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Abstract Semiconducting transition-metal  dichalco-
genides (TMDs) have garnered significant interest due to
their unique structures and properties, positioning them as
promising candidates for novel electronic and optoelec-
tronic devices. However, the performance of TMDs-based
devices is hampered by the suboptimal quality of metal
electrodes contacting the atomically thin TMDs layers.
Understanding the mechanisms that influence contact
quality is crucial for advancing TMDs devices. In this
study, we investigated the conductive properties of tung-
sten selenide (WSe,)-based devices with different film
thicknesses. Using the transmission line method, a negative
correlation between contact resistance and film thickness in
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multi-electrode devices was revealed. Additionally,
repeatability tests conducted at varied temperatures indi-
cated enhanced device stability with increasing film
thickness. Theoretical analysis, supported by thermionic
emission theory and thermal simulations, suggests that the
degradation in electrical properties is primarily due to the
thermal effect at the contact interface. Furthermore, we
found that van der Waals contacts could mitigate the
thermal effect through a metal transfer method. Our find-
ings elucidate the critical role of contact resistance in the
electronic performance of 2D material-based field-effect
transistors (FETs), which further expands their potential in
the next generation of electronic and optoelectronic
devices.

Keywords Tungsten selenide; Contact resistance;
Thermal effect; Defect state; Van der Waals contact

1 Introduction

Semiconducting transition-metal dichalcogenides (TMDs)
have emerged as a promising class of materials for elec-
tronic and optoelectronic devices due to their unique
structure and properties [1-5]. The atomic thickness, finite
bandgap, lack of free dangling bonds and excellent gate
electrostatics make TMDs highly attractive for a wide
range of applications in the field of nanoelectronics [6—10].
Particularly, field-effect transistors (FETs) based on TMDs
have demonstrated outstanding performance characteristics
such as high on/off ratio, high current density and near-
theoretical subthreshold swing values. The exceptional
attributes of TMD-based FETs position them as viable
candidates for extremely short-channel node devices with
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Degradation of electrical performance of few-layer tungsten selenide-based transistors

potential implications for next-generation -electronics
[6, 11, 12]. However, it is of great significance to recognize
that the intrinsic properties of TMDs devices are often
overshadowed by contact-related issues [3, 13-17]. The
atomic thinness of TMD flakes renders them susceptible to
material integrity disruptions during the fabrication process
[18-20], leading to the formation of high-density defect
states at the contact interface between the semiconducting
channel and metal electrodes. This phenomenon induces
Fermi-level pinning at the contact interface and results in
elevated contact resistance [3, 21-25]. The presence of
energy pinning at these interfaces imposes limitations on
carrier transport processes within TMDs-based devices,
thereby impacting their overall electronic characteristics.
Hence, addressing these challenges associated with contact
properties is imperative for unleashing the full potential of
TMDs materials in practical device applications.
Recently, there has been a surge in the development of
alternative strategies aimed at enhancing the contact
quality of TMDs devices. These strategies encompass a
broad spectrum of approaches, including carrier doping
with diverse metallic electrodes [26-30], the lateral metal—
semiconductor—-metal homogeneous epitaxial junction via
phase engineering [30-34], the establishment of van der
Waals contacts through transfer metal [18, 35, 36] or
semimetal [37-40], and the minimization of the contact
area by edge contacts [41-44]. The primary objective
behind these strategies is to either reduce the conducting
area or enhance the effective carrier concentration at the
contact interface, which is crucial for facilitating the tran-
sition of carriers across the Schottky barrier and forming
low-resistance contacts with TMDs semiconductors. Fur-
thermore, to tackle the issue of contact resistance and its
influence on device stability, researchers have delved into
the complex carrier transport mechanisms at the contact
interface. It has been noted that when carriers traverse the
Schottky barrier, numerous factors come into effect,
influencing the generation and reduction of contact resis-
tance. These factors encompass not only thermal effects but
also interface scattering and impurity scattering, all of
which contribute to the overall electrical performance of
devices. Moreover, as an integral part of the ongoing
investigations, considerable attention has been focused on
comprehending the impact of diverse surface treatments
and material structures on the carrier behavior at the con-
tact interface [45, 46]. This all-encompassing approach is
aimed at uncovering potential strategies for minimizing
contact resistance and optimizing device stability. Addi-
tionally, it is essential to contemplate the potential trans-
formation of these discoveries into practical applications
within electronic devices. The repeatability of electrical
performance is a crucial factor in guaranteeing reliable
functionality over an extended period. Hence, by attaining
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a profounder understanding of the fundamental mecha-
nisms governing contact resistance and its implications for
device stability, those researchers are paving the way for
advancements in electronic engineering and materials
science.

In this study, the WSe, was selected to investigate the
contact properties of TMDs devices with different layers.
Different layers of WSe, were synthesized through a
vapor-phase evaporation approach, enabling us to system-
atically explore the impact of film thickness on device
performance. Subsequently, multi-electrode devices on
different layers were fabricated to acquire contact resis-
tance based on the transmission line method (TLM). The
above-mentioned fabrication process involved precise
nanoscale patterning and deposition techniques to ensure
accurate measurement of electrical characteristics. The
acquired data provided valuable insights into the interfacial
behavior between metal contacts and TMDs at varied film
thicknesses. Following this, repeatability tests under vari-
able temperatures were conducted to disclose the stability
of electrical characteristics for devices with different lay-
ers. These tests involved rigorous temperature cycling and
measurements to assess the reliability and robustness of
TMDs-based devices operating conditions. Then, to eluci-
date the degradation of electrical properties observed in
different layers, revised thermal-electron emission theory
and thermal simulation were employed. These theoretical
frameworks provided a deeper understanding of electron
transport mechanisms within TMDs at elevated tempera-
tures, shedding light on fundamental aspects that governed
device performance. Finally, the electrical properties of
van der Waals (vdw) contact devices obtained by the metal
transfer method were demonstrated. This demonstration
showcased an alternative approach for achieving low-re-
sistance contacts in TMDs-based electronics, offering
potential solutions for enhancing device performance.
Overall, this work provides fundamental insights into
uncovering the degradation of electrical performance in
TMDs devices with different layers and offers valuable
guidance for optimizing fabrication processes and design
strategies for 2D electronic devices.

2 Experimental

2.1 Synthesis of WSe, flakes, device fabrication
and measurement

The WSe, flakes were synthesized in a chemical vapor
deposition (CVD) system using thermally evaporated
vapor-phase methods at atmospheric pressure via a
sequential growth process. WSe, powder (99.99% purity)
served as the volatile source for the synthesis process.
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Initially, the powder was placed in a quartz boat at the
center of the heating zone of the tube furnace, with a 1-inch
quartz tube utilized as the vapor tunnel. The SiO,
(300 nm)/Si substrate was positioned at the downstream
end of the heating zone as the synthesis substrate. Subse-
quently, the heating zone was heated to high temperatures
under ambient pressure, with an argon gas flow of ~ 50
sccm. The growth period was maintained for about 7 min.
After the heating process, the furnace was allowed to cool
naturally. The thickness of WSe, flakes exhibited a positive
correlation with the heating temperature. The vaporization
temperatures for monolayer, bilayer, and multilayer WSe,
flakes were ~ 1100, ~ 1130 and >1150 °C, respectively.
The thickness of the synthesized WSe, flakes was char-
acterized by atomic force microscopy (AFM, MFP-3D-
SA). Raman and Photoluminescence (PL) spectra were
measured using a laser confocal micro-Raman system
(LabRAM HR Evolution), with an excitation laser wave-
length of 532 nm and a total laser power attenuated to 5%.
For device fabrication, electron beam lithography was first
employed to create marks on the SiO, (300 nm)/Si sub-
strate with electron beam resist polymethyl methacrylate
(PMMA) on the WSe, flakes. An optical microscope was
used to accurately locate the WSe, flakes. Subsequently,
5 nm/45 nm Cr/Au was deposited as the drain and source
electrodes after micropatterning using electron beam
lithography. Finally, acetone was used to remove the
excess resistance during the lift-off process. The electrical
characteristics were measured using a Keithley 4200 sys-
tem, and a vacuum probing station was utilized for high
vacuum measurements. A temperature-changeable mea-
surement system was employed to assess properties at
variable temperatures, using liquid nitrogen as the coolant.

2.2 Metal transfer methods of WSe, vdw devices

We first prepared 40-nm-thick metal electrodes (Ag and
Au) on a silicon substrate using ultraviolet lithography and
magnetron sputtering methods. Next, polystyrene (PS) was
spin-coated on top of the metal electrodes. A layer of
polydimethylsiloxane (PDMS) colloidal sol was subse-
quently hand-coated on the PS/Si substrate. Owing to the
hydrophobicity and viscosity of the PS film, the PS layer
exhibited weak adhesion to the Si substrate and could be
mechanically released by placing it in deionized (DI)
water. The PS/PDMS film was then align-transferred onto
the synthesized WSe, flakes on a SiO, (300 nm)/Si sub-
strate using point-to-point transfer equipment. Following
this, the SiO, (300 nm)/Si substrate was heated to 95 °C to
peel off the PDMS film. Finally, dimethylformamide
(DMF) liquid was used to remove the residual PS film, with
the process being repeated twice. Figure S1 shows sche-
matic illustrations of the metal transfer method.
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3 Results and discussion

3.1 Comprehensive characterization of the optical
properties of WSe, flakes

The WSe, flakes were synthesized through thermal evap-
oration at atmospheric pressure within a vapor deposition
process, utilizing high-purity WSe, powder (99.99%) as
the vapor-phase reactant. This approach could ensure the
generation of high-quality monocrystalline WSe, flakes
featuring remarkable uniformity and size, as depicted in
Fig. 1a. The synthesis procedure entailed heating the WSe,
powder to temperatures exceeding 1100 °C, leading to its
vaporization under the flow of argon, which served as both
a carrier gas and provided a protective atmosphere. Sub-
sequently, the vaporized WSe, was adsorbed onto a SiO,/
Si substrate located at the downstream end of the heating
zone, where it underwent nucleation and growth to form
monolayer WSe, flakes. The optical image in Fig. la dis-
closed that these synthesized monolayer WSe, flakes could
attain sizes of ~ 100 um, demonstrating extraordinary
uniformity across their dimensions. To monitor the thick-
ness of these synthesized flakes, an AFM was employed.
As shown in Fig. S2, the thicknesses of the monolayer,
bilayer and trilayer structures were ~ 1.2, 2.5 and 3.6 nm,
respectively. Moreover, detailed height profiles suggested
that these periodic thicknesses were consistent throughout
all the synthesized WSe, flakes. These experimental par-
ticulars offered valuable insights into our capacity to pre-
cisely control both size and thickness during synthesis
processes while ensuring high quality and uniformity in our
resultant materials. In the photoluminescence (PL) spec-
trum presented in Fig. 1b, the characteristic luminescence
peak of the synthesized WSe, flakes exhibited a
notable redshift toward longer wavelengths as the thickness
increased. The peak wavelength shifted from 774.1 nm for
the monolayer to 791.5 nm for the bilayer and 791.8 nm
for the trilayer, indicating an increase in wavelength shift
of up to 17.7 nm when comparing the monolayer with the
trilayer WSe,. Moreover, the luminescence intensity of the
monolayer was ~ 48,000, but it underwent a marked
decrease for the bilayer (~ 5400) and the trilayer
(~ 1,140). The luminescence intensity showed a distinct
negative correlation with the thickness under the same laser
irradiation. Additionally, an extra luminescence peak at
approximately 850 nm existed in the spectra of the bilayer
and trilayer flakes, suggesting additional excitonic lumi-
nescence in these thicker layers beyond the recombination
luminescence observed in the monolayer WSe,. As the
number of layers of the WSe, flakes increases, the mobility
of electrons and holes is enhanced, the quantum confine-
ment effect weakens, and simultaneously, the interlayer
coupling effect strengthens along with the growth in the
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Fig. 1 Optical image and spectra information of synthesized WSe, flake: a schematic diagram of tube furnace (left) and optical image
of WSe, flakes (right) on Si/SiO, substrate; b PL spectra of different layers WSe, flake (red arrow represents red shift of peak position
with different layers); ¢ Raman spectra of different layers WSe, flake (blue arrow points out evolution of second-order vibration versus
different layers, and orange represents transformation of interlayer vibration BlZg)

number of layers. This leads to the reduction of the
bandgap value of the material as the number of layers
expands, causing the redshift phenomenon in the PL
spectrum. Meanwhile, when the number of layers of WSe,
increases, its bandgap type will also change from a direct
bandgap to an indirect bandgap. This transformation hin-
ders the direct absorption or emission of photon energy and
triggers phonon excitation, resulting in a decreased lumi-
nescence intensity. Figure 1c presents the Raman charac-
teristics of distinct layers of WSe,, with wavenumbers
ranging from 230 to 340 cm ™. The characteristic vibration
modes, 2LA(M) and B%g represent the in-plane vibration,
second-order vibration caused by longitudinal acoustic
phonons, and interlayer vibration, respectively. It was
intriguing to note that while the in-plane vibration E12g

remained unaltered across diverse layers, there was a dis-
cernible shift in the peak position of the second-order
vibration 2LA(M) towards lower wavenumbers, with a
significant shift of up to approximately 4 cm ™' between the
trilayer and monolayer. Additionally, the Raman intensity
increased significantly with thickness. This phenomenon
could be attributed to the alterations in interlayer forces
and crystal structure resulting from interlayer coupling
effects. These changes give rise to variations in both peak
shifting and intensity enhancement of specific vibrations

such as 2LA(M), providing valuable insights into how
these properties evolve with film thickness. Furthermore,
the interlayer vibration Blzg at 308.1 cm™' disappears in

the Raman spectrum of the monolayer, which is caused by
the lack of van der Waals forces between interlayers.
Additionally, the PL and Raman mapping images of
monolayer WSe, shown in Fig. S3 revealed symmetrical
mapping images, demonstrating that vapor-phase synthe-
sized WSe, flakes exhibited excellent optical
characteristics.

3.2 Characterization of electrical properties
of WSe, devices with different layers

The analysis of the spectrum further revealed that the
interlayer coupling effects exerted a critical role in influ-
encing the vibrational characteristics of WSe, across var-
ious layers. Notably, when transitioning from the
monolayer to the trilayer, the contact resistance was mea-
sured using the TLM to explore the contact properties of
WSe, devices with different layers. A multi-electrode
structure composed of 5 nm/45 nm Cr/Au electrodes was
successively deposited as the drain and source electrodes
on WSe, flakes through electron beam lithography. Further
fabrication details were provided in the Experimental
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section. As depicted in Fig. 2a, the channel length between
adjacent electrodes in multi-electrode devices was variable,
enabling us to obtain electrical properties for diverse
channel lengths by choosing different electrode pairs. The
total resistance of a FET device could be decomposed into
contact resistance (R.) and channel resistance (Ry). The
schematic illustration of the resistance distribution is pre-
sented in Fig. 2b. R, corresponds to the resistance that
charge carriers encounter during the thermal emission
process, which is mainly influenced by defect density and
carrier scattering at the metal-semiconductor interface.
This value has a positive correlation with the contact area.
Conversely, Ry represents the channel resistance of the
semiconductor between the drain and source electrodes,
which can be modulated by the gate voltage. It mainly
relies on the carrier density of the semiconductor, as well
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as the channel length and width of the FET device. For a
uniform single-crystal FET device, when the channel
length is reduced to zero while keeping the channel width
constant, the total resistance approximates R.. Thus, linear
regression can be utilized to determine R. from the rela-
tionship between resistance and channel length. A typical
transfer curve on a linear scale for multi-electrode mono-
layer devices was depicted in Fig. 2c. The channel lengths
between adjacent electrodes were set at 4, 7, 10, 13 and
16 um, and by selecting any two electrodes, 15 devices
with diverse channel lengths but uniform channel widths
could be obtained. The transfer results revealed that all
devices exhibited P-type semiconducting behavior and
operated in depletion mode with low quiescent power
dissipation. The on/off ratio derived from the semiloga-
rithmic transfer curve amounted to 109, indicating
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Fig. 2 Electrical properties of multi-electrodes devices on monolayer and bilayer WSe, flakes: a schematic image of multi-electrode
FET devices; b typical optical image of a muti-electrode monolayer WSe, FET; transfer properties of monolayer and bilayer WSe, FET
with different channel lengths: channel width of device and Vysis: ¢ 11 umand 1V, d 9.8 um and 0.1 V; resistance statistics of multi-
electrodes monolayer WSe, FET at e V4 =1V, f Vs = 0.1 Vand Vg = — 140 V with different channel length
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notable gate electrostatics in the fabricated devices. Nev-
ertheless, the current (I;;) between the drain and source
electrodes in monolayer devices experienced exponential
growth as the gate voltage (Vi) swept from positive to
negative, failing to reach saturation. This phenomenon
indicates severe carrier scattering at the contact interface,
resulting in performance degradation under voltage gating.
In Fig. 2d, the channel lengths between consecutive elec-
trodes for bilayer devices were set at 4, 7, 10, 13 and
16 pm. In contrast to monolayer devices, the I, for bilayer
devices experienced a transition from exponential to linear
increase along with Vi, swept, suggesting a superior con-
tact interface quality compared to monolayer devices. The
total resistance, which was computed by the ratio of Vy to
145 versus channel length, was summarized to determine the
contact resistance under a gate voltage bias of —140 V.
Figure 2e, f presents the resistance statistics for monolayer
and bilayer devices, respectively, which were derived from
the transfer curves in Fig. 2c, d. The resistance of mono-
layer devices exhibited a scattered distribution with respect
to the channel length, making it challenging to extract
contact resistance from this relation. In contrast, the
resistance of bilayer devices exhibited a well-defined cor-
relation with channel length. By employing the least
squares fitting method, the R. for bilayer devices was found
to be ~ 6657.6 Q, comparable to the reported values for
WSe, devices, with Ry showing a proportionality factor of
2198.2 in relation to the channel length. In Fig. S4a, the
contact properties of trilayer devices were also examined
by employing TLM, revealing an R. of 5603.3 Q under a
gate voltage bias of —140 V. Additionally, the R. values
under different gate voltage biases were illustrated in
Fig. S4b, indicating that the contact resistance was inde-
pendent of R;. Considering the contact resistance at the
interface, the voltage bias imposed on the semiconductor
channel was effectively reduced when the current flowed
through the circuit. Thus, the actual voltage bias (Vg') on
the semiconductor channel was calculated as Vg, = Vg
I35 X R.. The relationship between Vg and channel length
under Vi, values of —140, —135 and —130 V is shown in
Fig. S4c. The results revealed that the proportion of contact
resistance decreased with the increase in channel length
and showed minimal variation under different V,,, values.
Furthermore, a comprehensive comparative analysis was
carried out on the data obtained from our advanced devices
and those presented in other relevant studies, as illustrated
in Table S1. This scrupulous comparison not only validates
the extraordinary electrical properties of our fabricated
devices but also offers valuable insights into the perfor-
mance disparities between diverse fabrication approaches.
The results evidently suggest that our bilayer and trilayer
materials, elaborately fabricated via physical vapor depo-
sition (PVD), showcase significantly higher on-state
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currents when contrasted with those produced through
mechanical exfoliation. Additionally, it is remarkable that
the contact resistance of our multi-electrode devices is
relatively lower than that of others, which can mainly be
attributed to the extremely high crystal quality of the
synthesized materials.

To further elaborate on the phenomenon of contact
resistance in monolayer devices, it is of paramount
importance to delve into the complex factors that exert an
influence on the contact performance of these devices. The
contact performance of FET devices is acknowledged to be
predominantly governed by carrier scattering within the
substrate and interface contact. In the case of two-dimen-
sional WSe, featuring an intrinsic doping concentration
of ~ 1.26 x 10° cm ™2 and a high Schottky barrier height
(SBH) in the fabricated devices, it becomes manifest that
interface contact plays a crucial role in determining the
contact properties of WSe, devices. During the fabrication
process, metal electrodes were painstakingly deposited
onto WSe, flakes through electron beam evaporation, as
depicted in Fig. 3a. Under the bombardment of electron
beams, metal atoms vaporize and subsequently impinge
upon the surface of WSe, flakes with high energy. The
robust covalent bonds between metal atoms and semicon-
ductor atoms cause substantial damage to the WSe, sur-
face, giving rise to a defective layer characterized by
interstitial atoms, substitute atoms, vacancies, metal infil-
trating atoms and other interface states. These defects exert
a profound influence on the transport properties of the
devices. This process brings about a modification in the
electronic structure of WSe, at the atomic level. The
introduction of interstitial and substitute atoms generates
localized states within the band gap, influencing charge
carrier mobility and recombination dynamics. Addition-
ally, vacancies serve as scattering centers for charge car-
riers, resulting in increased resistivity and diminished
device performance. In Fig. 3b, 17 repetitive scans were
presented for a monolayer device. The outcomes revealed
that the device manifested outstanding gate electrostatics
during the initial test, with the on-current (I,,) attain-
ing ~ 3 uA under Vi, = —140 V and Vg = 0.1 V. As the
number of tests escalated, the I, of the device gradually
decreased, plummeting to merely 0.04 pA at the 17th
measurement, indicating a reduction of two orders of
magnitude compared to the initial value. This alteration in
current suggests that the electrical properties of the
monolayer device are unstable upon repeated testing. The
inset figure depicted the corresponding fitting curves of I,
versus measurement number, revealing that the test results
could be precisely fitted with an exponential equation

y=a x ev'z. The variation of 1, demonstrates an excep-
tionally excellent correspondence with this equation. The
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Fig. 3 Comparison of different layers WSe, FETs under repeatability test (room-temperature transfer curves are measured upon Vi
sweeping from —140 to 40 V in steps of 0.5 V and Vg = 0.1 V): a schematic diagram of metal atom evaporation; b typical transfer
curves of a monolayer WSe; device under 17 times repeatability measurement and (inset) exponential variation of /,, versus n (black
dash line represents fitted exponential equation); ¢ typical transfer curves of a bilayer WSe, device and (inset) linear variation of /,,
versus n; d typical transfer curves of a trilayer WSe, device and (Inset) stabler linear variation of /,, versus n

results of the repeatability test for bilayer and trilayer
devices were presented in Fig. 3c, d. In contrast to the
monolayer device, the bilayer and trilayer devices exhib-
ited conspicuously higher stability. The electrical perfor-
mance of the bilayer device, depicted in Fig. 3c, is slightly
attenuated with an escalating number of measurements.
The inset figure indicated that /,, decreased from 12.3 to
8.2 pA after 9 measurements, presenting a slight linear
decrease in relation to the number of measurements. The
repeatability test result of the trilayer device is shown in
Fig. 3d. Compared with thinner-layer devices, the trilayer
device exhibited higher stability, with nearly no alteration
in transfer properties even after 20 measurements. The
inset figure illustrated the variation of I, in relation to the
number of measurements, suggesting that the value of 7,
did not attenuate with increased test times. Among all the
devices, it is obvious that device stability significantly
augments with thickness. This result can be elucidated by
introducing interface state energy into the bandgap theory
of FET devices. The schematic bandgap diagram is shown
in Fig. S5. According to the thermionic emission process in
equilibrium, the emission current of the FET device can be
expressed by the thermal-electron emission formula:

a¢Bp

I = AA*T?e 7ot (1)

where A and A* represent the area of contact interface and
Richardson constant, kg and T represent the Boltzmann

Rare Met.

constant and temperature, g represents the electric charge of
an electron, ¢gp represents the value of SBH. According to
the formula, the current is strongly correlated with the SBH
at the contact interface, which is associated with the energy
levels of the semiconductor and metal. Nevertheless, the
presence of interface states gives rise to a pinning effect on
the energy levels at the interface, leading to variations in the
channel current. When taking the interface states into
account, the current will be adjusted as follows:

_gb [ _aom\ Gms
I =AA T m(e m)” F 2)

Here, the right part indicates the impact of interface
states on current, where Dg represents the density of
interface states per unit area and energy interval, ¢ and
represent the permittivity and thickness of insulating layer,
respectively. The specific derivation process is presented in
Fig. S5. Considering the bombardment during the metal
evaporation process, high-density defects arise at the
interface between electrodes and the semiconductor. The
existence of these defects enhances the SBH at the
interface, thereby lowering the injection efficiency of
carriers. Simultaneously, as carriers pass through the
barrier, their interaction with these defects causes
scattering, modifying their original energy and
momentum. This reduces the effective transmission
distance and lifetime of carriers, resulting in large contact
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resistance and a high voltage drop at the contact interface,
when carriers flow across the interface, excessively high
thermal effects may arise at the minute contact interface,
activating and exacerbating defect states. This phenomenon
deteriorates with the increase in measurement numbers.
Owing to the ultrathin nature of the monolayer, the flake
becomes more vulnerable to atomic bombardment, leading
to a higher density of defect states and higher contact
resistance. This impedes the emission efficiency of carriers
during the thermionic emission process, giving rise to
instability in electrical performance and exponential
degradation of the on-current. For multilayer WSe,, the
damaged surface layer can safeguard the underlying layers
from further harm by metal atoms, subsequently
demonstrating lower defect density and contact
resistance. As a result, the thermal effects are mitigated
compared to monolayer devices, leading to greater
stability.

3.3 The stability of WSe, device varies
with temperature

As widely acknowledged, the electrical characteristics of
semiconductors are highly sensitive to temperature. At low
temperatures, the impact of electron scattering, interface
flaws, and surface defects is mitigated. Consequently, low-
temperature experiments were conducted to validate the
effect of contact resistance on the electrical performance of
diverse layers. The repeatability tests of the electrical
properties of devices with different layers under varying
temperatures are illustrated in Fig. 4. The repeatability
tests were carried out 16 times at each point, with the
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temperature ranging from 150 to 280 K in increments of
10 K, and statistical information of I,, was acquired from
the repeatability transfer curves under distinct conditions.
The schematic diagrams of monolayer, bilayer and trilayer
WSe, transistors were depicted in Fig. 4a—c, respectively.
Additionally, the 3D bar maps in Fig. 4d—f depicted the I,
measurement number in relation to temperature for
monolayer, bilayer and trilayer devices, respectively. Fur-
thermore, to facilitate a more favorable comparison of the
results, we presented the logarithmic outcomes of the 3D
bar maps in Fig. S6. Concerning the monolayer device in
Fig. 4d, the initial value of I,, was 3 pA. When the tem-
perature was below 190 K, although the on-state current
value fluctuated to a certain extent, it remained relatively
stable, typically ranging from 2.5 to 3 pA. However, when
the temperature exceeded 190 K, I, underwent a sharp
decline with the increase in measurement numbers. This
decreasing pattern was somewhat similar to that in Fig. 3.
When the temperature rose to 210 K, the current underwent
a sharp attenuation, with the value reducing from the order
of magnitude of 107 to 107%. At 220 K, it attenuated to
approximately 10 pA, and [, reduced to a minimum value
within the picoampere range when the temperature
exceeded 230 K (Fig. S7a). At this juncture, the on-state
current value of the device persists at the pA level,
demonstrating no significant fluctuations and suggesting
that the device has sustained damage and is no longer
capable of functioning normally. The I, statistical infor-
mation of the bilayer in relation to temperature is presented
in Fig. 4e. Comparable to the results of the monolayer
device, the on-state current value of the bilayer device also
maintained high stability at low temperatures. The
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Fig. 4 Electrical properties of different layers WSe, devices at variable temperature: diagrammatic drawing of different layers WSe,
transistors of a monolayer, b bilayer and c trilayer; 3D bar maps of /,,-n versus temperature of d monolayer, e bilayer and f trilayer

WSe, devices
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disparity lay in that I, of bilayer device commences to
deteriorate from 200 K, and the deterioration tendency was
notably slower than that of the monolayer. At 200 K, the
value deteriorated from ~ 1.5 to 0.5 pA. At 210 K, it
decayed to the order of 1077, and at 220 K, it decayed
to ~ 6 x 1078, Thereafter, the I, of the device fluctuated
around this value without any alteration in the order of
magnitude. In the transfer curve results presented in
Fig. 4f, it could be noticed that as the test temperature kept
rising, although the on-state current of the device decayed
to a certain extent, the device could still function normally,
with an on—off ratio reaching the order of 107°. Unlike
monolayer and bilayer devices, trilayer device exhibited
even greater stability. When the test temperature was lower
than 230 K, the on-state current value of the trilayer device
remained consistently between 3.5 and 4 pA. As the tem-
perature rose to 230 K, the current of the device started to
show a more significant decay, decreasing from 3.5 to
3 pA. At 240 K, it decayed to ~ 2 pA. Subsequently, as
the temperature kept rising, the on-state current of the
device fluctuated between 2 and 2.5 pA under multiple
repetitive tests. The typical transfer curves shown in
Fig. S7c indicated that the maximum and minimum values
of I,, varied from 4.3 to 2.5 pA within the temperature
range from 150 to 280 K during multiple measurements.
Simultaneously, after multiple repetitive tests, the device
still maintained an on—off ratio as high as 10° at the room
temperature of 280 K, manifesting extremely high stability
compared to monolayer and bilayer devices. The results
reveal that the electrical properties of WSe, have a high
correlation with temperature, where the thermal effect
plays a crucial role in activating interface states and
influencing the electrical properties. Figure S8 and the
extended thermal simulation video presented the thermal
effect simulation at the contact interface. It could be
observed that owing to the large SBH at the contact
interface, the equivalent contact resistance was signifi-
cantly higher than the channel resistance, causing excessive
Joule heat for carrier flows along the circuit. This results in
a higher temperature at the drain electrodes and source
electrodes compared to the channel material [47], with the
increase in the relaxation time (the total simulation time is
carried out to 1000 ps), the high-temperature heat at the
source and drain electrodes will gradually be transferred to
the channel material and the atmosphere, resulting in
thermal dissipation from the contact interface to the
channel material. When the heat generation rate and dis-
sipation rate reach equilibrium, the temperature between
the metal electrodes and the channel materials will tend to
be consistent and maintain a stable value at this time.
Compared with monolayer WSe,, the thermal dissipation
rate of trilayer WSe; has an advantage over monolayer due
to the heat conduction between interlayers, leading to the
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fact that the multilayer devices are less affected by the
heating effect, and the device exhibits higher stability. In
contrast, considering that the SiO, substrate is a poor
thermal conductor, monolayer molecules make it difficult
for the monolayer device to transfer the heat to the outside
environment. In a lower-temperature environment, the heat
can be effectively dissipated as the coolant flows around
the testing environment, resulting in stable electrical per-
formance. However, with the increase in the environmental
temperature to over 190 K, the poor thermal conduction
causes the temperature at the contact interface to increase,
and the particle collision under high temperature will fur-
ther permanently destroy the crystal structure of the
monolayer semiconductor, resulting in cumulative contact
resistance and unrecoverable electrical performance. For
the bilayer devices, their heat dissipation condition falls
within the range between that of the trilayer and monolayer
devices. Concerning the monolayer devices, when the
temperature exceeds 190 K, the devices lose thermal
equilibrium. The defect density at the interface gradually
ascends with the increment of the test times, eventually
leading to damage to the material. In contrast, the bilayer
devices lose thermal equilibrium approximately at 210 K.
Nevertheless, differing from the monolayer ones, its
bilayer nature allows the material to have a certain heat
dissipation effect. When the defect density keeps escalat-
ing, there is a heat dissipation route for the Joule heat
generated at the interface, eventually achieving a dynamic
thermal equilibrium state. At this point, the defect density
at the interface reaches the upper limit. When the test times
continue to increase, the current of the device will also
reach the lower limit, and the current will stop decaying.
When we delve further into this phenomenon and consider
various scenarios in which these bilayer and trilayer devi-
ces are utilized under different conditions and stress factors
such as varying voltage levels or environmental tempera-
tures, it becomes obvious that their unique structure plays a
crucial role in maintaining stability during operation.

3.4 Characterization of the stability of electrical
performance in metal transfer devices

To safeguard monolayer WSe, devices against thermal
effects, the metal transfer approach was utilized to estab-
lish vdw contacts rather than covalent bonds between the
electrodes and WSe, flakes. Prior research has indicated
that vdw contacts display conspicuously lower contact
resistance, which contributes to suppressing thermal effects
at the contact interface. The detailed transfer method has
been presented in the Experimental section. Electrodes of
silver (Ag, 4.26 eV) and gold (Au, 5.1 eV) with distinct
work functions were successfully transferred onto mono-
layer WSe, flakes. Images of the transferred devices are

a




Degradation of electrical performance of few-layer tungsten selenide-based transistors

depicted in Fig. S9. The transfer characteristics of the metal
transfer devices are illustrated in Fig. 5a, b. The results
reveal that Ag-transferred devices presented bipolar trans-
fer curves with a predilection for n-type behavior, sug-
gesting a lower electron barrier than a hole barrier. In
contrast, Au-transferred devices exhibited purely p-type
semiconductor behavior due to their higher work function.

These discoveries demonstrate that by modifying the work
function of the contact metals, the dominant carrier type of
the metal transfer devices can be systematically tailored
from electrons to holes. This is primarily ascribed to the
vdw contact interface between the metal electrodes and the
semiconductor. The repeatability test of the metal-trans-
ferred devices is illustrated in Fig. 5c, d. The outcomes
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Fig. 5 Room-temperature electrical characteristics of metal-transferred monolayer WSe, devices under ambient environment:
transfer characteristics on semilogarithmic (black) and linear (red) scales at a voltage bias of 0.1 V between source and drain
electrodes for a Ag-transfer device and b Au-transfer device; transfer characteristics of ¢ Ag-transfer and d Au-transfer devices under
15 times repeatability measurements and (inset) statistical information of /,, versus measurement times; e /,,, versus time curves of
monolayer Au transfer devices at Vg = — 80 V and Vys = 1V (sampling frequency is 20 s, after working for 900 s, device is set to
periods of quiescence, and period time is 30, 60 and 600 s, respectively)
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suggested that the metal-transferred devices showcased
remarkable gate control even after 15 measurements at
room temperature. The statistics of I, in the inset fig-
ures remained invariant with the varying numbers of
measurements. It could be discerned from the results that,
regardless of whether it is the n-type device with Ag
transfer or the p-type device with Au transfer, the on-state
current undergoes merely minor variations upon repeated
tests. Compared with the repeatability test results of the
monolayer device in Fig. 3 at room temperature, the
metal-transferred devices possessed heightened stability.
The current response of I,, versus time under Vi, =
—80 V and V4, =1V in an ambient environment was
depicted in Fig. Se. As the measurement time prolonged,
I,, initially underwent a sharp decline. However, when
the device was given a 30 s rest, the I,, could restore to
60% of the initial value during the second test, and I,
would decrease again with the increasing working time.
Then, the second rest period was extended to 60 s after
900 s of working, and the result indicated that I,, could
restore to 80%. Similarly, when the rest period was fur-
ther prolonged to 600 s, I,, in the fourth test fully
recovered to the initial value of the first test. For metal-
transferred devices, vdw contact ensures lower contact
resistance compared to covalent bond contact. While hole
carriers flow across the contact interface, the thermal
effect is not prominent. However, as the measurement
time increases, the thermal effect becomes crucial due to
heat accumulation, leading to a decrease in I,,. When the
device is allowed to rest, the accumulated heat gradually
dissipates with the increasing rest time. When the rest
time reaches 600 s, the generated heat at the interface will
be completely dissipated, and the electrical performance
will be restored to the initial value. Although transition
metals can establish ideal van der Waals contacts and
guarantee that the device maintains outstanding perfor-
mance during repetitive tests, it is crucial to note that, in
contrast to evaporated devices, the performance of metal
transfer devices is significantly weakened. Key electrical
performance parameters, such as on-state current, mobil-
ity, and threshold voltage, all demonstrate considerable
attenuation. This is mainly ascribed to the experimental
process of metal transfer. During the transfer process,
despite choosing the superior flexible substrate PDMS and
the PS solution that causes less damage to the material,
due to the monolayer characteristic of the WSe, material,
considerable damage occurs and the defect density
increases, ultimately leading to significant attenuation of
the device’s electrical performance. To solve this prob-
lem, the transfer process needs further optimization by
selecting more appropriate substrates and solutions to
minimize material damage.

Rare Met.

4 Conclusion

In this study, we conducted a systematic study of the
contact properties between WSe, films and metal elec-
trodes. Different numbers of WSe, layers were synthesized
through a vapor-phase evaporation technique, while their
contact resistance with multiple electrodes was precisely
measured using the TLM. Our analysis disclosed that,
while the contact resistances of bilayer and trilayer WSe,
devices are within the kilo-ohm range, monolayer devices
exhibit evasive contact resistance due to a broad distribu-
tion of resistance values along the channel length. This
phenomenon was ascribed to the thermal effect at the
contact interface. Notably, devices with vdw contacts,
fabricated by a metal transfer method, demonstrate a much
more stable contact interface, with a considerably limited
thermal influence. These findings illuminate the crucial
role of contact resistance in the electronic performance of
2D material-based FETs. The insights obtained from this
research emphasize the paramount significance of opti-
mizing contact interfaces to enhance the performance of
next-generation electronic and optoelectronic devices.
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