we deposited Pd/Ti electrodes directly on top
of as-grown 2H-WSe, (Figure 3a). In the other type, as-
grown WSe, flakes were first converted into 1T-2H-1T
lateral configurations using the selected-area n-BulLi
treatment described previously, followed by Pd/Ti
deposition on top of 1T phase regions (Figure 3b). Note
that in both cases, the channel materials were the
semiconducting 2H phase WSe,, and the dielectric
layer was 285 nm thick SiO,. Figure 3 panels a and b
are Igs—Vy curves for metal-contacted and 1T-WSe,
contacted devices, respectively. Both of them show
p-type behavior with high on/off ratios. However, as
one can see, the normalized current is 3 orders of
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Figure 4. Reversibility of phase transition in monolayer 1T-WSe, and 2H-WSe, flakes. (a) Raman spectra evolution of 1T-WSe,
at different annealing time. (b) PL spectra evolution of 1T-WSe, at different annealing time. Inset in panel b is an optical
image of WSe, flakes after 72 h annealing in argon, showing structural integrity of these flakes after reversible phase

transition.

magnitude larger in 1T-contacted devices than metal-
contacted ones, suggesting a more effective carrier
injection. The effective mobility of the 1T phase con-
tacted WSe, devices is found to be ~66.68 cm?/(V-s)
in Figure 3b, while it is ~2 cm?/(V-s) in Figure 3a. These
effective mobility values are estimated using the stan-
dard FET model (see Methods for more details). We also
compared the SS values of these two types of mono-
layer WSe, devices. The devices shown in Figure 3
panels a and b have SS values of 1.098 V/decade and
0.658 V/decade, respectively.

The l4s—Vys family curves of the device with metal
contacts on 2H-WSe, are shown in Figure 3c. A Schottky
barrier can be clearly observed from the nonlinear
I4s—V4gs curves, with a rather small normalized current
of 25 nA/um. In contrast, we observed a more ohmic
contact behavior for devices with 1T phase WSe, as
contacts, as shown in Figure 3d. The normalized current
density for the 1T contact is around 20 uA/um, which is
800 times larger than the devices using metal contacts.
Very interestingly, n-BuLi treatment has shifted the
threshold voltage of transistors from ca. —80 V to
~0 V, which may originate from the intrinsic negative
charges in 1T phase WSe,.*?

In addition to a more ohmic contact behavior, we
also observed current saturation behavior for 1T-WSe,
contacted devices at V4o = —2 V and Vg = +2 V
(Figure 3d), which showed a sharp difference with
metal-contacted devices. We have fabricated multiple
devices using these two kinds of contacts, and statistics
of the key figures of merit from the two types of devices
are shown in Figure 3e,f. Clearly, devices fabricated with
1T contacts showed significantly better performance
than those devices using metal contacts, in terms of
effective mobility and SS. These results suggest that
charge injection into the channel is more efficient with
1T contacts than metal contacts. The lower SS values in
the 1T-WSe, contacted devices could be accredited to
lower density of interface traps.?®

It is also worth noting that devices fabricated with
1T phase electrodes are highly reproducible, and the
device performance is independent of the types of
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metal electrodes used. This phenomenon has also been
observed by Kappera et al.'® In our study, tens of
devices with 1T-WSe, as contacts were fabricated, with
different kinds of metal electrodes, and they show very
similar behavior. For metal-contacted 2H-WSe, devices,
the metal electrodes we have tried were 50 nm Au/1 nm
Ti and 50 nm Pd/1 nm Ti, and these devices showed
substantially worse performance than those with
1T contacts. Therefore, metallic 1T phase contacts are
effective electrodes for high performance FETs made
from CVD-grown WSe, monolayers.

Furthermore, we find that the phase transition pro-
cess between 2H and 1T phase WSe, is reversible,
which further offers chances for controlled property
modification of WSe,. With the help of Raman and
PL measurements, we demonstrated that 1T phase
WSe, flakes gradually converted back to 2H phase
after long-time annealing treatment in a controlled
argon environment. In an argon-filled glovebox, 1T
phase WSe, was annealed at 180 °C to progressively
restore the 2H phase, as supported by Raman and PL
results (Figure 4a,b). From the Raman spectra, charac-
teristic E;Q and A4 peaks of 2H-WSe, can be observed
and gradually dominate the spectra. Since this restora-
tion process is quite slow (72 h), we may be able
to quantitatively control the ratio of 2H phase and 1T
phase by varying annealing time. Thus, it could be used
as a convenient way to modify the properties of various
TMDCs. Interestingly, we noticed that the restoration of
2H-WSe, from 1T-WSe, is not a linear process, that is,
we observed little change within the first 48 h, and then
a significantly accelerated restoration process between
48 and 72 h. We suspected that there might be a critical
point for the 2H-WSe, restoration, like nucleation of
2H-WSe, small domains, which needs certain time to
incubate. After reaching this critical point, further re-
storation could be significantly faster. Further studies
are needed to study the details of these phase transi-
tion processes. In addition to the sample heated up to
180 °C, a controlled experiment was also performed in
the same argon environment without annealing, that is,
the sample was kept in an argon environment at room
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temperature. Our Raman and PL results show that the
control samples are quite stable (Figure S4 in Support-
ing Information). We also noted that in addition to
heating in argon, exposure to light and air could also
convert the 1T phase WSe, to 2H phase. This result is
in agreement with previous reports on 1T-MoS,, which
pointed out that 1T-MoS; is thermally unstable and any
characterization of this material must take into account
the thermal history of each sample.*>*’

CONCLUSION

We have demonstrated the feasibility to locally pat-
tern and convert CVD-grown monolayer semiconduct-
ing 2H WSe, to metallic 1T phase WSe, via controlled

METHODS

CVD Growth of WSe, Flakes. Details of CVD growth of WSe,
flakes were reported in our recent paper.*® In brief, a three zone
furnace is used for CVD growth of WSe,. In a typical experiment,
selenium powder (440 mg) was put in the first zone, and WO;
powder (260 mg) was put in the third zone. The distance
between the two sources was 55 cm. The temperatures of
WO3 and Se were 950 and 540 °C, respectively. Silicon wafers
with 285 nm SiO; layer were used as growth substrates. WSe,
growth was conducted at ambient pressure under an Ar/H; flow
rate of 320/20 sccm for 15 min.

Reversible 2H-1T WSe, Phase Transition. The as-grown 2H phase
WSe, was converted into 1T phase via n-BuLi treatment.
Specifically, the 2H-WSe, sample was immersed in 5 mL of 1.6 M
n-butyl lithium (Sigma-Aldrich) for 48 h in an argon-filled glovebox
(Unilab, Mbraun, Germany, with water and O, concentrations less
than 0.1 ppm). After reaction, the sample was thoroughly washed
with hexane in the glovebox. For the reverse transition, that is, 1T
to 2H transition, the 1T-WSe, was placed on the hot plate at 180 °C
in the glovebox for different durations. As control experiments,
1T-WSe, was put in a glovebox at room temperature, and the 1T to
2H phase transition was not observed.

Characterization. The as-grown WSe, flakes were character-
ized by optical microscopy, Raman spectroscopy (532 nm laser,
Renishaw Raman), AFM (DI 3100 Digital Instruments), TEM (JEOL
2100F, 200 kV), and field emission scanning electron micro-
scope (Zeiss Supra 35 VP at an electron accelerating voltage
of 5 kV). For TEM and EELS characterization, the CVD-grown
2H-WSe, flakes were transferred onto TEM grid using a PMMA-
medicated method.*

WSe, Device Fabrication and Measurements. The 2H phase back-
gated WSe, transistors were directly fabricated on Si/SiO, sub-
strates on which WSe; flakes were grown, using EBL. A bilayer
PMMA was first spin-coated onto the Si/SiO; surface. Then, EBL
was conducted to pattern source/drain electrodes, followed
by development, metal deposition, and lift-off processes.
Pd/Ti electrodes (50 nm/1 nm) were deposited at 1 x 10~ Torr
using an e-beam evaporator. The device measurements were
performed using Aglient 4156B in ambient condition.

For 1T-2H-1T laterally structured WSe, devices, alignment
markers and electrodes were fabricated using EBL. The 1T regime
of the phase engineered device was obtained via n-BuLi treat-
ment as described above.

The effective mobility is calculated with the following equation:®

L1 dig
T W ColVes dVg

u

where L and W are the channel length and width of the device,
Vs is the source and drain voltage, I is the current flowing from
source to drain, and Vj is the gate voltage. C,y is the gate
capacitance per unit area.

MA ET AL.

n-BuLi treatment. We showed that the two phases have
distinct optical and electrical properties. More impor-
tantly, metallic 1T phase WSe, was demonstrated to be
an effective electrode for high performance FETs for 2H-
WSe, monolayers. FETs with 1T phase contacts demon-
strated higher effective mobilities (up to 66 cm?/(V-s)),
high on/off ratios (up to 107), and better SS values
(0.658 V/decade) than devices with metal contacts like
Pd/Ti and Au/Ti. Also we showed that the transition
from 1T phase WSe, to 2H phase WSe, is reversible,
which can be further used for controlled property
modification of WSe, and other TMDCs. These results
further suggest phase engineering could be a general
approach to modify properties for various TMDCs.
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