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ABSTRACT: The superior electronic and mechanical
properties of two-dimensional layered transition-metal
dichalcogenides could be exploited to make a broad range
of devices with attractive functionalities. However, the
nanofabrication of such layered material-based devices still
needs resist-based lithography and plasma etching processes
for patterning layered materials into functional device features.
Such patterning processes lead to unavoidable contamina-
tions, to which the transport characteristics of atomically thin-
layered materials are very sensitive. More seriously, such
lithography-introduced contaminants cannot be safely elimi-
nated by conventional semiconductor cleaning approaches.
This challenge seriously retards the manufacturing of large
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arrays of layered material-based devices with consistent characteristics. Toward addressing this challenge, we introduce a
rubbing-induced site-selective growth method capable of directly generating few-layer MoS, device patterns without the need of
any additional patterning processes. This method consists of two critical steps: (i) a damage-free mechanical rubbing process for
generating microscale triboelectric charge patterns on a dielectric surface and (ii) site-selective deposition of MoS, within
rubbing-induced charge patterns. Our microscopy characterizations in combination with finite element analysis indicate that the
field magnitude distribution within triboelectric charge patterns determines the morphologies of grown MoS, patterns. In
addition, the MoS, line patterns produced by the presented method have been implemented for making arrays of working
transistors and memristors. These devices exhibit a high yield and good uniformity in their electronic properties over large areas.
The presented method could be further developed into a cost-eflicient nanomanufacturing approach for producing functional

device patterns based on various layered materials.

KEYWORDS: nanofabrication, molybdenum disulfide, nanomanufacturing, chemical vapor deposition, field effect transistor,

memristor

B INTRODUCTION

The interest in emerging two-dimensional (2D) layered
transition-metal dichalcogenides (TMDCs, e.g, MoS,, WSe,,
and WS,) has soared because of their excellent electronic and
mechanical properties, which could be exploited to fabricate a
wide variety of functional devices with unprecedented and
attractive functionalities.' ® In the fabrication of TMDC-based
devices, the TMDC flakes are mechanically transferred (or
printed) from a bulk ingot to the substrate, or the TMDC films
are grown on the substrate using deposition methods such as
chemical vapor deposition (CVD) and atomic layer deposi-
tion.” " However, to manufacture commercially viable arrays of
TMDC devices with consistent characteristics, the sizes and
locations of TMDC device features must be well controlled in
the fabrication. Therefore, additional resist-based lithography
and plasma-based etching processes need to be performed to
pattern as-deposited TMDC layers into functional device
features. It is worthwhile to note that such device patterning
processes inevitably introduce a broad range of contaminants
that complicatedly modify and degrade the transport character-
istics of electronic devices. The transfer characteristics of
TMDC-based devices are especially sensitive to these
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contaminants because of their atomically thin structures.'*~"*

More seriously, conventional semiconductor cleaning ap-
proaches (e.g, RCA and piranha methods) cannot safely
eliminate such lithography-introduced contaminants without
causing additional chemical/physical damages to TMDC
patterns. This is because of the fact that atomically thin
TMDC structures are very fragile in these cleaning reagents, and
also because of the fact that most layered materials with 2D
surfaces have a weak adhesion to dielectric substrates and are
easily peeled off by the bubbling of gases during the cleaning
processes.'”*" Therefore, although deposition-lithography—
etching-metallization method is being widely used in the
industry for processing conventional semiconductor structures,
it is still not suitable for producing 2D layered semiconductor
devices.

To address such a general challenge in the patterning of
emerging layered materials, it is highly desirable to develop site-
selective growth techniques capable of directly generating
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Figure 1. Setup of the RISS process: (a) schematic illustration of a rubbing tool for generating triboelectric charge patterns on a target substrate; (b)
photography of a lab-made rubbing tool; (c) illustration of the site-selective CVD growth of few-layer MoS, patterns on a RISS-processed substrate.

TMDC and other layered material-based device patterns,
without the need of (or with a minimal usage of) additional
lithography and etching processes. Han et al. reported using
patterned nucleation seeds to grow MoS, crystals at
predetermined locations using CVD.”' Sun et al. demonstrated
the site-selective growth of MoS, structures within prepatterned
topographical features.”> More recently, Chen et al. demon-
strated the selective growth of MoS, on a chemically treated
substrate.” In these previously reported methods, some types of
guiding features must be introduced onto the substrates for
realizing site-selective growth. A potential concern is that these
guiding features cannot be removed after the fabrication and
might also lead to complicated effects on the device perform-
ance. Therefore, additional efforts are needed to explore the
viability of a method capable of directly generating MoS,
patterns without introducing any permanently existing features
on the substrates.

In this article, we present a rubbing-induced site-selective
growth (RISS) method capable of producing few-layer MoS,
patterns without the need of additional patterning steps. Such a
lithographic capability for generating MoS, device structures has
not been reported yet. In a RISS process, a SiO, growing
substrate is first rubbed by a motorized rubbing template bearing
topographic structures, which generates surface charge patterns
because of the triboelectric effect. Afterward, the rubbed SiO,
substrate is loaded into a CVD tube, and few-layer MoS,
patterns are selectively grown within the rubbed areas on the
SiO, substrate. In this work, the fabrication of MoS, line/
spacing patterns with different periods ranging from 200 nm to
20 pm has been specifically demonstrated. Kelvin probe force
microscopy (KPFM) analysis in combination with finite
element analysis (FEA) simulation shows that the RISS-
produced MoS, patterns are well correlated to the triboelectric
field distribution within rubbed surface areas. Furthermore, the
RISS-produced MoS, line/spacing features have been utilized
for making arrays of field-effect transistors (FETs) and lateral
two-terminal memristors. These devices exhibit a high yield of
~76% and a good device-to-device consistency in their critical
performance parameters. Specifically, the fabricated FETs
exhibit reasonably high on—off ratios in the range of 10° to
~10° and an average field-effect mobility of 0.18 + 0.17 cm*/(V
s). The memristors made from RISS-produced Mo$S, channels
exhibit a low threshold field magnitude (~10* V/cm) for
initiating memristive switching courses, a high switching ratio of
~8, and a small relative standard deviation (~3%) in the set/
reset currents measured from multiple memristors.
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B RESULTS AND DISCUSSION

Figure 1 illustrates our setup for demonstrating RISS.
Specifically, Figure la schematically illustrates our lab-made
tool for generating triboelectric charge patterns on a dielectric
substrate through a rubbing process. In such a rubbing process, a
rubbing-purposed template bearing topographic features is
obliquely mounted on a holding arm. When a mass weight is
added to the holding arm, the edge of the rubbing template is
brought into contact with the substrate, and the contact force
between the template and the substrate can be well controlled by
adjusting the mass weight added to the holding arm. Carried by a
motorized stage, the substrate moves in respect to the rubbing
template, and the topographic features at the template edge
gently rub the substrate. In case that the template and the
substrate are made from materials with different triboelectricity
coefficients, triboelectric charge is generated within the rubbed
regions on the substrate. In principle, this rubbing tool could
generate arbitrary triboelectric charge patterns through a
combination of the design of the rubbing template features
and the control of the stage motion. However, in this work, we
specifically use the templates bearing line/spacing features
(period: 200 nm to 20 um; duty cycle: 50%) for experimentally
demonstrating RISS and investigating its fundamental process-
ing characteristics, as illustrated by the magnified inset view in
Figure la. In addition, the line/spacing features can be
generically exploited to make a broad range of densely arranged
electronic devices, such as thin-film transistors (TFTs),
memories, memristors, and multiplexing biosensors. Figure 1b
shows a photograph of our lab-made rubbing tool. In this
rubbing tool, the holding arm is made of polylactic acid plastic
and fabricated by using a three-dimensional (3D) printer. A
motorized stage controlled by an Arduino microcontroller is
used for generating precisely controlled translational motion of
the substrate in respect to the rubbing template. The moving
speed of the stage is set to 0.5 cm/s during a rubbing process.
After a rubbing process, the substrate with rubbing-induced
triboelectric charge patterns is loaded into a CVD for
performing selective growth of MoS, patterns, which is
mediated by the electric field generated by the charge patterns,
as illustrated in Figure lc. RISS is a scalable nanofabrication
process and could be used for manufacturing MoS, device
patterns over large areas. More details about the RISS process
are described in the Methods and Materials section. In addition,
the supplementary video in the Supporting Information
demonstrates a rubbing process driven by our rubbing tool.
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Figure 2 shows the KPFM characterization of the triboelectric
charge pattern formed on a SiO, substrate. Specifically, Figure

(a) oM of a Grating Template (b) Tilted-View SEM of Rubbing Gratings

(c) Topography AFM Image (d) Surface Potential Inage

Figure 2. AFM and KPFM characterizations of a SiO, substrate area
rubbed by a rubbing template: (a) OM and (b) tilted-view SEM of a 20
um period Cu-coated Si rubbing template (protrusive linewidth: 10
um, feature height: S ym); (c) topography AFM image of the SiO,
surface area rubbed by the rubbing template under a contact pressure of
443.5 MPa, which does not show any visible rubbing-induced damage
to the surface; (d) KPFM image (i.e., surface potential image) of the
same surface area, which clearly exhibits a high-contrast grating-like
potential profile, highly correlated to the features on the rubbing
template.

2a,b displays the optical micrograph (OM) and tilted-view
scanning electron micrograph (SEM) of a Si-based rubbing
template bearing line/spacing features with a period of 20 yum,
protrusive line width of 10 ym, depth of S ym, and duty cycle of
50%, respectively. This template is used for rubbing the
substrate and generating triboelectric charge patterns. In our
experiments, we found that the rubbing between Cu and SiO,
surfaces results in very prominent triboelectric effect. This is
because Cu and SiO, have completely opposite triboelectric
polarities and stay quite far away from each other on the

triboelectric series, as shown in Figure S1. In addition, Cu is
chosen as the material for making rubbing templates and also
because of its high compatibility with low-cost deposition
processes, good mechanical and chemical stabilities, and large
abundance. Therefore, the rubbing template is coated with S nm
Cu by electron-beam evaporation, aiming to generate prominent
and consistent triboelectric charge patterns on SiO, substrates.
More details about the fabrication of the rubbing template are
described in the Methods and Materials section. In such a
rubbing test, the substrate is rubbed by the line/spacing
template under a contact force of 100 mN (the corresponding
contact gauge pressure is 443.5 MPa, which is estimated using
the method described below). Figure 2c displays the topo-
graphic atomic force microscopy (AFM) image of the rubbed
area on the SiO, substrate, which does not exhibit any rubbing-
induced mechanical damage to the SiO, surface. Figure S2 in the
Supporting Information shows that the root-mean-square (rms)
values of surface roughness (Rq) measured from both rubbed
and unrubbed areas on a SiO, surface do not exhibit a statistical
difference. Figure S3 in the Supporting Information displays the
X-ray photoelectron spectroscopy (XPS) (Figure S3a) and
contact angle measurement (Figure S3b) results acquired from a
SiO, surface before and after being rubbed by a Cu rod template
(rubbing pressure ~500 MPa). Figure S3a shows that the XPS
spectrum measured from the rubbed area does not exhibit a
noticeable Cu peak. Figure S3b shows that the water contact
angle on this SiO, surface does not noticeably change after the
rubbing process. These results show that the rubbing process
does not result in observable Cu contamination or modification
of surface wettability. Figure 2d shows the KPFM image (i.e.,
surface potential image) of the same rubbed area on the
substrate. This KPFM image clearly shows a grating-like pattern
of electric potential, which is highly consistent with the line/
spacing feature on the rubbing template and is reasonably
attributed to the triboelectric charge induced by the rubbing
between the Cu-coated line/spacing template and the SiO,
substrate.”* In this rubbing test, the resulted peak-to-valley
amplitude of potential fluctuation on the SiO, substrate is
measured to be ~100 mV, which is the typical condition for the
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Figure 3. KPFM analysis in combination with FEA to investigate the functional relationship among surface potential (¢), contact force (F), and
contact pressure (P): (a) KPFM images captured from SiO, surface areas, which were rubbed by a Cu rod template under different contact forces of
29.4,73.5,140.2, and 242.3 mN, respectively; (b) KPFM-measured surface potentials (¢) vs corresponding applied contact forces (F); (c) illustration
of the FEA model for simulating the contact between the Cu rod template and the SiO, surface; (d) FEA-calculated distribution of the gauge pressure
at the Cu/SiO, interface under a contact force of 29.4 mN; (e) FEA-calculated effective contact areas (A) plotted as a function of contact forces (F); (f)
KPFM-measured surface potentials (¢) plotted as a function of corresponding FEA-calculated contact pressures (P), which can be fitted by an
empirical polynomial function (¢ = 6 X 107°P® — 0.0048P” + 1.44P — 119.9), as denoted by the red line.
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subsequent site-selective CVD growth of MoS, patterns. We
further investigated the effect of heat treatment on the surface
potential induced by triboelectric effect. Figure S4 in the
Supporting Information shows the KPFM surface potential
images of a rubbed SiO, surface captured before and after heat
treatment. Specifically, Figure S4a shows the photograph of a
CVD furnace tube (filled with 150 sccm of Ar gas), in which a
SiO, substrate rubbed by a Cu rod template is subjected to a heat
treatment process at 800 °C for 3 min. Figure S4b shows the
KPFM surface potential image of the SiO, surface before heat
treatment. In Figure S4b, the white line denotes a potential
profile, from which the peak value of surface potential is
measured to be ~56.1 mV. Figure S4c displays the KPFM
surface potential image of the same SiO, surface after heat
treatment. Figure S4c shows that after heat treatment, the peak
value of surface potential is measured to be ~15.6 mV, which is
~70% lower than that measured before heat treatment. Such a
heat-induced reduction of surface potential is attributed to the
thermally enhanced diffusion of charged carriers on the SiO,
surface. Nevertheless, the rubbing-induced surface potential,
even after heat treatment at a typical growth temperature (~800
°C), is still prominent and can serve as effective triboelectric
charge patterns for inducing selective MoS, growth.

Given the template/substrate materials that rub to each other,
the resulted triboelectric charge density, field magnitude, or
surface potential on the dielectric substrate is expected to
depend on the applied contact force (or gauge pressure)
between the template and the substrate.””° To obtain a precise
control of the RISS processes, we investigated the functional
relationship among surface potential (¢), contact force (F), and
contact pressure (P) through KPFM analysis in combination
with FEA modeling. Specifically, in this study we used a
cylindrical Cu rod (diameter: 0.5 mm) instead of the line/
spacing structures as the rubbing template. This is because the
mechanical deformation of a cylindrical rod template can be
easily simulated for precisely quantifying the effective contact
area (A) as well as gauge pressure (P) between the template and
the substrate. We assume that the @—P relationship acquired
from this cylindrical Cu rod template is also applicable to other
Cu-coated templates. Figure 3a displays a series of KPFM
images captured from the SiO, surface areas rubbed by the same
Cu rod exerted with different contact forces (i.e., F = 29.4, 73.5,
140.2 and 242.3 mN). The resulted surface potential (¢) values
are extracted from these KPFM images and plotted as a function
of contact forces in Figure 3b. Because during the rubbing
experiment, it was extremely hard to directly measure the
effective contact area (A) between the rod template and the
substrate, we established a FEA model and used a commercial
FEA software package (ABAQUS) to evaluate the effective
contact area values under different contact forces. Figure 3c
illustrates the FEA model, in which the cylindrical Cu rod
template (diameter: 0.5 mm) is inclined by 45° and its edge is in
contact with the underlying SiO, surface. This model is
consistent with the corresponding experimental setup. More
details about this FEA model are described in the Methods and
Materials section as well as Figure SS in the Supporting
Information. Figure 3d shows a representative FEA result of the
gauge pressure distribution at the template/substrate interface
under a contact force of 29.4 mN. The corresponding contact
area (A) and average contact pressure (P) between the template
and the substrate can be extracted from such a FEA result. Figure
3e plots the FEA-calculated contact areas (A) with respect to the
corresponding contact forces (F) applied in the experiment,

from which the corresponding average contact pressures (P) can
be also calculated. Figure 3f plots KPFM-measured surface
potential (¢) values versus FEA-calculated contact pressures
(P). Such @—P data can be tentatively fitted by an empirical
polynomial function (¢ = 6 X 107°P* — 0.0048P* + 1.44P —
119.9), as denoted by the red dashed line in Figure 3f. This ¢—P
curve could be used for determining the contact gauge pressure
required for generating the triboelectric charge pattern with a
given surface potential and also determining if such a rubbing
condition induces any damage to the substrate. For example, in
this work we identified that the triboelectric charge patterns with
a surface potential of 100 mV can result in effective site-selective
growth of MoS, patterns. On the basis of the ¢—P curve in
Figure 3f, the gauge pressure required for performing the
rubbing process to generate such charge patterns is estimated to
be 443.5 MPa. This pressure value is about a quarter of
magnitude lower than the compressive strength of SiO, and does
not cause serious damage to the SiO, substrate, as indicated by
the AFM result in Figure 2c. The contact pressure exerted during
a rubbing process cannot exceed the compressive strength (o)
of the substrate (e.g., for a SiO, substrate, o, is the range of 1.1—
1.6 GPa). Given such a maximum possible contact pressure
value, the corresponding maximum surface potential can be
estimated by using our empirical polynomial function discussed
above (e, @ = 6 X 107°P* — 0.0048P* + 1.44P — 119.9). Using
this empirical function, the maximum surface potential value is
estimated to be around 3.6 V.

Figure 4 displays the SEM images of a series of RISS-produced
few-layer MoS, line/spacing patterns with different periods/

(a) Few-Layer MoS,

(b) Few-Layer MoS,

3

Figure 4. SEM images of representative RISS-produced few-layer MoS,
lines with different periods/linewidths of (a) 20 m/10 um, (b) 10 um/
Sum, (c) S um/1 pm, (d) 2.5 yum/~450 nm, (e) 2 ym/~290 nm, and
(f) ~250 nm/not applicable.

effective linewidths ((a) 20 yum/10 ym, (b) 10 um/S um, (c) S
um/1 pm, (d) 2.5 um/~450 nm, (e) 2 yum/~290 nm, and (f)
~250 nm/not applicable). Here, the effective linewidth of a
RISS-produced MoS, line is defined as the average linewidth of
the region, in which Mo§, grains are connected to each other to
form a continuous channel line, not including the dispersed
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MoS, grains around this continuous line. For all MoS, line/
spacing patterns, their periods are consistent with the periods of
the corresponding rubbing template features. This indicates that
in a RISS process, the rubbing by the Cu-coated template can
induce site-selective growth of MoS, features on the rubbed
SiO, substrate. The grain sizes of isolated single crystal MoS,
flakes grown in the marginal areas of RISS-produced Mo§, lines
are in the range of 200—300 nm, as indicated by the SEM images
in Figure S6b. To further evaluate the grain sizes in the central
areas of RISS-produced few-layer MoS, lines, we annealed the
MoS, lines under air conditions at 150 °C for 10 min and
subsequently captured the AFM phase images of these annealed
MoS, features. Currently, phase-mode AFM imaging in
combination with annealing has become a valid tool for
visualizing the §rain boundaries within a continuous polycrystal-
line MoS$, film.”"~*” Especially, through a mild sample oxidation
course in the air, the grain boundaries within a MoS, film can be
recognized by composition-sensitive microscopies (e.g., phase-
mode AFM and back-scattered SEM) because of their altered
contrasts.’’ The AFM phase image in Figure S6c indicates that
the central area of a RISS-produced MoS, line indeed exhibits
the smaller grain sizes (95—220 nm) in comparison with its
marginal areas. Such relatively smaller MoS, grains are
attributed to the abundant nucleation sites within the rubbed
SiO, areas, which limit the average range of lateral epitaxial
growth of MoS, grains.””*" The average thickness of RISS-
produced MoS, lines is 3.55 + 0.67 nm, which is measured from
the MoS, lines distributed over a ~0.25 cm” area by using AFM.
The representative AFM image and the extracted statistical
thickness data are presented in Figure S7. Figure S8 in the
Supporting Information further shows Raman characterization
results of few-layer MoS, lines produced by a RISS process.
Specifically, Figure S8a displays the optical micrograph of RISS-
produced MoS, lines with a period/linewidth of 10 ym/5 pm.
Figure S8b displays the Raman spectrum acquired from the
central region of a MoS, line (excitation laser wavelength: 532
nm), which exhibits two Raman scattering peaks associated with
two characteristic phonon modes of MoS, layers (i.e., Ej, and
Ay, peaks appearing at ~383 and ~407 cm™, respectivelyi. On
the basis of the spacing between these two peaks (~24 cm™") in
combination with their positions, the thicknesses of RISS-
produced MoS, lines are estimated to be in the range of 4—5
layers,”””* which is in good agreement with our AFM-measured
thickness data shown in Figure S7. Figure S8¢,d displays the
Raman mapping images of MoS, lines based on E%g and A,
modes, respectively. These two images show that strong E;_ and
A, scattering signals only appear within the rubbed areas. This
result further indicates the selective growth capability of RISS.
The same Raman spectrum is also plotted with the full Raman
shift range in Figure S9. This spectrum does not exhibit
prominent peaks at 149, 195, 280, 344, 650, and 820 cm™,
which are characteristic features associated with the stretching
and bending vibration modes of Mo=0O and O—Mo—-0O
bonds.** The lack of such modes in combination with the
prominent Eig and A, features strongly indicates that most
precursor molecules have been well converted to MoS, layers in
our CVD growth.”*

In this prototype demonstration work, the processing area of
our RISS system is at the mm? scale, which is mainly limited by
the size of the rubbing templates but could be further increased
by using larger templates and optimizing the template/substrate
contact. Currently, our lab-made CVD system cannot enable the
precise control of the number of MoS, layers. However, control

of the number of MoS, layers during a CVD process is a generic
challenge about the CVD process and is not directly associated
with our RISS method. As demonstrated above, our current
RISS process can produce few-layer MoS, lines with an average
thickness of 3.55 + 0.67 nm. Such few-layer MoS, structures are
already useful for a series of device applications, such as TFT,
photodetectors, memories, memristors, and biosensors.”*>*

To evaluate the morphological characteristics of RISS-
produced MoS, lines, we introduce a specific cover ratio
parameter that is defined as the percentage of the local area
covered by as-grown MoS, layers (or grains). Figure 4 shows
that for a RISS-produced MoS, line, the cover ratio of its central
area is high and usually in the range of 80—100%, whereas its
edge regions exhibit a gradual variation of the cover ratio. For the
MoS, lines produced by the rubbing features with linewidths
larger than 2 ym (e.g., the samples shown in Figure 4a,b), such a
gradual variation of the cover ratio at the feature edges does not
significantly affect their effective linewidths, and the effective
linewidths of these relatively wide MoS, lines are mainly
determined by the linewidths of the rubbing template features.
However, for the MoS, lines produced by the rubbing features
with relatively smaller linewidths (e.g., those shown in Figure
4c—f), such a gradual variation of cover ratio at feature edges
results in significantly smaller effective linewidths in comparison
with the corresponding linewidths of the rubbing features. As
shown in Figure 4f, the MoS, lines produced by a rubbing
template with a feature period of 200 nm and a linewidth of 100
nm are not even continuous because of the overly dispersive
variation of MoS, cover ratio at the edges.

Such a gradual variation of MoS, cover ratio at the edges of
RISS-produced features is attributed to the net effect of (1) the
field magnitude distribution within rubbing-induced tribo-
electric charge patterns and (2) the diffusion of nucleated
MoS, domains from triboelectric charge pattern areas.”® To
quantitatively correlate the spatial distribution of rubbing-
induced triboelectric field and the distribution of resulted MoS,
cover ratio, we used a FEA model to simulate the electric field
associated with the triboelectric charge on a SiO, surface and
compared this simulated field distribution to the MoS, cover
ratio profile measured from the SEM image of the corresponding
MoS, sample. Specifically, a MATLAB-based imaging tool was
used for processing SEM images and measuring MoS, cover
ratio profiles, and a COMSOL software package was used for
FEA simulation. The details related to image processing and
FEA are described in the Supporting Information and Methods
and Materials section, respectively. Figure S10 in the Supporting
Information shows the comparison between the electric field
distribution measured by KPFM and that simulated by FEA.
Specifically, Figure S10a shows the KPFM image of a SiO,
surface rubbed by a line/spacing template with a period/
linewidth of 20 ym/10 gm. This KPFM image displays a grating-
like surface potential distribution with a period of 20 ym. A
surface potential profile is captured from the location denoted by
a dashed line and plotted as the solid curve, as shown in Figure
S10b. In Figure S10b, the surface potential profile simulated by
FEA (dashed curve) is also plotted and compared to that
obtained by KPFM. On the basis of these two surface potential
profiles, the profiles of field magnitude distribution obtained
from KPFM and FEA are calculated and plotted together in
Figure S10c. Figure S10b,c indicates that the electric field
distribution measured by KFPM is in good agreement with that
obtained from FEA simulation. This comparison shows that
FEA can serve as a valid tool for simulating and analyzing the
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electric field involved in a RISS process. Figure 5 displays a
representative analysis for the MoS, lines shown in Figure 4d,

Figure 6 further shows the analysis results for the MoS, lines
produced by using a rubbing template with a period of 10 ym
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Figure 5. Cover ratio analysis for relatively narrow RISS-produced
MoS, lines (period/linewidth: 2 ygm/~290 nm): (a) binary SEM image
of the MoS, lines; (b) MoS, cover ratio profile across the MoS, lines,
which are extracted from the binary SEM image; (c) FEA-simulated
electric field associated with the corresponding rubbing-induced
triboelectric charge pattern (ie., line/spacing charge pattern with
period/linewidth of 2 yum/1 pum); (d) FEA-simulated triboelectric field
magnitude profile (dashed line) and SEM-measured MoS, cover ratio
profile (solid line) around a triboelectric charge line area.

which were produced by using a rubbing template with a period
of 2 ym and a linewidth of 1 ym. Figure Sa shows the binary
SEM image processed from Figure 4d, from which the MoS,
cover ratio profile across the MoS, lines is extracted and plotted
in Figure Sb. Figure S11 shows the image processing process to
calculate the cover ratio of RISS-produced MoS, lines.
Specifically, the original SEM image of MoS§, lines is processed
into a binary image using Otsu’s algorithm and the local pixels
covered by MoS, (i.e., the dark pixels shown in the binary SEM
image) are counted.”” The detailed process for extracting the
cover ratio profile is described in the Supporting Information.
Figure 5b shows that the MoS, cover ratio distribution across
these relatively narrow MoS§, line features has a sine-like profile
with peak values in the range of 80—92% (i.e., the cover ratios
measured from the central regions of the MoS, lines) and valley
values in the range of 6—30% (i.e., the cover ratios measured
from the central regions of the unrubbed areas). Figure Sc shows
the FEA-simulated electric field from the triboelectric charge
regions on a SiO, surface. In this FEA simulation, we assume a
uniform charge density within the rubbed areas, which are 2 ym
period and 1 ym wide lines. The value of the charge density is set
so that the potential at the central areas of the lines is 100 mV,
which is consistent with the potential measured by KPFM, as
shown in Figure 2d. From Figure Sc, the field magnitude profile
around a single charge line is extracted and plotted as a dashed
line in Figure 5d. For comparison, the cover ratio profile
measured around a representative MoS, line in Figure Sa is also
plotted as a solid line in Figure 5d. Figure 5d indicates that the
spatial distribution profiles of field magnitude and MoS, cover
ratio around a triboelectric charge line area have very similar
shapes and exhibit a strong correlation to each other.
Quantitatively, the field magnitude in the middle of a rubbed
line is ~1.2 X 10° V/m that leads to a local RISS-produced MoS,
cover ratio of ~80%, whereas the field magnitude at the edges of
the rubbed line is ~450 V/m that leads to a relatively low cover
ratio of 30—45%.
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Figure 6. Cover ratio and thickness analysis for relatively wide RISS-
produced MoS, lines (period/linewidth: 10 gm/S pm): (a) binary
SEM image of the MoS, lines; (b) MoS, cover ratio profile across the
MoS, lines, which are extracted from the binary SEM image; (c) FEA-
simulated electric field associated with the corresponding rubbing-
induced triboelectric charge pattern (i.e., line/spacing charge pattern
with period/linewidth of 10 pm/S pm); (d) FEA-simulated tribo-
electric field magnitude profile (dashed line) and SEM-measured Mo$S,
cover ratio profile (solid line) around a triboelectric charge line area;
(e) zoomed SEM image of a 5 ym wide RISS-produced MoS, line; (f)
AFM-measured height profile (solid line) of the MoS, line and FEA-
simulated triboelectric field magnitude profile (dashed line).

and a linewidth of S ym (i.e., the sample shown in Figure 4b).
Figure 6a,b shows the binary SEM image and the extracted MoS,
cover ratio profile across multiple lines, respectively. These two
figures show that for such relatively wide MoS, lines (typically
those produced by the rubbing features with linewidths larger
than 2 gm), the MoS, cover ratio is ~100% for the almost entire
rubbed area. Such a high contrast of MoS, patterns is expected as
a result of the high contrast distribution of field magnitude
within the rubbed line areas. Figure 6¢ displays the FEA-
calculated electric field associated with the triboelectric charge
within the S ym wide rubbed line areas on a SiO, surface. Other
simulation parameters are the same as those for the one shown in
Figure Sc. From Figure 6c, the field magnitude profile across a
single 5 yum wide charge line is extracted and plotted as a dashed
line in Figure 6d. This field distribution profile is compared with
the cover ratio profile measured around a MoS, line shown in
Figure 6a (i.e., the solid line in Figure 6d). Different from the
field magnitude profile around a 1 ym wide rubbed SiO, line
(see Figure Sc), the field distribution around a $ yim wide rubbed
line exhibits two peaks at the line edges. The presence of these
two peaks makes the electric field magnitude over the entire
rubbed area higher than 1.5 X 10* V/m, which results in a high
cover ratio of ~100% for almost the whole rubbed area. Figure
6d also shows that triboelectric field magnitude and RISS-
produced MoS§, cover ratio exhibit a strong correlation, which is
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Figure 7. Demonstration of an array of working FETs fabricated on RISS-produced few-layer MoS, lines: (a) optical micrograph of three
representative back-gated MoS, FETs fabricated on a MoS, line (FET channel length: S ym, width: ~1 ym); (b) transfer characteristic (or Ids—Vg)
curve of a representative MoS, FET; (c) 3D (left) and 2D top-view (right) plots of the on—off ratio data measured from 184 working FETs on the same
substrate as the function of line and device indexes; (d) 3D (left) and 2D top-view (right) plots of the field-effect mobility data measured from 184

working FETs as the function of line and device indexes.

consistent with the field/cover-ratio correlation observed in
Figure 5d for the relatively narrower MoS, lines. This implies
that in a RISS process, the local triboelectric field magnitude is a
key factor affecting the nucleation of precursor molecules and
therefore the local MoS, cover ratio.

It is further noted that although a local triboelectric field
magnitude higher than 1.5 X 10* V/m makes the local MoS,
cover ratio saturate to ~100%, different field magnitudes above
this saturating value still result in different local MoS,
thicknesses. Specifically, Figure 6e shows a zoomed SEM
image of a 5 ym wide RISS-produced MoS, line. In this SEM
image, the darkness distribution across the MoS, line implies
that the edge areas of the MoS, line are relatively thicker than its
central area. This has been further verified by our AFM
characterization. Figure 6f plots an AFM height profile curve
(solid line) acquired across the MoS, line as well as a FEA-
calculated field magnitude profile. The AFM profile curve
specifically indicates that from the center of the MoS, line to its
edges, the MoS, thickness varies from 1.5 nm (~two layers) to 3
nm (~four layers). Such a variation profile for MoS, thickness
has a very similar shape as that of the field magnitude profile.
This further supports our conclusion that in a RISS process, the
local triboelectric field magnitude is the key factor affecting the
nucleation rate of precursor molecules. Here, it should be also
noted that, as shown in Figure 6a, the MoS, cover ratio
measured from the unrubbed areas between continuous MoS,
lines is ~20%, although the triboelectric field magnitude in such
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unrubbed areas is estimated to be negligible. Therefore, the
MoS, grains observed in the unrubbed areas are mainly
attributed to the lateral diffusion of the MoS, grains from the
rubbed areas.

To evaluate the large-area uniformity of RISS-produced few-
layer MoS, structures in their electronic properties, we
fabricated FET arrays based on RISS-produced MoS, lines.
To make such a FET array, 22 MoS, lines with an effective
linewidth of ~1 ym are produced on a p*-type Si substrate
coated with 300 nm thick thermally grown SiO, using RISS.
These MoS, lines have a large interline spacing of ~200 ym to
provide footprint areas for Ti/Au contacts. Using our current
mask set, 11 FET's with a channel length of S ym are fabricated
on a single MoS, line. Therefore, an as-fabricated FET array
consists of totally 242 FETs. The p*-type Si substrate serves as
the common back gate for these FETs. Other details about the
FET fabrication are described in the Methods and Materials
section. Figure 7a shows the optical micrograph of three
representative FET's fabricated on a 1 ym wide MoS, line. The
SEM image of one of these 1 ym wide MoS, FETs and the
Raman spectrum measured from this FET channel are displayed
in Figure S12a,b, respectively, in the Supporting Information.
Figure 7b plots the transfer characteristic curve (i.e., drain—
source current (Ids) versus gate Voltage (Vg) curve) measured
from a representative back-gated MoS, FET. This FET exhibits a
typical n-type transport behavior and its on—off ratio is ~10°.
The transfer characteristics measured from all other working
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Figure 8. Demonstration of working memristors fabricated on RISS-produced few-layer MoS, lines: (a) dc-programmed switching characteristic curve
(or hysteretic -V curve) measured from a representative MoS, memristor; (b) pulse-programmed switching characteristic curve measured from the
same memristor (set process: 10 —30 V, S us pulse; reset process: 10 +30 V, S us pulses); and (c) pulse-programmed switching characteristic curves
measured from 10 different memristors, which are plotted together to demonstrate a high device-to-device consistency in their switching

characteristics.

FETs in the same array are listed in Figure S13 in the Supporting
Information. The FETs shown in Figures 7b and S13 exhibit
relatively low mobility and ON current values, which are
attributed to the relatively narrow MoS, channel width (~1
um). Figure S14a shows the optical micrograph of a set of FET's
made from a 15 ym wide RISS-produced MoS, line (for all
FETs, the channel length is still S 4m), and Figure S14b displays
the transfer characteristic curve of a representative FET. The
ON current of such a relatively wider FET measured under a
given condition is about two orders of magnitude higher than
that of a 1 ym wide FET. The mobility values of such wider
FETs are extracted to be higher than 1 cm?/V s, and they are
comparable with the mobility values of recently reported FET's
made from CVD-grown MoS, films.>*™* In the future, the
mobility and ON current values of RISS-produced MoS, FETs
are anticipated to be further improved through optimization of
CVD conditions. Totally, 184 out of 242 as-fabricated FET's are
properly working devices, and the fabrication yield is ~76%.
This yield could be further improved through optimization of
RISS and device fabrication processes. Figure 7c displays the
on—off ratio data measured from these 184 FETs, which are
plotted as the function of their line and device indexes. In Figure
7¢, the left inset is the 3D plot, and the right inset is the 2D top-
view plot that provides a clear view for the location distribution
of working FETs in the array. On—off ratios measured from
these FETs are in the range of 10° to ~3 X 10°% which are
reasonably high for most switching device applications. Figure
7d shows the 3D (left) and 2D (right) plots of the field-effect
mobility data extracted from the transfer characteristics of the
FETs. Specifically, the field-effect mobility of a FET is extracted
by using eq 1, where g is the vacuum permittivity, &, & 3.9 is the
relative permittivity of the SiO, dielectric layer, C,, is the gate
capacitance, and W/L is the width/length ratio of the MoS, FET
channel.

1 dlds r
H= W, Cox =
Corp Vas 4% d

ox L

(1)

Figure 7d shows that the mobility values of the FETs range
from 0.1 to 1 cm?/(V s) (mean value: 0.18 + 0.17 cm?/V s).
Such relatively low mobility values are attributed to the relatively
small average grain size within the MoS, channel lines.”**!
During a site-selective growth process, the nucleation sites are
highly localized and concentrated within the target growth areas.
This results in very limited free space for a MoS, grain to grow
before the local MoS, cover ratio reaches to 100%.”*”" In
addition, the relatively high contact resistance between MoS,
channels and Ti/Au contacts could also affect the mobility value
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extracted using eq 1. Figure S15 in the Supporting Information
shows the transfer length method (TLM) analysis of a set of four
RISS-produced MoS, FETSs with various channel lengths of S,
10, 15, and 20 gm and the same channel width of 1 ym. From
this analysis, the contact resistances under bias conditions of Vg
=1V, Vg=100Vand Vpg=1V, V53 =0V are extracted to be
146 and 1520 kQ mm, respectively, which are relatively higher
than previously reported contact resistances for MoS,/metal
junctions.””*" Such relatively high contact resistances are
temporarily attributed to the defects in RISS-produced MoS,
layers, which could result in high Schottky barriers at MoS,/
metal interfaces. Our results imply that such Schottky barriers
are highly dependent on the gate voltage. Future research effort
will be performed to reduce such defects and improve the MoS,/
metal contact characteristics. Here, it is also noted that as shown
in Figure 7¢,d, the on—off ratio and mobility data measured from
the FETs on the same MoS, line (i.e., the FETs with the same
line index) exhibit a relatively smaller variance in comparison
with those measured from the FETs on the different MoS§, lines.
Such a relatively large variance in the FET performance among
lines is attributed to the variances in morphological parameters
among RISS-produced MoS, lines, which could be further
reduced by optimizing the large-area distribution of rubbing
stress during the RISS processes.

Although the relatively small crystalline MoS, grains in RISS-
produced MoS, lines result in relatively low field-effect mobility
and are not very suitable for high-speed FET applications, they
can form a 2D channel rich in movable defects (e.g., sulfur
vacancies, molybdenum vacancies, antisites, and impurities) and
potentially enable a niche application of RISS-produced MoS,
structures in memristive electronics.”” Although in a polycrystal-
line MoS, channel the long-distance migration of movable
defects could be blocked by grain boundaries, the local
migration of such defects around MoS,/metal interfaces is still
expected to result in an effective modulation of the Schottky
barriers at MoS,/metal interfaces and induces memristive
switching processes.”’ To preliminarily demonstrate such a
potential application, we fabricated and characterized memristor
arrays based on RISS-produced MoS, lines, which have the same
device structure as the FET array shown in Figure 7. Figure 8
shows the switching characteristics measured from such
memristors. Specifically, Figure 8a shows the direct current
(dc)-programmed switching characteristic curve (i.e., hysteretic
I-V curve) measured from a representative MoS, memristor,
which exhibits a prominent memristive switching behavior.
Additionally, such MoS, memristors exhibit a low threshold field
magnitude for initiating memristive switching (~10* V/cm),
which is about two orders of magnitude lower than that of the
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conventional memristors based on transition-metal oxides.””

Figure 8b plots the pulse-programmed switching characteristic
curve (i.e., current under a fixed voltage of 1 V versus number of
applied pulses) measured from the same memristor (set process:
10 —30 V, S us pulse; reset process: 10 +30 V, S us pulses).
During such a pulse-programmed switching cycle, the memristor
current (measured under 1 V bias) gradually varies from ~100
nA to ~800 nA, indicating a switching ratio of ~8. Such
prominent memristive switching characteristics observed in our
MoS, memristors are attributed to the high concentration of
movable defects in RISS-produced MoS, channel lines that can
dynamically modify the Schottky barriers at the MoS,/contact
interfaces and therefore modulate the conductance states of the
memristors.” To analyze if rubbing-induced surface charge on
SiO, surface could contribute to the observed memristive
switching behavior, we transferred a RISS-produced MoS, line
onto a pristine SiO,/Si substrate without rubbing-induced
charge. Figure S17a in the Supporting Information shows the
optical micrograph of the two-terminal resistor made from this
transferred MoS, line. Figure S17b displays the pulse-
programmed switching characteristic curve measured from this
resistor (measurement condition: set process: 10 —30 V, 500 ns
pulses; reset process: 10 +30 V, 500 ns pulses). The switching
ratio (i.e., ratio between the highest and lowest conductances
during a switching cycle) of this device is measured to be ~9,
which is comparable to that measured from the MoS, devices on
rubbed substrates. Such a result indicates that even on a pristine
SiO,/Si substrate without rubbing-induced charge, the resistor
made from a RISS-produced MoS§, line still exhibits a prominent
memristive switching behavior and can serve as a memristor.
This result also strongly implies that the observed memristive
behavior of RISS-produced MoS, features is mainly attributed to
the movable defects in the MoS, features. The future research
will seek to identify the specific types of such defects. Figure 8c
plots the pulse-programmed switching characteristic curves
measured from ten memristors in the same array. These curves
are also individually plotted in Figure S16 in the Supporting
Information. These ten MoS, memristors exhibit a high device-
to-device consistency in their memristive switching character-
istics (the relative standard deviation in their set/reset currents
is ~3%) and could be further exploited for constructing neural
network devices for neuromorphic computing applications. This
result also indicates that RISS-produced MoS, channel lines
exhibit a high uniformity in their concentrations of movable
vacancies.

B CONCLUSION

We developed and systematically studied a RISS method, which
can enable scalable fabrication of few-layer MoS, device patterns
without the need of additional patterning processes. In a RISS
process, triboelectric charge patterns are generated on a target
dielectric substrate surface by a template-based rubbing process
and serves as highly preferential nucleation sites for the CVD
growth of MoS, structures. Using RISS, we have specifically
demonstrated the fabrication of Mo§, line/spacing patterns with
various periods and linewidths. Our microscopy characterization
in combination with FEA simulation implied that the
morphologies of RISS-produced MoS, patterns are strongly
correlated with the field magnitude distribution within rubbing-
generated triboelectric charge patterns. Finally, RISS-produced
MoS, lines were used for making arrays of FET's and memristors,
in which the yield of working devices was evaluated to be ~76%,

and both types of the devices exhibited a good device-to-device

consistency. Specifically, the MoS, FETs showed reasonably
high on—off ratios in the range of 10° to 3 X 10° and exhibited an
average field-effect mobility of 0.18 + 0.17 cm?/(V s). For the
MoS, memristors, a large switching ratio of ~8 and a low
threshold field magnitude (~10* V/cm) for initiating mem-
ristive switching are demonstrated. The presented RISS method
could be further developed into a cost-efficient scalable
nanomanufacturing technique capable of producing commer-
cially viable device patterns based on various layered materials.

B METHODS AND MATERIALS

Fabrication of a Rubbing Template. First, a photoresist (SPR
220) layer is spin-coated on a Si substrate. After a baking process at 115
°C for S min, the photoresist-coated Si substrate is aligned with a
photomask bearing line/spacing patterns and exposed to UV light by
using an aligner (MA6/BA6 mask aligner). After the development
process, the Si substrate is etched in a plasma etcher (LAM9400)
(etching condition: radio frequency power of 600 W, HBr flowrate of
100 sccm, He flowrate of 100 sccm). For all line/spacing patterns, the
etching depth is 5§ ym.

CVD Process. In a CVD process, 10 mg of molybdenum trioxide
(Mo003,99.97%, Sigma-Aldrich) and 300 mg of sulfur (S, 99.5%, Sigma-
Aldrich) are placed at the center and upstream locations of a 1”-diam
quartz tube, respectively. The SiO, or other dielectric substrates bearing
rubbing-induced triboelectric charge patterns serves as the target
substrates. These substrates are placed face-down above the MoO;
source. Ar (99.999%, Cryogenic Gases) is used as the carrier gas, and
the gas flow rate is set to 150 sccm during the synthesis course. The
temperature of the central area of the furnace chamber rises to 800 °C
and maintains the same for $ min during the MoS, synthesis. Afterward,
the furnace is cooled to the room temperature, and the substrates
bearing RISS-produced MoS, patterns are taken out from the quartz
tube.

FEA for Investigating the Relationship Among Surface
Potential (@), Contact Force (F), and Average Contact Pressure
(P). A commercial FEA software package (ABAQUS) is used for
modeling the contact between the Cu rod template (diameter: 0.5 mm)
and the SiO, substrate surface. The Young’s modulus/Poisson’s ratio of
the Cu rod template and the SiO, substrate are set to 117 GPa/0.33 and
70 GPa/0.15, respectively. Figure SS displays the FEA model and the
mesh setup. In this model, the surface-to-surface contact between the
Curod and the SiO, surface is defined in a simulation scenario, in which
the mesh nodes on Cu and SiO, surfaces are not allowed to penetrate
into each other. To calculate the average contact pressure (P) under a
specific contact force (F), the local contact pressure values obtained at
all individual nodes on the contact area are extracted and averaged.

FEA for Calculating the Magnitude of Electric Field. FEA
(COMSOL Multiphysics software) is utilized to compute the electric
field distribution associated with a rubbing-induced triboelectric charge
pattern. In the computation, the surface charge density within the
rubbed area is set to a specific value to let the resulted surface potential
at the central line of the rubbed area equal to 100 mV, which is
consistent with the corresponding potential value measured from our
KPFM experiment. A set of charge conservation equations: E = =VV,
V-(&4€,E) = p, are subsequently solved to calculate the triboelectric
field distribution.

Fabrication and Characterization of FETs and Memristors
Based on RISS-Produced MoS, Lines. To fabricate back-gate FETs
and memristors on RISS-produced MoS, line, interdigitated metallic
drain/source contacts (S nm Ti/S0 nm Au) are fabricated by using
photolithography followed with metallization. Specifically, 12 inter-
digitated contact pads are fabricated on each MoS, line. Therefore,
there are 11 FETs or memristors fabricated on each RISS-produced
MoS, line. The transport characteristics of FETs and memristors are
measured using a Keithley 4200 semiconductor parameter analyzer. All
the characteristic curves measured from working FETs and memristors
are plotted in Figures S13 and S16, respectively.
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Triboelectric series of materials (Figure S1); rms
roughness (R,) values measured at rubbed and un-rubbed
areas of the SiO, surface after rubbing process (Figure
S2); XPS and water contact angle characterizations of a
SiO, surface rubbed by a Cu rod template (Figure S3);
surface potential under the heating (Figure S4); FEA
contact configuration and mesh structures of Cu wire and
SiO, surface (Figure SS); SEM and phase mode AFM
images for investigating MoS, grain sizes (Figure S6);
average thickness of RISS-produced MoS, lines (Figure
S7); Raman characterization of RISS-produced MoS,
(Figure S8); wide range Raman spectra obtained from
RISS-produced MoS, line structures (Figure S9);
comparison of electric field distribution obtained from
KPFM and FEA (Figure S10); image processing process
of a SEM image for extracting the cover ratio (Figure
S11); SEM image Raman spectrum of 1 ym channel width
MoS, FET (Figure S12); linear and semi-logarithmic Iy;—
V, curves obtained from 184 FETs (Figure S13); wide
channel width FETSs fabricated on RISS-produced MoS,
line (Figure S14); TLM analysis of 1 ym channel width
MoS, FET (Figure S1S); pulse-programmed switching
characteristic curves obtained from 10 memristors
(Figure S16); and pulse-programmed switching charac-
teristic curves obtained from a memristor transferred to a
pristine SiO, substrate (Figure S17) (PDF)

A supplementary video showing a rubbing process driven
by a lab-made rubbing tool (RISS Process.avi) (AVI)
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