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ABSTRACT: For high-performance p-type field-effect transistors
(FETs) based on two-dimensional (2D) materials, the use of Pt as
the contact metal, with its high work function, is advantageous for
effective hole injection into the 2D channel. However, the high-
energy sputtering process required to deposit Pt, due to its high
melting point, often induces significant damage to the 2D
materials. Recently, the achievement of nearly ideal van der
Waals contacts in Sb,Te;/MoS, via sputtering has motivated us to
investigate WSe, p-FETs with sputtered Pt electrodes. Notably,
reasonable p-FET performance was observed even in monolayer
WSe,. However, various characterizations revealed that the crystal
structure of WSe, was no longer preserved, suggesting the
formation of a quasi-edge contact between Pt-sputtered WSe,
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and the WSe, channel. Moreover, from the perspective of sputtering applicability, the relationship between deposition methods,
deposited materials, and the resulting extent of damage was systematically examined.

B INTRODUCTION

Two dimensional (2D) layered materials, particularly tran-
sition metal dichalcogenides (TMDCs) such as MoS,, WS,,
and WSe,, hold significant potential for next-generation field-
effect transistors (FETs)" because the atomic thickness of their
channels is tolerant against short channel effects and the high
on-state current can be retained even in the monolayer (1L)
limit.” To realize complementary metal oxide semiconductor
(CMOS) circuits composed entirely of 2D FETs, both high-
performance 2D n-type and p-type FET's are necessary. While
high-performance 2D n-FETs have been achieved,” such
superior characteristics of 2D p-FETs remain limited.” It
should be noted that the operation mechanism of 2D FETs is
based on a Schottky barrier (SB) transistor, whose operation
mode and performance are primarily influenced by the current
injection through the SB at the metal/2D channel interface,”’
as opposed to a metal oxide semiconductor FET (MOSFET).
This introduces a key challenge for high-performance 2D p-
FETs: reducing the Schottky barrier height (SBH) between the
Fermi level of metal electrodes with a high work function
(WF) and the valence band of the 2D channel for efficient hole
injection. A well-known issue in this regard is Fermi level
pinning (FLP) at the metal/2D channel interface, where the
Fermi level of metal electrodes is forcefully pinned close to the
conduction band edge of 2D materials regardless of metal WFs,
especially in MoS, cases.*”'" However, prior studies on WSe,
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FETs indicate that their operation mode could be controlled
by metal WF without significant treatment of the metal
deposition method, suggesting that the strength of FLP in
WSe, is relatively mild compared to the case of MoS,."" Since
the FLP is generally attributed to both the intrinsic mechanism
and extrinsic defects in semiconductors, it is essential to
explore deposition methods for metal electrodes with high WEF.

Platinum (Pt) with the highest work function (~S$.7 eV)
among stable single-element metals'” is considered as a
promising candidate for FET electrodes to demonstrate high-
performance p-FETs. However, due to its high melting point
(~1768 °C) and low vapor pressure, only electron beam (EB)
evaporation or sputtering can be employed for physical
deposition, as illustrated in Figure la. These deposition
methods typically lead to significant defect formation on 2D
materials,"> "7 potentially causing severe FLP at the metal/2D
channel interface or degradation of the transport properties of
the 2D channels. Consequently, when Pt was utilized as
electrodes for 2D channels, relatively thick multilayer
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Figure 1. (a) Schematic illustration of the relationship between the melting points of the deposited materials and the various deposition techniques.
(b) 14— V4, characteristic of 1L-WSe, FETs with Pt electrodes deposited by EB evaporation or sputtering, measured at a constant drain bias voltage
(Vy) of 1V at RT. (c) Schematic representation of the band alignment at the Pt/WSe, interfaces, derived from I;—~V,, curves, for both EB

evaporation and sputtering techniques.

8,18—24 10,25
films, transferred electrodes, and preprepared

bottom electrodes”**” were employed to mitigate these issues.
Nevertheless, p-FET operation in 1L-WSe, has been
demonstrated with Pt electrodes deposited via rapid EB
evaporation with long pauses to maintain the substrate
temperature at room temperature (RT).28 Furthermore, nearly
ideal van der Waals (vdW) contacts have been reported for
Sb,Te;/MoS, and Bi,Te;/WSe, by applying a conventional
sputtering method.””*® In this research, therefore, we
investigated the FET performance of 1L and bilayer (2L)
WSe, FETs with sputtered Pt electrodes and the impact of Pt
sputtering-induced damage on WSe,.

B RESULTS AND DISCUSSION

First, the impact of deposition methods on FET performance is
compared. 1L-WSe, was prepared on a 90 nm SiO,/n*-Si
substrate by mechanically exfoliating bulk WSe, flakes using a
poly(dimethylsiloxane) (PDMS) film. The layer numbers were
confirmed based on the contrast of optical images on the SiO,/
n*-Si substrate,’’ assisted by Raman spectroscopy. Following
the resist pattering for source/drain electrodes performed via a
maskless aligner, a low-concentration UV-ozone treatment of
~S ppm was applied for 5 min at RT to minimize resist residue
in the contact area. Subsequently, Pt source/drain electrodes
were deposited via either EB evaporation (AEV-HR1, AVC
Corp.) or sputtering (QAM-4-ST, ULVAC Corp.). In the EB
evaporation process, a 10 nm Pt film was initially deposited via
EB evaporation, followed by a 20 nm Au film via thermal
evaporation to increase the thickness of electrodes. During EB
evaporation, on the other hand, the sample was maintained at
RT through external cooling to reduce damage induced by
radiation heating. The detailed device fabrication conditions
are summarized in Figure S1. All electrical measurements were
performed at RT by using a semiconductor parameter analyzer
(Keysight, B1S00A) in a vacuum prober.

Figure 1b shows the transfer characteristics of 1L-WSe,
Schottky FETs with Pt electrodes, deposited via either EB
evaporation or sputtering, as a function of the back gate voltage
(ng). It should be noted that the device with sputtered Pt
electrodes was annealed at 200 °C in an Ar/H, atmosphere for
10 min to reduce strain induced in Pt electrodes during the
sputtering. This process proved to be effective in enhancing the

transfer characteristics by stabilizing sputtered Pt electrodes, as
shown in Figure S2. However, such an improvement was not
observed in EB-evaporated Pt electrodes after annealing. It was
anticipated that the 1L-WSe, FETs with Pt electrodes would
exhibit p-type behavior due to the ideal band alignment with a
negligible SBH for the valence band edge of WSe, and a large
SBH exceeding 1 eV for the conduction band edge.'””
However, both WSe, FETs exhibited an ambipolar behavior.
Additionally, a critical difference is the variation in the
threshold voltage difference (AVy,) between the n- and p-
branch in the FET operations, as shown in Figure 1b. This
difference largely depends on the Pt deposition methods. The
narrower AVy in the FET with EB-evaporated electrodes
implies a reduction in the effective SBHs for the conduction
band edge of WSe,, likely due to the formation of numerous
defect states in WSe, during Pt deposition. Although the WSe,
channel was maintained at RT through external cooling during
EB evaporation to mitigate damages induced by radiation
heating,”® secondary or backscattered electrons might still
contribute to the degradation of the WSe, channel. In contrast,
the 1L-WSe, FET with sputtered Pt electrodes exhibited a
wider AVy, which could enhance the p-type operation of the
WSe, FET by ensuring a stable off-state across a wider gate
voltage range. The detail of the relationship between AVy, and
the effective SBH is described in Figure S3. The wider AV,
implies that the defect states density at the metal/WSe,
interface generated by sputtering is lower than that produced
by EB evaporation, contrary to our intuition.

Based solely on these implications, the expected band
alignments at the Pt/WSe, interfaces are schematically
summarized in Figure 1c under the assumption that the defect
states associated with EB-evaporated Pt electrodes are
symmetrically distributed within the band gap of WSe,.
However, this interpretation appears to contradict the widely
accepted understanding that sputtering processes induce more
damage to the underlying material than EB evaporation.'’
Indeed, through subsequent investigations, we show that this
initial assumption regarding the band alignment was
fundamentally incorrect.

Next, the impact of Pt deposition on the structural and
electronic properties of WSe, is examined using X-ray
photoelectron spectroscopy (XPS), Raman spectroscopy, and
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Figure 2. XPS spectra of (a) W and (b) Se obtained from CVD-grown 1L-WSe, measured before and after Pt deposition. (c) Raman spectra of
exfoliated 1L-WSe, measured before and after Pt deposition. (d) PL spectra of 1L-WSe, measured before and after Pt deposition. (e) Schematic
illustration of the expected Pt/WSe, interfaces for EB evaporation and sputtering.

photoluminescence (PL) spectroscopy to elucidate the differ-
ences in FET characteristics and deposition-induced damage
associated with various deposition methods. For the XPS
analysis, 1L-WSe, grown on a sapphire substrate via chemical
vapor deposition (CVD) was employed instead of exfoliated
flakes since a large surface area is required for XPS
measurements. A 1 nm Pt film was deposited via either EB
evaporation or sputtering onto the entire 1 X 1 cm* 1L-WSe,/
sapphire substrate. The core-level spectra of W 4f and Se 3d
are shown in Figure 2a and b, respectively. The sample with
the EB-evaporated Pt film exhibited minimal changes in the
core-level peaks of W and Se, while the sample with the
sputtered Pt film exhibited new peaks at 37.6, 35.4, and 59.4
eV on the higher binding energy side of the initial peaks. These
new peaks are likely attributable to the formation of WO, and
Se0,,**** and their emergence would be ascribed to residual
oxygen within the sputtering chamber or exposure to air prior
to the XPS measurement. This indicates that WSe, undergoes
degradation during the Pt sputtering process. Furthermore,
another peak appeared at around 51.3 eV on the lower binding
energy side of the initial Se 3d peak, which likely suggests the
formation of PtSe, compounds as a result of the Pt sputtering
process, given the electronegativities of Pt (2.28) and Se
(2.05).

Raman spectroscopy using a 488 nm semiconductor laser
was performed at RT on 1L-WSe, exfoliated on a 90 nm SiO,/

n*-Si substrate, both before and after Pt deposition. For a fair
comparison, all spectra were normalized to the intensity of the
Si substrate peak around 520 cm™!, as shown in Figure 2c. The
two main peaks of 1L-WSe,, observed around 250 cm™' and
corresponding to El2g and A, modes,” were clearly present
even after EB evaporation of Pt, suggesting that the crystal
structure of 1L-WSe, was preserved after EB evaporation of Pt.
However, these peaks were absent in 1L-WSe, after Pt
sputtering, indicating the disruption of the crystal structure of
WSe,. The significant diminution of these peaks even in 2L-
WSe, after Pt sputtering exhibited adverse effects on the
underlying layer of WSe,, as well as on the top layer. Moreover,
PL measurements were also performed at 4 K to investigate the
electronic structure of 1L-WSe,, as shown in Figure 2d. The
samples used for PL measurements were identical to those
used for Raman measurements. Each spectrum was normalized
to the maximum peak intensity except for that of Pt-sputtered
1L-WSe,. The PL peaks corresponding to the exciton (1.71
V) and trion (1.68 eV)***” were absent in 1L-WSe, after Pt
sputtering, suggesting that the Pt sputtering process enhances
nonradiative recombination or induces significant degradation
in the band structure of 1L-WSe,.

Although the 1L-WSe, device with sputtered Pt electrodes
showed FET operation, XPS, Raman spectroscopy, and PL
analyses indicated that the crystal integrity was not preserved.
Here, let us consider the interface structure of EB-evaporated
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and sputtered Pt/WSe, devices. In the case of EB evaporation,
evaporated Pt is unlikely to chemically react with WSe,, as
evidenced by the minimal qualitative changes observed in XPS,
Raman, and PL spectra. A Schottky junction is therefore
expected to form at the Pt/WSe, interface as a conventional
top contact in the out-of-plane direction, as schematically
illustrated in Figure 2e. Despite the minimal reaction, the
effective SB lowering expected from the narrower AVy in
Figure 1b suggests that defects are generated in 1L-WSe, under
the EB-evaporated Pt electrode. In contrast, the Pt-sputtered
1L-WSe, did not preserve an ideal Pt/WSe, interface but
instead will form a reacted layer comprising other compounds,
such as oxides or selenides as identified through XPS analysis
(additional characterization is shown in Figure S4). Never-
theless, the FET operation with a wider AVy, was observed.
The high power of Pt sputtering could lead to different contact
geometries as well as high-density defect formation. That is,
this FET operation could be interpreted within a model where
the Schottky junction is likely formed not between Pt and the
reacted layer but rather between the reacted layer and WSe,,
functioning as a quasi-edge contact in the in-plane direction. In
this model, almost no potential barrier would exist at the
interface between sputtered Pt and the reacted layer, meaning
the reacted layer would act as a metallic layer. 200 °C
annealing after Pt sputtering would enhance the metallization
of the reacted layer. The wider AV}, in Figure 1b suggests a
relatively lower defect state density at the interface between the
reacted layer and WSe,. Small I; values could also be explained
by the small contact area of the quasi-edge contact. Compared
with the conventional edge contact fabrication process,” % the
present study will provide alternative process for edge contact
formation without channel etching and precise control of
position alignment.

From several characterizations, a quasi-edge contact between
sputtered Pt electrodes and WSe, was suggested. Since this
current injection mechanism differs from that of the conven-
tional top contact formed via EB evaporation, the performance
and contact resistance of p-FETs after contact doping might be
improved. Therefore, it would be worth exploring the
feasibility of sputtered Pt contacts on WSe, by evaluating
them.”” Although molecular doping®’ is commonly employed
in the research of 2D semiconductors, it is incompatible with
the practical FET fabrication process that involves thermal
annealing. In this work, charge transfer from WO, formed by
self-limiting layer-by layer oxidation was selected due to its
stable and reliable doping mechanism.* ~* Since the Fermi
level in WOj is located below the conduction band composed
of empty d states, WO; can possess a high work function of
~6.5 eV."" Figure 3a illustrates the schematic of contact
doping via ozone oxidation. The depletion layer of WSe, at the
metal/WSe, contact becomes thinner due to hole doping from
WO,, resulting in a more eflicient hole injection. Compared to
our previous studies on p-WSe, operation using thermally
evaporated Au electrodes and hole transfer from WO,,* the
use of sputtered Pt source/drain electrodes may also
contribute to enhance hole injection by lowering the Fermi
level. To surely maintain the continuous WSe, channel layer
even after oxidation of the top WSe, layer, 2L-WSe, was
selected. The details are described in Figure SS. For the
fabrication of the 2L-WSe, FET, the WSe, channel transferred
onto a SiO,/n*-Si substrate was first patterned by CF, plasma
etching. Hexagonal boron nitride (h-BN) was then transferred
as a top gate insulator using a PDMS film, with the thickness of
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Figure 3. (a) Schematic illustration showing the cross-sectional device
view in the vicinity of the contact area after ozone oxidation, along
with the corresponding electronic band diagram of 2L-WSe, FET. (b)
14—V, characteristics of the 2L-WSe, FET with sputtered Pt
electrodes, measured before and after ozone oxidation at a constant
V4 of 1 V at RT. The inset shows an optical image of the device after
the second ozone oxidation.

the h-BN layer measured at 10.2 nm via atomic force
microscopy (AFM) measurement. Subsequently, Pt source/
drain electrodes were sputtered, and the Au top gate electrode
was thermally evaporated. The device was subsequently
annealed to stabilize the sputtered Pt electrodes. Finally, hole
doping into WSe, was introduced by UV-ozone oxidation at a
concentration of ~650 ppm and 60 °C. Electrical measure-
ments were performed before and after ozone oxidation.
Notably, this concentration for layer-by-layer oxidation is
much higher than the concentration of ~5 ppm to minimize
resist residue in the contact area.

Figure 3b shows the transfer characteristics of the 2L-WSe,
FET before and after hole doping via ozone oxidation as a
function of top gate voltage (Vtg). It is important to note that
the operation mechanism of this top-gate WSe, FET adheres
to the principles of the MOSFET. The inset of Figure 3b
presents an optical image of the device after ozone oxidation.
The on-current in p-FET operation increased from 1077 A to
107° A after a 10 min ozone oxidation process. Furthermore,
an additional 20 min of ozone oxidation further enhanced the
on-current and induced a positive Vy, shift, indicating further
hole doping and a notable reduction in contact resistance with
prolonged oxidation. However, the optical contrast on the
uncovered area of the WSe, channel did not change even after
the additional ozone oxidation, as shown in Figure S6a,
suggesting that only a very small area of WSe, was converted to
WO,. This observation aligns with the previous TEM
observation.”” The subthreshold swing (SS), field-effect
mobility (upg), and contact resistance (R.) were extracted
from the transfer characteristics obtained after the additional
ozone oxidation, as detailed in Figure S6b—e. The SS and pgg
were estimated to be ~110 mV dec™ and ~37 cm? V! 57},
respectively. Since R, can be assumed as a constant value
independent of V,, for the top gate structure, the Y-function
method,” ™ which is applicable to individual two-terminal
devices with constant R, was employed to evaluate R.. Using
the Y function (Y = Ij/4/gn. where g, is the trans-
conductance), R, was calculated to be ~3.7 X 10* kQ pm.
This value, while higher than initially anticipated, is notably
comparable to those obtained in our previous studies on the h-
BN top-gate WSe, FET with Au source/drain electrodes and
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Figure 4. (a) Raman spectra of 1L-Mo$S, measured before and after the deposition of various materials. The spectrum for SB,Te;-sputtered MoS, is
cited from ref 29. The applied sputtering power and melting points of Pt, HfO,, and Sb,Te, are denoted alongside. (b) Defect densities in 1L-MoS,
estimated from the relative intensity of the LA(M) peak to the Ay, peak. (a) Adapted from W. H. Chang et al,, Adv. Electron. Mater. 2023, 9,
2201091. Published under a Creative Commons Attribution License (CC BY 4.0).

hole transfer from WO,.*” Figure S7 compares the transfer
characteristics, optical images, and the extracted values of both
devices. The comparable R values for Pt and Au electrodes
strongly suggest that the p-FET performance of WSe, FETSs
with ozone oxidation is primarily governed by charge transfer
from WO, rather than the SBH at the metal/WSe, interface.

Interfacial density states density (D;,) distribution within the
band gap of WSe,, particularly near the valence band, can be
extracted from the curve fitting of the transfer characteristics.
The detailed method and the result of D, extraction are
described in Figure S8.

In contrast, vdW contacts such as Sb,Te;/MoS, and Bi,Te;/
WSe, have been successfully achieved through sputtering
methods.””*° Therefore, the relation between deposition
techniques, deposited materials, and defect density generated
in 2D materials is further explored. For a more generalized
discussion, mechanically exfoliated 1L-MoS, on a 90 nm SiO,/
n*-Si substrate was utilized as a model 2D material, where the
defect density has been quantitatively correlated with the
intensity of Raman LA(M) around 230 em™L*® Figure 4a
presents the Raman spectra of 1L-MoS, measured after the
deposition of various materials with a few nanometer
thickness.”” All spectra are normalized to the intensity of the
Ay, peak except for that of the sputtered Pt sample. Regarding
the full width at half-maximum (fwhm) of the Ay, peak, no
significant differences were observed between the pristine,
thermally evaporated Au, EB-evaporated Ni, and EB-
evaporated Pt samples. However, the fwhms in the sputtered
Sb,Te; and HfO, samples exhibited noticeable increases, and
the peak disappeared in the Pt-sputtered sample, exhibiting
behavior similar to that observed in WSe,. To quantitatively
evaluate the defect density in 1L-MoS,,** the relative intensity
of the LA(M) peak to the Aj; peak was analyzed, as shown in
Figure 4b. Although the excitation wavelength (532 nm) in the
original study differs from that used in this study (488 nm), it
is assumed that this difference does not greatly affect the
results. It should be noted that in the case of Sb,Te; sputtering,
MoS, already contained defect states of ~1 X 10" cm™ before
sputtering because it was grown by CVD, with no significant
increase in defect density after the sputtering process. In
contrast, the defect density for HfO, sputtering was found to
be ~2 X 10" cm™?, nearly double that for Sb,Te, sputtering.
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This discrepancy could be caused by a difference in sputtering
power. Conversely, despite the same power being used for
both HfO, and Pt sputtering, the degree of crystal structure
degradation was significantly different. This variation may be
ascribed to the differing chemical reactivities of the materials
involved. The Gibbs free energies of formation at 300 K for
various compounds are summarized in Figure $9.* No
spontaneous reaction is expected between MoS, (or WSez)
and the materials (Pt, Au, HfO,, and so on) employed in this
research. However, when Pt is deposited on MoS, in the
presence of O,, the reaction MoS, + 1/2 Pt + 20, (g) —
MoO, + SO, (g) + 1/2 PtS, is expected to occur
spontaneously due to the negative Gibbs free energy change.
A similar spontaneous reaction is also expected for WSe,.
Given the detection of WO, and SeO, by XPS, as shown in
Figure 2a,b, this reaction likely occurred, driven by the high
energy gain during sputtering. This emphasizes that residual
oxygen during the sputtering of metal electrodes onto TMDCs
must be carefully controlled.

B CONCLUSION

In this study, p-FET performance was demonstrated even in
the 1L-WSe, FET with sputtered Pt electrodes. Various
characterization techniques, including XPS, PL, and Raman
spectroscopy, elucidated that the crystal structure of WSe, was
no longer preserved, suggesting the formation of a quasi-edge
contact at the Pt/WSe, channel. From the perspective of
sputtering applicability, the selection of deposited materials,
the sputtering powers required for their deposition, and the
control of residual O, are critical factors that must be carefully
considered.
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