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2D materials have been of considerable interest as new materials for device
applications. Non-volatile resistive switching applications of MoS, and WS, have
been previously demonstrated; however, these applications are dramatically
limited by high temperatures and extended times needed for the large-area
synthesis of 2D materials on crystalline substrates. The experimental results
demonstrate a one-step sulfurization method to synthesize MoS, and WS, at
550 °C in 15 min on sapphire wafers. Furthermore, a large area transfer of the
synthesized thin films to SiO,/Si substrates is achieved. Following this, MoS,
and WS, memristors are fabricated that exhibit stable non-volatile switching and
a satisfactory large on/off current ratio (10>-10°) with good uniformity. Tuning
the sulfurization parameters (temperature and metal precursor thickness) is
found to be a straightforward and effective strategy to improve the performance
of the memristors. The demonstration of large-scale MoS, and WS, memristors
with a one-step low-temperature sulfurization method with simple strategy

in scaling-down, in-memory computing
as an emerging alternative of traditional
von Neumann architecture has attracted
extensive research interest, which requires
fast and scalable memory devices such as
Resistive Random-Access Memory (RRAM),
also known as memristors, Phase-Change
Memory (PCM), and Magnetoresistive
Random-Access ~ Memory  (MRAM).
Meanwhile, 2D materials have been widely
studied, and several applications such as
transistors,3! flexible electronics,®’l photo-
detectors,®°! and more recently, memristors
devices," have been demonstrated. Due
to the unique properties of 2D materials,
memristors based on 2D materials have
shown outstanding electrical properties,

to tuning can lead to potential applications such as flexible memory and

neuromorphic computing.

1. Introduction

In 2018, the semiconductor industry surpassed the 10-nm
threshold to the 7nm technology node, with the 5 and 3-nm
nodes prepared for the following years.l!! With several challenges
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including high on-off ratio, low switching
thresholds (=100 mV), fast switching
speed, ultra-low power consumption (] per
switching), and THz operation.#]

The emerging applications of 2D materials demand new
synthesis and integration processes. Furthermore, to achieve
commercial applications, much effort has been devoted to
the large-area synthesis!®2 and patterning!??24 of 2D mate-
rials to ensure the transition of these unique materials from
the laboratory to industrial manufacturing. However, most
reported studies rely on conventional CVD synthesis,*’! and
MOCVD,?%?] which are mostly relatively high-temperature
processes. Due to the dissimilarity of synthesis equipment and
complexity of synthesis procedures, a standard and simple pro-
cess applicable for the industrial manufacturing of wafer-scale
2D materials remains a challenge. As an alternative to con-
ventional CVD, studies have shown that sulfurization of thin
metallic films can result in the large-scale synthesis of MoS,
and WS,. One of the advantages of sulfurization processes,
compared to the conventional CVD method, is large area cov-
erage and uniformity of the as-grown film, due to simultane-
ously sulfurization over the entire substrate. Recent works
have demonstrated synthesis of MoS, with vertically aligned
layers, 18! sulfurization for horizontally layered MoS, with the
high-temperature process (above 700 °C),2%3% and relatively
long sulfurization times (more than 1 h).B3!

For this reason, one of the main challenges in sulfurization
processes is to use temperatures below 700 °C while achieving
horizontally layered films in short processing times. This work
successfully demonstrates a simple method to synthesize MoS,
and WS, films via one-step low-temperature sulfurization. The
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samples can be scaled up to wafer scales (2 in. diameter in
this work) and then transferred to prepared substrates. As an
application of these sulfurized Transition metal dichalcogenide
(TMD) films, successful fabrication and operation of memris-
tors are presented, showing stable non-volatile switching and
a satisfactory large on/off current ratio (103-10°). Furthermore,
we found that tuning the sulfurization parameters (tempera-
ture and metal precursor thickness) is a simple yet effec-
tive approach to improve the operational characteristics of
memristors.

2. Results and Discussions

Figure 1a,b depicts the MoS, and WS, thin film synthesis pro-
cedure and the sulfurization experimental setup. First, molyb-
denum and tungsten metallic films were deposited by e-beam
evaporation onto sapphire substrates, followed by a sulfuriza-
tion process at 550 °C for 15 min. The specific details of this
process are outlined in the Experimental Section. After sulfuri-
zation, the films were transferred onto SiO, (285 nm)/Si sub-
strates using a water-assisted transfer method as explained in
Figure S1 in the Supporting Information. The optical micros-
copy images (Figure 1c) show the MoS, thin film grown on
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sapphire (green) and the transferred film on SiO,/Si (purple).
Figure 1d shows MoS, and WS, thin films grown on a 2 in.
sapphire wafer. The homogeneous contrast confirms the high
quality and continuity of the MoS, and WS, films, maintained
even after transfer. Raman spectra at specific locations on
the as-grown wafer and together with Raman mapping, were
measured to verify uniformity (Figure le and Figure S2 in the
Supporting Information). Note that MoS, and WS, thin films
exhibit a Raman difference between the E',, and A, vibration
modes of 23.2 and 61 cm™, respectively; this is consistent with
previous reports on Raman of few-layer MoS, and WS,.3233 All
the measured Raman spectra have the same peak positions and
similar peak intensity regardless of the measurement locations.
These results indicate high spatial uniformity of the sulfuriza-
tion process for few-layer MoS, and WS, films at wafer scales.
Figure 2a shows the sulfurization temperature profile versus
processing time for the optimized sulfurization recipe. The
evaporated 1.5 nm molybdenum and 1 nm tungsten metallic
films on sapphire were heated up to 550 °C and this tempera-
ture was held for a dwell time of 15 min to achieve complete
sulfurization. To achieve crystalline horizontally layered few-
layer MoS, and WS, films at wafer scales a set of experiments
was designed to optimize the sulfurization recipe. The effect of
sulfurization parameters such as time, temperature and metal
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Figure 1. Large area MoS, and WS, thin film synthesis and their vibrational properties. a) Schematic illustration of the synthesis process for MoS,
and WS, thin films: metallic Mo or W is deposited on the sapphire substrate followed by exposure to a sulfur-rich environment. b) Schematic of the
furnace set up used for sulfurization. c) Optical images of the as-grown large-area MoS; on sapphire and on SiO; (285 nm)/Si. d) Optical images of
MoS, and WS, grown on 2 in. sapphire (0001) wafers. €) Raman spectra of MoS, and WS, thin films taken at the points marked in Figure 1d (asterisk
denotes the vibration mode from the sapphire substrate).
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Figure 2. Tuning and optimization of sulfurization process. a) Temperature versus time profile of the sulfurization process. b) The percentage of Mo
and W bonded with sulfur in stoichiometric MoS, and WS, versus temperature. c) The percentage of Mo and W bonded sulfur in stoichiometric MoS,
and WS, versus sulfurization time. The optimized sulfurization process with a 15 min dwell time at a temperature of 550 °C leads to a high concentra-

tion of the stoichiometric sulfides with the least oxidation.

precursor thickness (discussed in TEM section), on the crystal-
linity and structure of sulfurized films was investigated system-
atically. First, time and temperature parameters were varied and
the film quality/composition was analyzed by Raman and X-ray
photoelectron spectroscopy (XPS). Four different temperatures
of 350, 450, 550, and 650 °C were chosen, with a constant sul-
furization dwell time of 15 min. Raman spectra of MoS, and
WS, thin films sulfurized at different temperatures suggest a
transition from incomplete sulfurization to more complete sul-
furization, i.e., an improvement on crystallinity with increasing
temperature, as indicated by the increasing peak intensity
(compared to the sapphire peak) and the reduction of full-
width at half maximum (FWHM) (Figure S3a in the Supporting
Information). Figure 2b shows the percentage of Mo and W
bonded with sulfur in stoichiometric MoS, and WS,, based on
XPS investigations (Figure S4 in the Supporting Information).
It is worthwhile to note that the metallic precursors were found
to transform to Mo and W bonded with S in stoichiometric
MoS, and WS,, Mo and W bonded with S in substoichiometric
MoS, and WS,, and Mo and W bonded with oxygen in super-
ficial oxides, at all temperatures (350, 450, 550, and 650 °C) at
different percentages. Meanwhile, the metallic Mo and W were
not found in the resulting thin films synthesized at all tempera-
tures. Mo and W are mostly bonded with S in unstoichiometric
MoS; and WS, at lower temperatures (350 and 450 °C), while
and at 550 °C an 80% of Mo and W are bonded with S in stoi-
chiometric MoS, and WS,. This indicates that a more complete
sulfurization is achieved at 550 °C, consistent with the Raman
results. Both Raman and XPS analysis show that percentage of
stoichiometric MoS, and WS, and the crystallinity in the thin
films increased with temperature (from 550 to 650 °C). How-
ever, the XPS analysis also shows an increasing existence of
oxidized species with less sulfur species at temperatures over
550 °C (Figure S4, Supporting Information). Therefore, 550 °C
was chosen as the optimum temperature that leads to a high
concentration of the stoichiometric sulfides with the least oxi-
dation. Then, the dwell time (15, 25, and 35 min) was evalu-
ated with constant temperature of 550 °C. The resulting Raman
spectra show similar fingerprint vibration modes of MoS, and
WS, for all the studied sulfurization times (Figure S3b in the
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Supporting Information). Figure 2c shows the percentage of
Mo and W bonded with S in stoichiometric MoS, and WS, as
a function of dwell time, calculated from XPS analysis. The
dwell time experiments further show that while WS, maintains
its concentration at longer sulfurization times, MoS, tends to
degrade and oxidize when the temperature was held for longer
than 15 min (Figure S5 in the Supporting Information). There-
fore, the optimized sulfurization process for Mo and W to tran-
sition to sulfides requires a 15 min dwell time at a temperature
of 550 °C. All the compositional calculations in XPS analysis
were calculated as reported elsewhere.>*%]

Cross-section Transmission electron microscopy (TEM)
was used to evaluate the structure of the thin films processed
at 15 min and 550 °C. Figure 3a,b shows that both MoS, and
WS, thin films are layered and crystalline. A capping layer
was deposited above the thin films to avoid ion beam damage
during the sample preparation. The thicknesses of films are
estimated to be 1.92 and 1.32 nm for MoS, and WS, respec-
tively. The interlayer spacing measured from TEM images is 6.4
and 6.6 A, for both MoS, and WS, respectively, consistent with
previous reports.3¥3 In contrast, thick Mo metallic precursors
(25 nm) resulted in vertically and randomly aligned MoS, films,
and thick W metallic precursors (10 nm) rendered wavy WS,
films, as shown in Figure S6 in the Supporting Information,
which is congruent with previous reports.?l Therefore, the
thickness of the deposited metallic precursor is a critical para-
meter that significantly impacts the orientation of the resulting
sulfurized films.

The horizontally layered thin films processed at 15 min and
550 °C were also carefully examined by XPS (Figure 3c). For
MoS, films, the binding energies for the doublets Mo 3d°/
and 3d*? are 229.5 and 232.6 eV (blue bands), and for S 2p*/
and 2p"/? are 162.4 and 163.6 eV.*"! For WS, films, the binding
energy for W 4f/2 and 4f°/? are 33.1 and 35.28 eV (blue bands),
and those for S 2p3/2 and 2p"/? are 162.7 and 163.8 eV.*!l These
results are compatible with the corresponding binding energies
for S 2p, Mo 3d, and W 4f in bulk MoS, and WS, The absence
of Mo? 3d°/2,#2l and WO 4172 [#}] indicates complete sulfurization
of the metallic film precursor. Low-intensity peaks representing
bonds of Mo—O (red), W—O (orange), and S—S (green) bonds

© 2021 Wiley-VCH GmbH
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Figure 3. Evaluation of process optimized thin films. TEM cross-section of thin a) MoS, and b) WS, films. c) XPS spectra of Mo 3d, W 4f, and S 2p

regions (MoS, top, WS, bottom) from sulfurized Mo and W films.

were also observed. This is probably due to the remaining
oxygen and sulfur from the limitations of vacuum levels in
our system. The presence of similar S-S or residual sulfur was
also reported by Matsuura et al.,[l even after sulfurization on
the surface of sputtered Mo thin films. For this reason, future
research may adopt a higher vacuum environment and longer
evacuation time to improve the quality of TMD thin films. The
S-to-Mo and S-to-W ratios were determined from XPS as 2.10
and 2.6 for MoS, and WS, respectively, which are close to the
ideal value of 2.

Small-scale crossbar devices (1-4 pm?) were fabricated
as shown in Figure 4a,b. The MoS,/WS, films were trans-
ferred onto as-prepared SiO, (285 nm)/Si substrates with pre-
deposited bottom electrodes (BEs), followed by the deposition
of top electrodes (TEs). Gold electrodes, which are electro-
chemically inert were used to avoid oxidation at the interface.
Electrical measurements (I-V characteristics) were performed
on fabricated crossbar devices to identify programming thresh-
olds. Figure 4c,d shows the typical bipolar resistance switching
in the Au/MoS,/Au and Au/WS,/Au devices at ambient condi-
tions. For sulfurized MoS, film, the pristine device is initially at
a high resistance state (HRS), until the formation of “conduc-
tive points” in MoS, films which connect the top and bottom
electrodes at 3.1 V. The device then reaches a low resistance
state (LRS),* which is commonly referred to as a set process.
By sweeping a negative voltage from 0 to —1.5 V, the device is
switched from the LRS to the HRS at about 0.8 V, known as the
reset process. Similar resistance switching was observed in the
WS, based device, which is set at 4 V and reset at 1.6 V. Similar
to the previous report on monolayer TMD-based memristors,!!3]

Adv. Electron. Mater. 2022, 8, 2100515

2100515 (4 of 8)

electro-forming process is not required for the sulfurized
TMD film-based devices. Devices are considered to have been
pre-formed in the fabrication process (deposition of TEs); the
detailed switching mechanism will be discussed later. A large
on/off current ratio of 10% for MoS, and 10° for WS, can nor-
mally be achieved through the resistance switching. Some of
the devices can even reach a higher on/off ratio, as shown in
Figure S7a,b in the Supporting Information (10* for MoS, and
10° for WS,). A compliance current is applied during the SET
process to avoid a permanent or hard breakdown, while no com-
pliance current is applied during the RESET process. To further
investigate the transport mechanism, the -V curves during set
and reset processes are analyzed in double logarithmic coordi-
nates. For sulfurized MoS, film, the LRS in both set and reset
process exhibit linear dependence with a slope of =1, indicating
ohmic conduction behavior, as described in Figure 4e,f. HRS in
both set and reset processes show a typical trap-controlled space
charge limited current (SCLC) behavior, which is divided into
three regions.l'#l In the first region, the number of injected
carriers is smaller than the intrinsic thermal carriers in the film
with a low injecting level, thus ohmic conduction with a slope
of =1is observed. As the voltage increases (the second region), a
large amount of carrier is injected into the MoS, film compared
to the intrinsic thermal carriers, wherein the [~V curves follow
Child’s rule with a slope of =2. With higher injecting current
density (the third region), the traps in the MoS, film are filled,
and a massive number of injected carriers contribute to the typ-
ical traps-filled-limit (TFL) conduction behavior with a slope >2
or a steep slope.[*l These traps most likely originate from sulfur
vacancies and grain boundaries in the sulfurized MoS, film.[!3]

© 2021 Wiley-VCH GmbH
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Figure 4. Memristors based on sulfurized MoS, and WS, thin films. a,b) Optical and schematic image of fabricated sulfurized film crossbar device
with Au electrodes. Typical I-V curves of memristor devices based on sulfurized thin films. Representative I-V curves demonstrating unipolar resistive
switching behavior in transferred c) MoS, film and d) WS, film crossbar device with lateral area of 1x 1 um?. Linear fitting (red line) for the I~V curves
using double logarithmic coordinates. €) The set process and f) The reset process of MoS, memristor.

The fitting for WS, (Figure S7c,d in the Supporting Informa-
tion) shows a similar trap-controlled SCLC behavior, which can
be understood accordingly.

The retention and cyclicity of resistance switching behavior
of memristors based on MoS, sulfurized at 550 °C was evalu-
ated, shown in Figure 5a,b. The preliminary reliability tests
show that the resistance states can be retained for more than
6 h at ambient condition and switching 30 manual DC cycles
can be achieved. Our material characterization results suggest
that sulfurization parameters (temperature and metal pre-
cursor thickness) have a significant influence on film quality
and thus electrical properties, indicating additional approaches
to improve the performance of memristors by optimizing the
sulfurization process. To provide more insight on the effects
of sulfurization parameters on memristor performance, mem-
ristors fabricated from MoS, synthesized at different sulfuri-
zation temperatures and with metal precursor thicknesses,
were measured. To exclude the device-to-device variation, we
carefully examined the arrays of sulfurized MoS, memristors,
as shown in Figure S8 in the Supporting Information. First,
MoS, thin films sulfurized with 1 nm/1.5 nm/2.5 nm Mo pre-
cursor at 550 °C, as T1, T2, and T3, were firstly studied, and
Atomic Force Microscope (AFM) was employed to reveal thin
film thickness (Figure S9 in the Supporting Information).
Figure 5c shows that memristors based on MoS, with different
thicknesses have a similar range of SET and RESET, suggesting
a thickness-independent switching mechanism. Meanwhile,
yield and endurance tests (Figure 5d) show a consistent trend
of improvement with the increasing thickness (from T1 to T3).
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A remarkably high yield of over 90% was observed for T3, and
high DC cycling (above 120 cycles) was reached, as shown in
Figure S10 in the Supporting Information. Then, we studied
MoS,; thin films sulfurized with 1.5 nm Mo precursor at dif-
ferent temperatures (350, 550, and 650 °C). Figure 5¢,d shows
a significant improvement in SET voltage (=1 V reduction) with
a very narrow distribution range and enhancement on yield
and endurance, from 550 to 650 °C, while 350 °C surprisingly
shows a mild performance. All these experimental observations
prove that tuning the sulfurization parameters (temperature/
metal precursor thickness) is a simple yet efficacious approach
enhance the performance of memristors. With different sulfuri-
zation methods, the properties of MoS,/WS, film are different,
leading to a variation in the performance of the memristor.
Table S1 (Supporting Information) summarizes the memristor-
based sulfurized TMD films published in the literature.

Recent MoS, contact studies have shown that broken layers
or metal diffusion can occur during metal deposition
while another scanning tunneling microscope (STM) study
has shown that sulfur vacancies play a critical role in resistive
switching in monolayer MoS,."% To understand the improve-
ment from increasing the thickness and temperature (from 550
to 650 °C), a qualitative model is proposed based on these pre-
vious experimental observations, as shown in Figure 5g. Broken
layers or metal diffusion (in black box) and sulfur vacancies for
Au substitution (in red box), are considered as the two major
types of defects that determine the performance of memris-
tors. With increasing thickness, there is less chance that broken
layers or metal diffusion would occur in MoS, thin films,

© 2021 Wiley-VCH GmbH
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Figure 5. Reliability characterizations of sulfurized MoS, based memristors.
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ambient condition. b) Endurance of sulfurized MoS, memristor device with 30 manual DC switching cycles. SET and RESET voltage distribution, yield
and endurance with MoS; sulfurized with different parameters. ¢) SET and RESET voltage distribution of MoS, sulfurized with different Mo precursor
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with T3. e) SET and RESET voltage distribution of MoS, sulfurized at different temperatures. A significant reduction and narrow distribution of SET
voltage is achieved with 650 °C. f) yield and endurance of MoS, at different temperatures. g) Illustration of defects in MoS, film (layer broken in black

box and sulfur vacancies with Au substitution in red box).

leading to device failure. These broken layers are also consid-
ered as the main reason why unusual forming free behavior
was observed for multilayer MoS,. Resistive switching is attrib-
uted to local Au substitution at sulfur vacancies where layer
breaking ceases, which is independent of film thickness. The
crystallinity of MoS, thin films improves with increasing pres-
ence of oxidized species while temperature is increased from
550 to 650 °C, as discussed before. This suggests less broken
layers, but more substitutable vacancies for Au atoms for the
MoS,; films sulfurized at 650 °C. This is consistent with yield
enhancement. Additionally, the presence of more substitutable
vacancies implies that less electric field stress is required for
switching, thus reducing set voltage and a narrower set voltage
distribution range.

3. Conclusion

In conclusion, we demonstrate a simple method to synthesize
large-area few-layer MoS, and WS, via a one-step low-tempera-
ture sulfurization process. The quality of the resulting sulfur-
ized thin films depends directly on the accurate control of the
sulfurization temperature, time, and thickness of the metallic
precursors. The optimized sulfurization process with a 15 min
dwell time at a temperature of 550 °C leads to a high concen-
tration of the stoichiometric sulfides with the least oxidation.
The sulfurized film-based memristors show stable non-vola-
tile switching and a satisfactory on/off current ratio (10°~10°).
A remarkable high yield (over 90%) enhancement is achieved
with increasing film thickness, and a significant reduction and
narrow distribution of SET voltage is achieved by increasing the
sulfurization temperature to 650 °C (from 550 °C). This shows

Adv. Electron. Mater. 2022, 8, 2100515 2100515

that tuning the sulfurization parameters (temperature and
metal precursor thickness) is a direct method to improve the
electrical characteristics of memristors.

4. Experimental Section

Thin-Film Synthesis: First, C-plane <0001> sapphire substrates were
cleaned using acetone, isopropanol and then dried. Then, the substrates
were introduced to the electron beam evaporation chamber. The main
chamber was evacuated up to a base pressure of 107 Torr, followed by a
pre-evaporation of the Mo or W pellets to eliminate impurities from the
precursors. All the high purity (>99.95%) metallic pellets were obtained
commercially. Subsequently, the shutter was opened, and the metal (Mo
or W) was deposited at a rate of 0.1 A s7'. After the metal evaporation,
the as-obtained metallic films were stored in a vacuum box before
sulfurization. The thickness of the evaporated thin films was confirmed
with AFM.

A three-zone tube furnace (base pressure of 107" Pa) was used for
the sulfurization process. First, the furnace was purged with N, gas to
remove impurities in the tube, then pumped down again to the base
pressure. Then, the metallic (W or Mo) films were introduced in the
center of the tube and the sulfurization process was carried out in an
Argon atmosphere (32 Pa). The quartz tube was heated to 550 °C; this
temperature was held for 15 min. Simultaneously, the sulfur powder
(99.5-100.5% from Sigma-Aldrich) was placed upstream and heated up
to 200 °C during the sulfurization process. Finally, the films were rapidly
cooled down to room temperature.

Film Characterization: Raman spectra were acquired using a Renishaw
InVia equipped with two lasers, at 532 nm for MoS, and 442 nm for WS, at
atmospheric conditions. The laser powers were less than 1 mW during the
measurements. The MoS, and WS, thin films were analyzed using a Kratos
X-ray Photoelectron Spectrometer — Axis Ultra DLD with a Silver anode
beam to irradiate the sample surface. The samples were analyzed at a 45°
take-off angle between the sample surface and the path to the analyzer,
and a charge neutralization was performed by irradiating low-energy

(6 of 8) © 2021 Wiley-VCH GmbH
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electrons. The Gaussian-Lorentz mixed function was employed for peak
deconvolution in XPS analysis. The thickness of the film is measured using
a Bruker’s Dimension Icon AFM system with ScanAsyst mode.

Transmission Electron Microscopy: Cross-section TEM foil was prepared
using a ThermoScientific Helios NanoLab 600 Gallium FIB/SEM. The
sample was initially coated with Au using an EMS/Quorum 150R. An
additional Pt coating layer (=2 um) was added prior to milling. Lift out
of the prepared thick foil was placed in a half grid and milled with 30 and
16 kV until a thickness of =50 nm. Final polishing was done at 2 kV
until reaching a nominal thickness of 30 nm. The sample was purposely
prepared thicker than conventional foils to prevent fast degradation of
the interface during imaging. TEM images were acquired in an image
corrected FEI Titan 80-300 operating at 300 kV and equipped with a
Gatan OneView camera.

Device Fabrication and Measurement: Electron beam lithography was
used to pattern bottom electrodes (BE) of crossbar devices followed by
2 nm Cr/60 nm Au metal deposition on a SiO, (285 nm)/Si substrate.
Sulfurized MoS, (or WS,) films were then transferred onto the fabricated
substrate using a water-assisted transfer method (details in Supporting
Information). The polymer used in transfer was carefully removed by
immersing the samples in toluene for 24-48 h. Top electrodes (TE), using
the same fabrication process as BE, were patterned, and deposited. The DC
characteristics of the devices were taken on a Cascade probe station with an
Agilent 4156 semiconductor parameter analyzer under ambient conditions.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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