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ABSTRACT: A simple way to prepare field-effect transistors (FETs) using MoS, on tabletop
is presented. Conductive silver paste was applied onto chemical vapor deposition (CVD)-
grown MoS, as Ohmic-contact electrodes. Heating the device in vacuum further enhances the
performance without damage. The final performance is comparable to that of the SiO,-
backgated devices prepared by lithography and metal evaporators. The role of the silver paste
and heat treatment in vacuum is investigated by device and spectroscopic analysis.

B INTRODUCTION

Two-dimensional (2D) materials have been widely studied for
future electronics."”” They have unique properties like quantum
Hall effect of graphene’ and valley polarization of single-layered
MoS,.”* The ultrathin thickness makes them useful for
transparent and flexible electronics.” Among various 2D
materials, two-dimensional MoS, is especially useful for
electronics and related applications.””~” It has a direct band
gap of 1.9 eV with strong photoluminescence and valley
polarization.‘"10 And, this material has intrigued many chemists
as well. Surface modification of MoS, can effectively modulate
the electrical properties.'" The electrical properties of MoS, are
useful for developing chemical sensors and biosensors.'”"?
Recent advances in exfoliation'”'® and chemical vapor
deposition (CVD) techniques lower the hurdle for the
preparation of high-quality specimens.'®™"*

To use the electrical properties of MoS,, electrical devices like
field-effect transistors (FETs) should be fabricated at first.
However, the fabrication is not feasible for most laboratories.
Typical samples obtained by chemical vapor deposition (CVD)
or exfoliation techniques have random orientation and positions.
So, a prototype device should be made at desired location. This
is done via e-beam lithography or recently reported direct
contact of nanoprobes.'” Other methods like photolithography
or shadow masking produce pre-designed devices, and the
desired devices will be made only by chance. That is, a simple,
economic way to prepare high-performance FETs of 2D MoS,
would be beneficial for fundamental research.

To accomplish this goal without costly, complex processes,
conductive pastes can be a viable option. Conductive pastes like
Ag paste have been widely used for device fabrications of diverse
materials, including two-dimensional materials.”® However, one

© 2022 The Authors. Published by
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of the major challenges for Ag paste as electrodes is the lack of
the established fabrication process and the assessment of the
performance of the devices. In addition, the effect of post-
fabrication treatments on conductive paste electrodes is not well
studied to the best of our knowledge.

Herein, we present a simple, reproducible way to fabricate
high-quality FET's within a few hours on a table. We found that
this process can produce FETs, of which properties are
comparable to those fabricated by shadow masking or
photolithography. Also, proper heat treatment in vacuum
process can substantially improve the performance of the
devices.

B RESULTS AND DISCUSSION

The synthesized MoS, is shown in Figure 1. The size of the flakes
is a few tens of micrometers in diameter. The well-defined
triangular shape implies that each flake consists of a single
crystal. Raman spectroscopy data show that the product is
single-layered MoS, (Figure 1c). The characteristic Ajgand Eig
peaks are located at ~404 and ~386 cm™’, and the energy
difference between them (~18 cm™) corresponds to single-
layered MoS,.”" Also, atomic force microscopy (AFM)
confirmed that the thickness of the flakes is ~1 nm,
corresponding to a single layer of MoS,” (Figure 1d). UV—
vis spectroscopy shows the unique A and B absorption peaks of
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Figure 1. (a) Illustration of the CVD system. (b) Optical microscopy
image of MoS, grown by CVD. The scale bar denotes 20 um. (c)
Raman spectrum of MoS, grown on the SiO,/Si substrate. The inset
shows the spectrum in a wider range. A part of photoluminescence (PL)
is not shown due to the limited measurement range. (d) Atomic force
microscopy image of MoS, on SiO,. The graph below denotes the
height profile along the white dashed line in the upper AFM image.
Note that the sample was rinsed with water before the measurement to
remove excess NaCl deposited during the CVD process.

MoS, at 650 and 610 nm, respectively (Figure S1). The
wavelengths of these peaks well match with those of single-
layered MoS,; they are related to the number of layers in MoS,
due to quantum confinement effect.” Similar properties are
observed from filmic MoS, grown by the same CVD with
modified growth conditions.

MoS,-FETs were fabricated using silver paste (Figure 2).
Since the size of the MoS, flakes is small, fabricating the devices
using an optical microscope and applying partially dried paste
can facilitate the process (refer to Materials and Methods for
details). Note that a fresh SiO,/Si substrate is recommended for
the back-gate oxide. This is because direct fabrication onto the
very substrate used in CVD often results in high leakage current.
This can be attributed to the damage of the thin oxide layer
during the high temperature synthesis process.”> Therefore,
MoS, was transferred onto a fresh substrate before fabricating
devices (refer to Methods and Materials for the details). The
electrical measurement of the FET in air before heating in
vacuum is shown in Figure 3a,c. The Ing—Vpg curve (or the
output curve) is linear near 0 V, suggesting the Ohmic contact.
The Ing— Vs curve (or the transfer curve) shows n-type doping
of the device with a high on-off ratio (~4000). The estimated

charge carrier mobility with W/L ~1 in this case is ~0.5 cm?/V-
s. The devices were then heated in a vacuum oven at 200 °C in
vacuum (<S5 Pa) for 2 h. After heating the same device in
vacuum, the characteristics of the device were further improved
(Figure 3b,d). The noise of the curves was significantly reduced
despite the same measurement condition. The conductivity, the
on-off ratio (>7000), and the charge carrier mobility (~1.09
cm?/V-s) were all increased. In addition, no apparent change in
hysteresis was found as a result of the thermal treatment in
vacuum. To check the reproducibility of the device fabrication
process, we obtained statistics of the performance by character-
izing multiple devices. The average mobility before annealing
was 6.31 X 107! cm?/ Vs, and it was then increased to 1.02 cm?/
Vs after being annealed in vacuum with reduced noise (Figure
S$2). And, this value of charge carrier mobility is comparable to
other $SiO,-backgated devices measured in air.*** This protocol
can be applied to filmic MoS, as well. And heat treatment in
vacuum is still effective for filmic MoS, devices (Figure S3). This
shows that this technique can be applied not only to single-
crystalline flakes but also to polycrystalline films.

Applying silver paint and heating it in vacuum is, therefore, a
very efficient way to prepare high-quality devices without
complex machines. The high efficiency of this process is at first
attributed to silver. Ag is known as an efficient electrode material
for MoS,.” Ag has a work function of 4.26 eV, which is
comparable to Ti (4.33 V). But unlike Ti or other metals, Ag
does not react with MoS,, forming a stable junction.”” Indeed,
the Ohmic contact of the electrode is well reproduced, and does
not change upon heating in vacuum. This is contrary to Ti/Au
electrode prepared by metal evaporators; their contacts are often
changed by thermal annealing or e-beam irradiation.”®*” The
chemical inertness of Ag makes the paint an optimal choice for
handling the device in air as well.

Regarding the thermal treatment in vacuum, it did not trigger
any visual change in the optical microscopy images (Figure S4).
To investigate in depth, MoS, grown on a quartz substrate, with
the same growth parameters as the SiO,/Si substrates, was
analyzed by UV—vis spectroscopy (Figure 4). Pre-annealed
samples have four bands in the spectra. Two major bands at 1.89
€V (blue) and 2.03 €V (red) are attributed to A and B absorption
bands of pristine MoS,.*” The other minor bands at 1.83 eV
(green) and 1.99 eV (yellow) are not found from pristine Mo$S,
and had lower energy. After being annealed in vacuum, the
spectrum resembles pristine MoS,; the minor bands disappeared
while the major bands were retained. Thermal treatment also
changed the PL spectrum; the peak was shifted from 1.84 to 1.88
eV (Figure SS).

Two possible explanations to the phenomenon are (i) healing
of defects and (ii) removal of surface contaminants. The former

( a ) Source
Backgate | Drain

l

Copper tape

Slide glass

Silver paste

Figure 2. (a) Scheme of a device with silver paint as an electrode. (b) Optical microscopy image of a fabricated device. The scale bar denotes 20 ym.

The orange dashed line presents the outer boundary of the MoS, flake.
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Figure 3. (a—d) Output (a, b) and transfer (c, d) curves of the MoS, FET with silver paste electrodes, measured in air at room temperature. The
transfer curves were measured by sweeping the gate voltage. (a) and (c) are the characteristics of the device before annealing, and (b) and (d) are those
of the same device after annealing. The different colors of the graphs show the changing gate (a, b) and drain voltage (c, d). The arrows in (c) and (d)
show the direction of measurement of each hysteresis loop; the upper half of the loop was measured by increasing the gate voltage and the lower half of

the loop was measured by decreasing it.
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Figure 4. UV—vis absorption spectrum of MoS, (a) before and (b)
after annealing. The baseline of the raw data was corrected for peak
fitting. Note that (a) is an excerpt from Figure S1. The circles show the
absorption spectrum data, and the solid lines show the envelop (black)
and fitting peaks (colored). The vertical dashed lines show the energy of
the main absorption peaks of MoS,: blue for A and red for B absorption
bands.

is unlikely in this case. There was no supply of precursors during
the annealing process, and the temperature is far below the

21222

evaporation temperature of MoS,.”® Also, n-type conductivity,
often attributed to S vacancies, still remained after the in-vacuo
annealing process (Figure 3d). In contrast, the latter can account
for the result. Surface adsorbates, whether physisorbed or
chemisorbed, alter the band structure of MoS,.”” These
adsorbates can be generated during their synthesis, device
fabrication, or even during their storing in air. Heating under
vacuum can effectively remove surface contaminants that have
relatively low volatility. Indeed, evacuation without heating was
not able to improve the device performances (Figure S6), but
the effect of heat treatment in vacuum persisted after exposure to
air (Figure 3b,d). This shows that surface contaminants generate
impurity levels between the conduction band and the valence
band. And, this results in the evolution of absorption peaks of
lower energy as well as the degradation of the performance. In
addition, the blue-shift of the PL implies that possible adsorbates
would be water or oxygen, which can form Mo—O bonds.*® The
formation of Mo—O bonds can alter the PL profiles, and
annealing MoS, in air by removing the Mo—O bonds causes a
blue-shift of the PL peaks. This further implies that heating in
vacuum effectively removes these adsorbates without altering
the MoS, or MoS,-Ag electrode interface.

B CONCLUSIONS

In conclusion, silver paste electrodes can produce MoS, FETs
with performance comparable to those prepared by lithography
and metal evaporation. And, the simple post-fabrication
annealing process can significantly improve the performances
of the devices. The reason for the success of this protocol is (i)
the use of silver paint, which does not require annealing, and (ii)
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heat treatment in vacuum, which removes redundant band
structures for better performance of the devices. We believe that
our findings would lower the hurdle for developing various
applications of FETSs in many fields.

B MATERIALS AND METHODS

MoS, was prepared by chemical vapor deposition after the
recommendation of Kang et al.'” and Song et al.>" (Figure la). A
SiO, (300 nm)/Si substrate (p-type, Namkang Hi-tech) or a
quartz substrate was loaded into a one-inch quartz tube. For the
growth of large flakes, 300 sccm of Ar and S sccm of H, were
then supplied into the tube with vacuum pumping near 1 Torr.
The tube was then heated up to 650 °C using a tube furnace.
When the temperature reached the target temperature, Mo-
(CO)¢ (Acros organics, 98%) and 0.3 sccm of (C,H;),S (Alfa
Aesar, 96%) were supplied into the tube. The amount of
Mo(CO)s was controlled by a metering valve (SS—SS1-VH,
Swagelok). In this experiment, the metering valve was adjusted
to 10 in the vernier scale. After 18 h, the supply of the precursors
was stopped, and the sample was cooled down to room
temperature while the carrier gases were continuously supplied.
As the temperature reached room temperature, the sample was
taken out of the tube for further analysis. For the growth of filmic
products, the overall process is the same as the flake synthesis,
except for minor adjustment in the growth parameters. For
example, no NaCl was used, and the metering valve was adjusted
to 20 in the vernier scale. Also, the reaction duration was
extended to 24 h.

An optical microscope (Eclipse LV1SONL, Nikon) was used
to check the morphology of the MoS, flakes. The quality of the
synthesized MoS, was analyzed by the Raman spectrometer
(WITec alpha300R with a Nd:YAG laser (wavelength: 532
nm)), atomic force microscope (Nanoscope Illa, Digital
Instrument Inc.), and UV—vis spectrometer (S-3100, Scinco).
Before the AFM measurement, the sample was rinsed with water
to remove excess NaCl deposited during the CVD process. UV—
vis spectra were analyzed by a custom-made program (Python
3.7 with NumPy and SciPy package). The baseline of the
spectrum was corrected by asymmetric least squares smoothing.

To transfer MoS, onto an fresh SiO,/Si substrate, we referred
to Suk et al.>* to prevent the degradation of MoS,. First, 9%
PMMA (MW 350k, Sigma Aldrich) dissolved in anisole (99.0%,
Samchun) was spin-coated onto the as-received MoS,/SiO,
(1000 rpm for 10 s followed by 3000 rpm for 30 s). Then, the
sample was floated onto 1 M KOH (aq) to detach the SiO,/Si
substrate. After being detached, the sample was floated on fresh
deionized water for 1 h to remove remaining KOH, and it was
repeated three times. Then, the sample was finally transferred
onto a fresh SiO,/Si substrate. After remaining water was
drained, it was placed on a hotplate at 180 °C to enhance the
adhesion between the MoS, layer and the SiO,/Si substrate. It
was then cooled down to room temperature, and the remaining
PMMA was removed by immersing the sample in acetone.

To fabricate FET devices, silver paste (product no. 16040-30,
Ted Pella) was used as the electrode material. A large drop of the
paste was at first applied on a clean glass substrate to remove the
excess solvent of the paste, methyl isobutyl ketone (MIBK). A
wooden needle was used to apply the paste onto the MoS, flakes
under an optical microscope. The prepared device was then
dried in air for up to an hour to completely remove the paste at
room temperature.

For heat treatment in vacuum, we used a vacuum oven (SH-
VDO-08NG, SH Scientific). The devices were heated at 200 °C

in vacuum for 2 h. The pressure inside the oven was maintained
at less than S Pa.

The measurement of the electrical devices was done using a
semiconductor analyzer (model 2636B, Keithley) and a
vacuum-compatible probe station (MPS-VAC, Nextron). All
measurements were carried out at room temperature.
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