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ABSTRACT: Printing technology has potential to oﬀer a costeﬀective and scalable way to fabricate electronic devices based
on two-dimensional (2D) transition metal dichalcogenides
(TMDCs). However, limited by the registration accuracy and
resolution of printing, the previously reported printed TMDC
ﬁeld-eﬀect transistors (FETs) have relatively long channel
lengths (13−200 μm), thus suﬀering low current-driving
capabilities (≤0.02 μA/μm). Here, we report a “ﬂood−dike”
self-aligned printing technique that allows the formation of
source/drain metal contacts on TMDC materials with submicrometer channel lengths in a reliable way. This self-aligned printing technique involves three steps: (i) printing of gold
ink on a WSe2 ﬂake to form the ﬁrst gold electrode, (ii) modifying the surface of the ﬁrst gold electrode with a selfassembled monolayer (SAM) to lower the surface tension and render the surface hydrophobic, and (iii) printing of gold ink
close to the SAM-treated ﬁrst electrode at a certain distance. During the third step, the gold ink would ﬁrst spread toward
the edge of the ﬁrst electrode and then get stopped by the hydrophobic SAM coating, ending up forming a sub-micrometer
channel. With this printing technique, we have successfully downscaled the channel length to ∼750 nm and achieved
enhanced on-state current densities of ∼0.64 μA/μm (average) and high on/oﬀ current ratios of ∼3 × 105 (average).
Furthermore, with our high-performance printed WSe2 FETs, driving capabilities for quantum-dot light-emitting diodes
(LEDs), inorganic LEDs, and organic LEDs have been demonstrated, which reveals the potential of using printed TMDC
electronics for display backplane applications.
KEYWORDS: tungsten diselenides, transition metal dichalcogenides, TMDC, two-dimensional, chemical vapor deposition, printing,
sub-micrometer channel
mobility.6−10 Among the large family of TMDCs, MoS2 and
WSe2 are the two most widely studied species, with interesting
semiconducting features.11−13 In particular, monolayer WSe2,
which possesses a direct band gap and ambipolar transport

T

ransition metal dichalcogenides (TMDCs), which are
two-dimensional (2D) layered materials, generally have
a formula of MX2, where M stands for a transition
metal and X stands for a chalcogen.1−3 Depending on the
composition, the TMDCs can span from superconductors to
semiconductors and even insulators1,4,5 Meanwhile, other
factors including thickness, defects, and strain can also aﬀect
their physical properties such as band gap and ﬁeld-eﬀect
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Figure 1. “Flood−dike” self-aligned printing of short-channel FETs based on CVD WSe2. (a) Schematic diagram showing a single-monolayer
triangle-shape WSe2 ﬂake transferred on Si/SiO2. (b−d) Schematic diagrams showing the three steps of the “ﬂood−dike” self-aligned printing
method, including (b) printing of the ﬁrst gold electrode, (c) functionalizing the surface of the ﬁrst electrode with SAM, and (d) printing of
the second gold electrode close to the ﬁrst one. (e) Zoomed-in schematic diagram showing the gold ink of the second electrode ﬂooding
toward the ﬁrst electrode right after landing on the WSe2 surface. (f) Zoomed-in schematic diagram showing the gold ink gets stopped by the
SAM “ﬂood−dike”, forming a short channel on the sub-micrometer scale.

behavior,14,15 has been demonstrated as a good candidate for
optoelectronics,16−19 spintronics,20 and valleytronics.13,21 At
the same time, this TMDC material is also suitable for other
electronic applications such as chemical sensing and ﬂexible
electronics because of the 2D layered nature.22−25
In another aspect, current semiconductor manufacturing
relies heavily on sophisticated fabrication processes such as
lithography and vacuum deposition, which may be prohibitively
costly and time-consuming to adapt to TMDC-based devices.
Fortunately, printing technology designed for solution-based
low-temperature processing can eliminate the needs for highcost lithography and vacuum systems.26 Up to now, printing
approaches have been reported for a number of devices
including ﬁeld-eﬀect transistors (FETs), logic gates, and solar
cells using carbon nanotubes (CNTs),27−33 metal oxides,33−35
organic ﬁlms,36,37 or inorganic nanoparticles,38 which demonstrate the great potential of using printing technology for lowcost and large-scale electronic applications.39−41 Recently,
signiﬁcant progress has been made in printed electronics
based on 2D TMDCs.42−46 In 2014, Li et al. demonstrated fully
inkjet-printed MoS2 FETs by printing MoS2 liquid dispersions

on top of printed silver contacts.44 Later on, Kim et al. reported
chemical vapor deposition (CVD)-synthesized monolayer
MoS2 FETs with inkjet-printed silver contacts.43 Recently, a
family of liquid-exfoliated TMDC nanosheet inks have been
utilized for all-printed FETs by Kelly et al.45 and all-printed
photodetectors and memory devices by McManus et al.,47
respectively. Nevertheless, previously reported printed 2D
TMDC devices usually have rather long channel lengths on
the scale of 13 μm−200 μm, mainly limited by the resolution
and the registration accuracy of the printing instrument. A large
channel length would compromise the device performance,
especially the on-state current density, resulting in a relatively
low current-drive capacity (≤0.02 μA/μm). A major reason is
that, within such a long channel length, there exists a large
number of either ﬂake-to-ﬂake junctions (for liquid-exfoliated
TMDC nanosheet networks) or grain boundaries (for
continuous TMDC ﬁlms). Therefore, downscaling of the
transistor channel length is desired to improve the device
performance and enable potential applications.
Previously, Sirringhaus et al. reported a back-contact selfaligned printing method for sub-micrometer FETs with organic
B
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Figure 2. (a−d) Images and characterizations of CVD monolayer WSe2. (a) Optical microscope image showing a typical triangle-shape
monolayer WSe2 ﬂake transferred to Si/SiO2. This particular ﬂake is ∼187 μm. (b) AFM image of the WSe2 ﬂake in (a) along with the crosssection height proﬁle of the white dashed line. The thickness of this ﬂake is measured to be ∼0.8 nm, corresponding to a monolayer TMDC.
(c) Raman spectrum of a typical transferred WSe2 ﬂake showing the two characteristic peaks of the E12g mode and A1g mode. (d) PL spectrum
of the same WSe2 ﬂake in (c) showing a strong PL peak at ∼752 nm, conﬁrming the monolayer status. (e) Optical microscope image of a submicrometer channel deﬁned by the “ﬂood−dike” printing approach. (f) AFM and SEM (inset) images showing a clearly deﬁned gap measured
to be ∼750 nm.

Here, we report a three-step “ﬂood−dike” self-aligned
printing method that can reliably produce sub-micrometer
channels on 2D TMDC ﬂakes. In this study, we chose CVDsynthesized monolayer WSe2 as the channel materials for
demonstration. This printing strategy is highly compatible with
other CVD-synthesized, mechanically exfoliated, and liquid
exfoliated 2D TMDC materials. As the ﬁrst step, gold
nanoparticle ink is printed on the WSe2 ﬂake to form the
ﬁrst contact electrode. As the second step, a hydrophobic thiol
SAM of 1H,1H,2H,2H-perﬂuorodecanethiol (PFDT) is utilized
to modify the surface of the gold electrode by lowering the
surface tension, making the surface highly hydrophobic.36,50
The formation of the SAM layer on the gold electrode surface is
facilitated by the formation of Au−S covalent bonds between
the thiol SAM and gold,51 while the thiol SAM does not
assemble on the pristine WSe2 surface or the bare Si/SiO2
surface.50 As the last step, gold ink is printed close to the ﬁrst
electrode at a certain distance. Due to the good wettability of

materials as the channel materials,36,48 while we reported a topcontact self-aligned printing method for sub-micrometer FETs
with CNTs as the channel materials.49 The traditional selfaligned printing method works in an “overlap−dewet” fashion,
meaning that the second metal electrode is intentionally printed
to partially overlap with the self-assembled monolayer (SAM)coated ﬁrst electrode and then slowly dewets from the ﬁrst
electrode, yielding a sub-micrometer gap.36,48,49 However, we
have found that this traditional self-aligned printing strategy is
not suitable when applied to 2D TMDCs due to the
extraordinary wetting properties of the gold ink on the
TMDC surface. Speciﬁcally, during the printing of the second
electrode, the gold ink wets the surface of the TMDC ﬂake so
well that it aﬀects the dewetting process of the second
electrode, leaving a signiﬁcant amount of short circuits. Hence,
a modiﬁed self-aligned printing strategy needs to be developed
for 2D TMDC materials.
C
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Figure 3. Electrical characteristics of the printed ultrashort channel WSe2 FET with a back-gate device structure. (a) Transfer characteristics
(ID−VG) of a typical WSe2 FET (L = 750 nm, W = 30 μm) measured under diﬀerent VDS from −0.5 to −2.0 V in steps of −0.5 V. The inset
shows the AFM image of the channel, measured to be 750 nm. (b) The same transfer characteristics plotted in a logarithmic scale showing an
Ion/Ioff ratio of 1 × 105. (c, d) Output characteristics (ID−VDS) of the same device measured under diﬀerent VG from 0 to −100 V in steps of
−10 V, with (c) showing the low VDS region and (d) showing the high VDS region, respectively.

(Figure 1b), followed by sintering in air at 220 °C for 1 h to
remove the solvent. We used X-ray photoelectron spectroscopy
(XPS) to examine WSe2 after the annealing step, and the XPS
data (Figure S1) indicated slight oxidation of WSe2, which is
qualitatively consistent with our previous observation.55 As the
second step, a thiol-based perﬂuorinated SAM (PFDT) was
used to functionalize the surface of the ﬁrst electrode to make it
repulsive to gold ink (Figure 1c). Lastly, the second electrode
was printed close to the edge of the ﬁrst electrode at a certain
distance (Figure 1d,e). After the fresh gold ink contacted the
surface of CVD WSe2, it spread on the ﬂake and ﬂooded toward
the edge of the ﬁrst electrode (Figure 1e), due to the good
wetting property between the gold ink and the WSe2 ﬂake. The
SAM coating on the ﬁrst electrode served as a “ﬂood−dike” and
blocked the ink ﬂow of the second electrode from touching the
ﬁrst gold electrode, yielding a sub-micrometer channel in
between (Figure 1f). The sample was then sintered in air at 220
°C for 1 h to conclude the printing process.
We used both energy-dispersive X-ray (EDX) and contact
angle measurement using a water droplet to conﬁrm the
selective formation of the SAM on the surface of the ﬁrst gold
electrode, as described in detail in the Supporting Information
(Figures S2 and S3). In addition, we have studied the wetting
between the gold ink and WSe2 surface, SiO2 surface, fresh gold
surface, and SAM-treated gold surface via contact angle
measurements, and details can be found in the Supporting
Information (Figure S4). The good wettability of the gold ink
on the WSe2 surface was veriﬁed by contact angle measurement
of a sessile gold ink drop on the WSe2 surface, showing a static
contact angle of 4.8° (Figure S4a). Speciﬁcally, the gold ink
used in our study was a gold nanoparticle solution with a
weight concentration of 40% (purchased from UTDots). For
the self-aligned printing of the second electrode, we diluted the

the gold ink on the WSe2 surface, the ink will “ﬂood” toward
the ﬁrst electrode and then be stopped by the hydrophobic
SAM coating on the ﬁrst electrode, ending up drying in close
proximity, but not electrically connected, with the ﬁrst
electrode. With this “ﬂood−dike” self-aligned printing method,
we have successfully formed gold contacts on WSe2 ﬂakes with
∼750 nm channel lengths with a ∼90% yield. The as-printed
WSe2 FETs show dramatically improved on-state current
densities of ∼0.64 μA/μm (average), high on/oﬀ current ratios
of ∼3 × 105 (average), and good ﬁeld-eﬀect mobilities of ∼1.0
cm2/(V s) (average). Compared to previously reported printed
2D TMDC FETs, we have successfully downscaled the channel
length to sub-micrometer scale and promoted the on-state
current density by several orders of magnitude. Furthermore,
with these superior printed WSe2 transistors, we have
successfully demonstrated the driving capabilities for quantum
dot (QD) light-emitting diodes (LEDs), inorganic LEDs, and
organic LEDs. Overall, our work oﬀers a lithography-free lowcost platform to produce high-performance 2D TMDC
electronics and may enable display backplane, sensing, and
many other potential applications.

RESULTS AND DISCUSSION
Sub-micrometer WSe2 FETs were printed on a Si/SiO2 (285
nm oxide) substrate with a back-gate device structure. To start,
high-quality monolayer WSe2 ﬂakes were synthesized using an
ultrafast catalytic growth method on reusable gold foils52 and
then were transferred onto Si/SiO2 (Figure 1a) by a
nondestructive electrochemical bubbling method52−54 to
initiate the three-step “ﬂood−dike” self-aligned printing
process. As the ﬁrst step, gold nanoparticle ink was printed
with an inkjet printer on the WSe2 ﬂake to form a top contact
D
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Figure 4. (a−c) Statistical analysis of 24 sub-micrometer WSe2 FETs printed using the three-step “ﬂood−dike” printing method. (a)
Histogram showing the on-state current density (Ion/W) distribution measured at VDS = −2 V and VG = −100 V. (b) Histogram showing the
on/oﬀ current ratio (Ion/Ioff) distribution, extracted at VDS = −2 V. (c) Histogram showing the ﬁeld-eﬀect mobility distribution extracted from
ID−VG curves measured at VDS = −2 V. (d) Comparison study of on-state current density and on/oﬀ current ratio between this work and
previously reported printed TMDC works.

conﬁrmed by PL measurements where a sharp PL emission
peak appeared at ∼752 nm, corresponding to the direct bandgap transition of monolayer WSe2 (Figure 2d).
After the three-step “ﬂood−dike” printing process, the asformed ultrashort channels were ﬁrst examined using optical
microscopy. Figure 2e shows a representative optical microscope image of an ultrashort channel deﬁned by the “ﬂood−
dike” printing method (more images are shown in Figure S6
and Figure S7). From this image, a clean gap can be seen
between the two printed gold electrodes. A representative lowmagniﬁcation optical microscope image can be found in the
Supporting Information, Figure S8. AFM was used to further
characterize the channel area to get an accurate estimation of
the channel length. Based on the AFM characterization of 24
devices, the channel lengths fell in the range of 500−750 nm
with little device-to-device variation. Figure 2f shows the AFM
image of the channel region of the device shown in Figure 2e,
with a measured channel length of ∼750 nm. SEM characterization (inset of Figure 2f) of the same device conﬁrmed the
channel length to be ∼750 nm.
The electrical performance study of the printed ultrashort
channel back-gated WSe2 FETs was conducted and is presented
in Figure 3. All the transfer and output characteristics of the
WSe2 FETs were carried out in an ambient condition. Figure 3a
shows the transfer characteristics (ID−VG) of a representative
WSe2 FET, with a channel length (L) of 750 nm (measured by
AFM, as shown in the inset of Figure 3a) and a channel width
(W) of 30 μm, under diﬀerent drain voltages (VDS) from −0.5
to −2.0 V in steps of −0.5 V. A clear unipolar p-type behavior
was observed from the transfer characteristics, consistent with

gold ink with xylene with a volume ratio of 1:2. We believe the
good wettability of the gold ink on the WSe2 surface can be
attributed to the nonpolar nature of xylene used to dilute the
gold ink and the dispersive nature of the WSe2 surface,56 as
evidenced by the rather small contact angle of ∼6.6° of a xylene
drop on the WSe2 surface (Figure S5).
High-quality monolayer WSe2 was synthesized with a
recently reported CVD-based ultrafast growth method on
gold foils.52 The ultrafast growth rate (∼26 μm/s) and the
reusability of the gold foil allow a cost-eﬀective and energysaving way to produce large-size WSe2 within a minute. After
growth, a nondestructive electrochemical bubbling method52−54 was adopted to transfer the as-synthesized monolayer
WSe2 ﬂakes to Si/SiO2. Figure 2a shows the optical microscope
image of a typical transferred triangular WSe2 ﬂake on Si/SiO2.
This particular ﬂake has a lateral size of 187 μm. Atomic force
microscopy (AFM) inspection was performed on this WSe2
ﬂake as shown in Figure 2b. The cross-section height proﬁle
along the white dashed line presents a clear step with a height
of ∼0.8 nm, which is close to the thickness of a monolayer
WSe2. The wrinkles on the WSe2 ﬂakes were formed during the
CVD synthesis mainly due to the thermal coeﬃcient mismatch
between gold and WSe2.52 Raman and photoluminescence
(PL) spectra were further conducted to verify the properties of
the CVD-grown WSe2. Figure 2c is a Raman spectrum
measured with an incident laser of 561 nm, where both inplane E12g and out-plane A1g characteristic peaks can be clearly
observed. Meanwhile, no Raman peak for the B12g mode was
found, indicating the monolayer status of the CVD-grown
WSe2 samples. In addition, the monolayer feature was further
E
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length, our printed monolayer WSe2 possesses a signiﬁcantly
enhanced on-state current density of 0.64 μA/μm (average),
which is much higher than previously reported values (Figure
4d). At the same time, the printed sub-micrometer WSe2 FETs
have the highest on/oﬀ current ratio of 3 × 105 (average).43−46
We note that previously reported printed 2D TMDC works
and this work have used diﬀerent TMDC species (e.g., MoS2,
WSe2), diﬀerent material preparation methods (e.g., liquid
exfoliation and CVD), diﬀerent dielectric materials (e.g., SiO2,
poly(4-vinylphenol), ionic liquid, and boron nitride/ionic
liquid), diﬀerent contacts (e.g., printed Au, printed Ag, printed
poly(3,4-ethylenedioxythiophene)polystyrenesulfonate, printed
graphene nanosheet network, and fabricated Au), diﬀerent
device structures (e.g., top-gate, back-gate), and diﬀerent
measurement conditions (e.g., diﬀerent VDS, VG). The data
points presented in Figure 4d were extracted from the electrical
characteristics measured at comparable gate voltages and drain
voltages. Speciﬁcally, the magenta-color data point represents
an Ion/W of 6 × 10−7 μA/μm and an Ion/Ioff of 3 at VG = −30 V
and VDS = 1 V for back-gated FETs with printed MoS2 ink as
channel, printed Ag contacts, and 300 nm SiO2 as dielectric.44
The light green data point shows an Ion/W of 0.003 μA/μm and
an Ion/Ioff of 22 at VG = −2.5 V and VDS = 1 V for printed WSe2
nanosheet network FETs with printed graphene network
electrodes and boron nitride/ionic liquid hybrid dielectric.45
The dark green data point represents an Ion/W of 0.09 μA/μm
and an Ion/Ioff of 100 for printed WSe2 nanosheet network
FETs with lithography-patterned Au contacts and ionic liquid
as the dielectric.45 The on-state current density of these
solution-processed TMDC network devices is mainly limited by
massive ﬂake-to-ﬂake junctions existing in a long channel with a
channel length on a scale of 13−200 μm. Moreover, the dark
blue data point shows an Ion/W of 0.02 μA/μm and an Ion/Ioff
of over 104 measured at VDS = 2 V and VG = 20 V for CVD
monolayer MoS2 FETs with printed Ag contacts and a 270 nm
SiO2 gate dielectric.43 Last but not least, the light blue data
point represents an Ion/W of 0.0005 μA/μm and an Ion/Ioff of
103 measured at VDS = 1 V and VG = 80 V for CVD monolayer
MoS2 FETs with printed poly(3,4-ethylenedioxythiophene)polystyrenesulfonate (PEDOT:PSS) contacts and a poly(4vinylphenol) (PVP) gate dielectric.46 With CVD-synthesized
continuous MoS2 ﬁlm, a signiﬁcant amount of grain boundaries
can exist within a channel of 100 μm, which would
consequently compromise the on-state current density.43,46 A
detailed comparison between this work and other reported
works can be found in the Supporting Information, Table S1.
To sum up, the CVD monolayer WSe2 sub-micrometer FETs
fabricated using the “ﬂood−dike” printing method show clear
advantages in terms of high current-driving capacity and good
on/oﬀ ratio, oﬀering a great platform for making highperformance TMDC macroelectronics aiming for potential
display backplane and sensing applications.
On the basis of the enhanced current-driving capacity, high
on/oﬀ current ratio, and decent mobility of the printed
ultrashort channel monolayer WSe2 FETs, we further explored
their applications in display backplane electronics. As a proof of
concept, we connected a typical printed WSe2 FET (L = 750
nm, W = 142 μm) to an external quantum dot-based double
heterojunction nanorod LED (QDLED), inorganic LED, and
organic LED (OLED), respectively, to demonstrate the LED
modulation capability of our printed WSe2 device. The transfer
characteristics of this particular WSe2 FET can be found in the
Supporting Information, Figure S10. The schematic diagrams of

previously reported CVD-WSe2 FETs with transferred gold
contacts.52 The success in channel length downscaling allows
the printed WSe2 FET to achieve a high on-state current
density (Ion/W) of 0.78 μA/μm at VG = −100 V and VDS = −2
V. The same transfer characteristics were also plotted in a
logarithmic scale to extract the on/oﬀ current ratio (Ion/Ioff)
(Figure 3b). Figure 3b clearly shows that the printed ultrashort
channel WSe2 FET has a high Ion/Ioff of ∼1 × 105 at VDS = −2
V. The eﬀective mobility (μeff) under VDS = −2.0 V was
extracted with a value of 1.19 cm2/(V s), which is comparable
with the previously reported values for CVD monolayer
TMDCs;14,43,46 however this value is lower than the reported
values (100−150 cm2/(V s)) for the same kind of WSe2 with
transferred electrodes.52 The reason could be the transferred
electrode method minimizes the damage on WSe2 during the
device fabrication process, while our printed devices may have
more defects because of the multiple-step treatment process. In
addition, the molecular residue from surfactants used in the
gold ink may contaminate the Au/WSe2 interface, which will
decrease the mobility as well. We believe this mobility still has
signiﬁcant room for further improvement by optimizing the
device fabrication parameters and ﬁnding better ways to
engineer or treat the gold ink. Study of the hysteresis of the
transfer characteristics of the printed WSe2 FET can be found
in the Supporting Information (Figure S9). Output characteristics (ID−VDS) under small VDS bias (Figure 3c) are very linear,
suggesting ohmic contacts between the gold electrode and
WSe2. When a large VDS bias was applied, a clear current
saturation can be observed due to the pinch-oﬀ eﬀect (Figure
3d), which is typical for p-type (hole) transport.
In order to assess the reliability and uniformity of the
“ﬂood−dike” printing method, 24 back-gated FETs have been
printed on Si/SiO2 based on ultrafast-CVD monolayer WSe2,
and their electrical characteristics have been tested. Key device
parameters, such as Ion/W, Ion/Ioff, and μeff, were extracted from
the transfer characteristics, and systematic statistics analysis was
carried out, as shown in Figure 4. Figure 4a shows the
distribution of on-state current density for these 24 devices
measured at VDS = −2 V and VG = −100 V. The on-state
current densities fell in the range of 0.07−1.86 μA/μm with an
average value of 0.64 μA/μm. The distribution of the on/oﬀ
current ratio (Figure 4b) shows good uniformity with an
average value of 3 × 105. Furthermore, the distribution of the
ﬁeld-eﬀect mobilities of these devices is presented in Figure 4c,
with an average mobility of 1.0 cm2/(V s) and the highest
mobility reaching 3.6 cm2/(V s), which is much higher than the
values for TMDC nanosheet networks44,45 and comparable to
the previous reported CVD TMDC with printed contacts.43
Regarding the device-to-device variations in the on-state
current density and mobility, we believe an important factor
can be the material quality variation from location to location
and from ﬂake to ﬂake. This degree of device-to-device
variation is actually comparable to the variations observed in
other WSe2 FETs with fabricated metal contacts.55,57 Besides
this factor, we believe other factors, such as wrinkles on the
WSe2 ﬂakes, contact resistance variation, and channel length
variation may also contribute to the device-to-device variations.
To fully reveal the advantages of using the “ﬂood−dike”
printing strategy for printed TMDC electronics, a comparison
of the on-state current density and on/oﬀ current ratio was
carried out (as shown in Figure 4d), between this work and
previously reported printed TMDC works.43−46 Beneﬁting
from the successful downscaling of the transistor channel
F
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Figure 5. Printed back-gated sub-micrometer WSe2 FET for QDLED, inorganic LED, and OLED control. (a, b) Electrical characteristics of the
printed WSe2 FET connected to an external QDLED with the circuit diagram shown in the inset. (a) IQDLED−VG family of curves measured
under diﬀerent VDD from 1.5 to 4.0 V in steps of 0.5 V. (b) IQDLED−VDD family of curves measured under a VG from 0 to −100 V in steps of
−10 V. (c) Optical images demonstrating the light intensity modulation of QDLED by tuning VG at VDD = 4 V. (d, e) Electrical characteristics
of the printed WSe2 FET connected to an external inorganic LED with the circuit diagram shown in the inset. (d) ILED−VG family of curves
measured under a VDD from 1.5 to 3.0 V in steps of 0.5 V. (e) ILED−VDD family of curves measured under a VG from 0 to −100 V in steps of
−10 V. (f) Optical images showing the light intensity modulation of an inorganic LED by tuning VG at VDD = 2 V. (g, h) Electrical
characteristics of the printed WSe2 FET connected to an external OLED with the circuit diagram shown in the inset. (g) IOLED−VG family of
curves measured under a VDD from 5 to 10 V in steps of 1 V. (h) IOLED−VDD family of curves measured under a VG from 0 to −100 V in steps
of −10 V. (i) Optical images showing the light intensity modulation of the OLED by tuning the VG at VDD = 8 V.

steps (Figure 5a). As VDD = 4 V, IQDLED was as high as 240 μA
at VG = −100 V and as low as 3 nA at VG = 100 V,
corresponding to a modulation of IQDLED of 8 × 104. A family of
IQDLED−VDD curves at diﬀerent VG from 0 to −100 V in −10 V
steps (Figure 5b) showed a good diode behavior with a clean

the testing circuit are shown in the insets of Figure 5. First,
when the printed FET was connected to an external QDLED
(the energy band diagram and structure shown in Figure
S11a,b), the current ﬂowing through the QDLED (IQDLED) was
measured as a function of VG at VDD from 1.5 to 4 V in 0.5 V
G
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ﬂake junctions or grain boundaries within the channel. We have
also applied this printing approach to monolayer WSe2 ﬂakes
directly synthesized on Si/SiO2 substrates using a “traditional”
CVD method14,59,60 (as compared to the ultrafast CVD
method52) and achieved sub-micrometer WSe2 FETs with a
high on-state current of ∼0.27 μA/μm (average), a good Ion/Ioff
ratio of ∼1.6 × 105 (average), and a high ﬁeld-eﬀect mobility of
∼1.53 cm2/(V s) (average). Details can be found in the
Supporting Information, Figures S14−S17. This printing
approach also worked well for CVD-synthesized few-layer
WSe2, with a high on-state current density of ∼3.6 μA/μm, a
decent Ion/Ioff of 103, and a high mobility of 10.4 cm2/(V s)
(electrical characteristics shown in the Supporting Information,
Figure S18). Besides TMDC materials, we believe this printing
strategy has the potential to be used for creating submicrometer channels on 2D and layered transition metal
oxides (TMOs),61 such as 2D MoO3, Ga2O3, In2O3, and ZnO,
aiming for high-performance printed devices. Moreover, it is
worth mentioning that this printing strategy is not limited to
the speciﬁc gold ink used in our study. We believe any metal
nanoparticle ink that can wet the TMDC surface should be able
to work with this method. For example, the silver ink used in
ref 43, which was reported to wet MoS2 well, should be able to
work. Furthermore, the substrate of the “ﬂood−dike” printing
approach is not limited to Si/SiO2; it can be easily adapted on
ﬂexible or transparent substrates by using a top-gate device
structure or electrolyte gate, aiming for wearable and display
electronics.

cutoﬀ region and triode region at diﬀerent VG, which suggests a
good control over the QDLED. From Figure 5b, the cutoﬀ
voltage of VDD is ∼1.7 V, in accordance with the turn-on
voltage of the QDLED (I−V characteristics of the QDLED
shown in Figure S11c).58 Figure 5c shows a series of
photographs of the QDLED taken under diﬀerent VG when
VDD was ﬁxed at 4 V, illustrating the light intensity modulation.
The QDLED was the brightest when VG = −100 V (ﬁrst image
in Figure 5c) and got gradually dimmer with increasing VG
(second to ﬁfth image in Figure 5c). Eventually, the QDLED
was completely turned oﬀ when VG = −20 V (sixth image in
Figure 5c).
Similarly, a commercial inorganic LED was externally
connected to this printed FET to demonstrate the switching
capability for traditional inorganic LEDs. The current−voltage
characteristics of the inorganic LED can be found in the
Supporting Information, Figure S12. A family of ILED−VG
curves under diﬀerent VDD’s from 1.5 to 3.0 V in 0.5 V steps
are shown in Figure 5d. A closer inspection of Figure 5d
indicates that at VDD = 2 V the LED current is ∼83 μA when
VG = −100 V, which oﬀered enough brightness for the LED
(ﬁrst image in Figure 5f), and the current fell below 1 nA when
the VG ≥ 60 V, corresponding to a modulation of the ILED of
8.3 × 104. Figure 5e shows the ILED−VDD family of curves under
VG from 0 to −100 V in −10 V steps, from which a typical
diode behavior can be observed with a cutoﬀ VDD of ∼1.5 V,
suggesting a good switching capability over the inorganic LED.
Images of the LED shown in Figure 5f show that the LED
emission light faded with increased VG and was fully turned oﬀ
at VG ≈ −30 V. Moreover, current-driving functionality of the
printed WSe2 FET over the OLED (structure and electrical
characteristics shown in the Supporting Information, Figure
S13) was also demonstrated (Figure 5g−i). Based on the
IOLED−VG family of curves shown in Figure 5g, when the VDD =
8 V and VG = −100 V, IOLED reached 25 μA, supplying enough
current to the OLED, which needs ∼1 μA to emit observable
light.29,32 The IOLED is ∼1 nA when VG = 60 V. This
corresponds to a modulation of IOLED of 2.5 × 104. A good
diode behavior can also be observed from the IOLED−VDD
family of curves under diﬀerent VG (Figure 5h), showing a
cutoﬀ voltage of VDD = 3.5 V, which matches the threshold
voltage of the OLED (Figure S13b).29 Figure 5i shows the
OLED light modulation by tuning VG at a ﬁxed VDD of 8 V,
corresponding to the dark blue curve in Figure 5g. When VG
was −100 V, the OLED was very bright (ﬁrst image in Figure
5i). The light intensity decreased with VG increasing (second to
ﬁfth image in Figure 5i). The OLED was eventually turned oﬀ
at VG = −30 V (sixth image in Figure 5i). Overall, we have
successfully demonstrated the good control capability of the
printed ultrashort channel WSe2 FET over three diﬀerent
LEDs, including a QDLED, inorganic LED, and organic LED,
which lays a good foundation for using printed TMDC
electronics for more complicated display control circuits and
other potential applications.
It is worth mentioning that the “ﬂood−dike” printing
strategy is not limited to the speciﬁc type of CVD WSe2 used
in this work. Indeed, it can serve as a general printing strategy
to produce high-performance ultrashort channel TMDC
devices. This printing method is highly compatible with various
CVD-grown TMDC ﬂakes, liquid-exfoliated TMDC inks,
continuous TMDC ﬁlm, etc. By scaling down the channel
length to sub-micrometer scale, the on-state current density can
be enhanced signiﬁcantly by minimizing the number of ﬂake-to-

CONCLUSION
In summary, we have successfully demonstrated a “ﬂood−dike”
self-aligned printing strategy that oﬀers a lithography-free way
to form metal contacts on 2D TMDC materials with submicrometer channel length resolution. The use of thiol SAM
allows the modiﬁcation of the surface tension of the ﬁrst gold
electrode to make it more repulsive to the following gold ink,
while the surface properties of WSe2 and SiO2 remain
untouched by the SAM. The contrast in the wetting angles of
the gold ink on the SAM-treated Au and the WSe2 surface
enables the gold ink to spread on the WSe2 surface but be
stopped by the SAM coating, thus creating a sub-micrometer
channel in a self-aligned manner. By adopting this printing
technique, we managed to downscale the transistor channel
length of the printed WSe2 FET to sub-micrometer scale and
achieve an enhanced on-state current density of 0.64 μA/μm
while maintaining a high on/oﬀ current ratio of 3 × 105. The
superior performance of the printed WSe2 FETs allows good
controllability over a QDLED, inorganic LED, and OLED. This
ultrashort channel printing technique may enable future
development of low-cost and high-performance electronics
based on 2D TMDCs.
METHODS
Ultrafast CVD Growth and Transfer of High-Quality
Monolayer WSe2 on Au Foils. We grew high-quality monolayer
WSe2 on Au foils by ambient-pressure CVD, as reported previously.52
A piece of polycrystalline Au foil (99.95 wt %, Alfa Aesar) was well
treated with ﬁne polishing and annealing at 1040 °C for over 10 h to
reduce its surface roughness before the ﬁrst use. Then, it was placed in
a small quartz boat together with 100 mg of WO3 powder (99.998 wt
%, Alfa Aesar) upstream and loaded at the central zone of a horizontal
CVD furnace equipped with a 1-in.-diameter quartz tube. Another
small quartz boat that contains 1000 mg of Se pellets (99.99 wt %,
Sigma-Aldrich) was placed upstream at the low-temperature zone of
H
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Engineering) with a base pressure of less than 10−6 Torr. Organic
layers were deposited at evaporation rates of 1 Å/s, and LiF was
deposited at a rate of 0.2 Å/s. An aluminum cathode was deposited
through a metal mask at a rate of 1−2 Å/s in a cross-bar structure
deﬁning device areas of 4 mm2. Devices were encapsulated with epoxy
and a cover glass inside the nitrogen glovebox prior to exposure to
ambient environment.

the furnace. The Au substrate was ﬁrst heated to 800−950 °C in an Ar
atmosphere (100 sccm) and then annealed for 2 min to remove the
organics absorbed on its surface. Then we introduced a small ﬂow rate
of H2 (0.5 sccm) to initiate WSe2 growth. After 1 min, we rapidly
stopped the growth by quickly moving the two boats to the lowtemperature zone. For structural characterization and device
fabrication, the electrochemical bubbling method52−54 was used to
transfer monolayer WSe2 from Au foils onto Si substrates with a 285
nm SiO2 dielectric.
Materials Characterization. Raman and PL measurements were
performed with a 561 nm laser (Renishaw Raman system). AFM
(Digital Instrument, DI 3100) was conducted to inspect the thickness
of the as-grown WSe2 samples. AFM and SEM (Hitachi S4800 with an
electron accelerating voltage of 1 kV) were used to inspect the channel
length of the printed WSe2 FETs.
Three-Step “Flood−Dike” Printing Method. The ﬁrst Au
electrodes were printed onto the CVD WSe2 ﬂakes using an inkjet
printer (Microplotter Desktop, SonoPlot, Inc.) followed by sintering at
220 °C for 1 h to remove the solvent in the Au inks (UTDAu40IJ, UT
Dots, Inc.). Then, the sample was immersed in a solution consisting of
PFDT (97%, Sigma-Aldrich) and isopropyl alcohol (IPA) in a volume
ratio of 1:10 for 18 h. During this functionalization step, PFDT
molecules will be selectively deposited on the surface of the ﬁrst
printed electrodes, forming a self-assembled monolayer. This selective
deposition of PFDT on the Au surface was facilitated by forming Au−
S covalent bonds between Au and thiol.51 After functionalization, the
sample was gently rinsed with IPA and blown dry with N2 gas. In the
last step, a xylene-diluted gold ink (gold ink:xylene = 1:2) was used to
print the second electrodes close to the previous electrodes. A clear
screening eﬀect of the ink ﬂow can be observed. The sample was
sintered at 220 °C for another 1 h to remove the solvent in the second
electrodes.
Fabrication of QDLEDs. Prepatterned indium tin oxide (ITO)
substrates (15−25 Ω/□, Delta Technologies) were cleaned
thoroughly by acetone, methanol, and IPA several times and then
treated with UV-ozone for 15 min. Poly(3,4-ethylenedioxythiophene)polystyrenesulfonate (Clevios P VS AI 4083) was spin-cast on an
ITO/glass substrate at 4000 rpm for 30 s and dried in air at 120 °C for
5 min. The substrates were then moved into a glovebox and annealed
at 210 °C for 10 min. Then, 2 mg mL−1 of 2,3,5,6-tetraﬂuoro-7,7,8,8tetracyanoquinodimethane (F4TCNQ, Sigma-Aldrich) and 5 mg mL−1
of poly[(9,9-dioctylﬂuorenyl-2,7-diyl)-co-(4,4′-(N-(4-s-butylphenyl))diphenylamine)] (TFB, H. W. Sands Corp.) in m-xylene were spincast at 3000 rpm for 30 s and baked at 180 °C for 30 min. Doubleheterojunction nanorods (DHNRs)58 were puriﬁed using a mixture of
chloroform and methanol. DHNRs were dispersed in chloroform and
spin-cast (2000 rpm for 30 s) on top of the TFB/F4TCNQ layer, then
subsequently annealed at 180 °C in the glovebox (30 min). ZnO was
synthesized using the same method as described previously.58 In brief,
a solution of potassium hydroxide (1.48 g) in methanol (65 mL) was
added to a zinc acetate dihydrate (2.95 g) solution in methanol (125
mL), and the reaction mixture was stirred at 60 °C for 2 h. The
mixture was then cooled to room temperature, and the precipitate was
washed twice with methanol. The precipitated ZnO (∼30 mg mL−1 in
butanol) was spin-cast at 3000 rpm for 30 s and annealed at 110 °C for
30 min. Samples were then taken out of the glovebox and loaded into
an electron-beam evaporator, where a 100 nm thick Al cathode was
deposited at a rate of 0.1−0.2 nm/s. LED devices were brought back
into the glovebox and encapsulated by epoxy (Norland Optical
Adhesive 86) and a glass coverslip.
Fabrication of OLEDs. Organic light-emitting diodes were
fabricated on prepattered ITO anodes on glass. The substrates were
cleaned by a gentle detergent scrub followed by successive sonications
of 15 min each in water, acetone, and IPA and a 10 min UV-ozone
treatment. The device structure for the OLEDs was ITO/NPD (50
nm)/Alq3 (50 nm)/LiF (1 nm)/Al (100 nm). NPD (N,N′-diphenylN,N′-bis(1-naphthyl)-1,1′-biphenyl-4,4″-diamine) and Alq3 (tris(8hydroxyquinoline)aluminum) were supplied by Universal Display
Corporation and were used as received. The organic layers and
cathode were deposited by vacuum thermal evaporation (Angstrom

ASSOCIATED CONTENT
S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsnano.7b06654.
XPS data of WSe2, study of wetting properties of gold ink
on WSe2 , additional images of devices, detailed
comparison of device performance between this work
and other printed TMDC works, schematics of LED
structures, device characteristics of LEDs, and device
performance of printed FETs based on WSe2 ﬂakes
directly synthesized on Si/SiO2 (PDF)

AUTHOR INFORMATION
Corresponding Author

*E-mail: chongwuz@usc.edu.
ORCID

Yihang Liu: 0000-0002-2491-9439
Moonsub Shim: 0000-0001-7781-1029
Mark E. Thompson: 0000-0002-7764-4096
Wencai Ren: 0000-0003-4997-8870
Chongwu Zhou: 0000-0001-8448-8450
Author Contributions
□

F. Wu and L. Chen contributed equally.

Notes

The authors declare no competing ﬁnancial interest.

ACKNOWLEDGMENTS
This work was ﬁnancially supported by King Abdulaziz City for
Science and Technology (KACST). W.R. and H.C. acknowledge support from National Natural Science Foundation of
China (Nos. 51325205, 51290273, and 51521091). M.S.
acknowledges support from the National Science Foundation
under Grant No. DMR-1507170. M.T. acknowledges support
from Universal Display Corporation.
REFERENCES
(1) Chhowalla, M.; Shin, H. S.; Eda, G.; Li, L. J.; Loh, K. P.; Zhang,
H. The Chemistry of Two-Dimensional Layered Transition Metal
Dichalcogenide Nanosheets. Nat. Chem. 2013, 5, 263−275.
(2) Geim, A. K.; Grigorieva, I. V. Van der Waals Heterostructures.
Nature 2013, 499, 419−425.
(3) Kang, K.; Xie, S. E.; Huang, L. J.; Han, Y. M.; Huang, P. Y.; Mak,
K. F.; Kim, C. J.; Muller, D.; Park, J. High-Mobility Three-Atom-Thick
Semiconducting Films with Wafer-Scale Homogeneity. Nature 2015,
520, 656−660.
(4) Novoselov, K. S.; Mishchenko, A.; Carvalho, A.; Neto, A. H. C.
2D Materials and van der Waals Heterostructures. Science 2016, 353,
aac9439.
(5) Costanzo, D.; Jo, S.; Berger, H.; Morpurgo, A. F. Gate-Induced
Superconductivity in Atomically Thin MoS2 crystals. Nat. Nanotechnol.
2016, 11, 339−344.
(6) Radisavljevic, B.; Radenovic, A.; Brivio, J.; Giacometti, V.; Kis, A.
Single-Layer MoS2 Transistors. Nat. Nanotechnol. 2011, 6, 147−150.
I

DOI: 10.1021/acsnano.7b06654
ACS Nano XXXX, XXX, XXX−XXX

Article

ACS Nano

Large-Area Transition Metal Dichalcogenide Monolayers. Adv. Mater.
2016, 28, 4111−4119.
(26) Park, J. U.; Hardy, M.; Kang, S. J.; Barton, K.; Adair, K.;
Mukhopadhyay, D. K.; Lee, C. Y.; Strano, M. S.; Alleyne, A. G.;
Georgiadis, J. G.; Ferreira, P. M.; Rogers, J. A. High-Resolution
Electrohydrodynamic Jet Printing. Nat. Mater. 2007, 6, 782−789.
(27) Cao, X.; Lau, C.; Liu, Y. H.; Wu, F. Q.; Gui, H.; Liu, Q. Z.; Ma,
Y. Q.; Wan, H. C.; Amer, M. R.; Zhou, C. W. Fully Screen-Printed,
Large-Area, and Flexible Active-Matrix Electrochromic Displays Using
Carbon Nanotube Thin-Film Transistors. ACS Nano 2016, 10, 9816−
9822.
(28) Cai, L.; Zhang, S. M.; Miao, J. S.; Yu, Z. B.; Wang, C. Fully
Printed Foldable Integrated Logic Gates with Tunable Performance
Using Semiconducting Carbon Nanotubes. Adv. Funct. Mater. 2015,
25, 5698−5705.
(29) Chen, P. C.; Fu, Y.; Aminirad, R.; Wang, C.; Zhang, J. L.; Wang,
K.; Galatsis, K.; Zhou, C. W. Fully Printed Separated Carbon
Nanotube Thin Film Transistor Circuits and Its Application in
Organic Light Emitting Diode Control. Nano Lett. 2011, 11, 5301−
5308.
(30) Ha, M. J.; Seo, J. W. T.; Prabhumirashi, P. L.; Zhang, W.; Geier,
M. L.; Renn, M. J.; Kim, C. H.; Hersam, M. C.; Frisbie, C. D. Aerosol
Jet Printed, Low Voltage, Electrolyte Gated Carbon Nanotube Ring
Oscillators with Sub-5 μs Stage Delays. Nano Lett. 2013, 13, 954−960.
(31) Lau, P. H.; Takei, K.; Wang, C.; Ju, Y.; Kim, J.; Yu, Z. B.;
Takahashi, T.; Cho, G.; Javey, A. Fully Printed, High Performance
Carbon Nanotube Thin-Film Transistors on Flexible Substrates. Nano
Lett. 2013, 13, 3864−3869.
(32) Cao, X.; Chen, H. T.; Gu, X. F.; Liu, B. L.; Wang, W. L.; Cao,
Y.; Wu, F. Q.; Zhu, C. W. Screen Printing as a Scalable and Low-Cost
Approach for Rigid and Flexible Thin-Film Transistors Using
Separated Carbon Nanotubes. ACS Nano 2014, 8, 12769−12776.
(33) Vuttipittayamongkol, P.; Wu, F. Q.; Chen, H. T.; Cao, X.; Liu,
B. L.; Zhou, C. W. Threshold Voltage Tuning and Printed
Complementary Transistors and Inverters Based on Thin Films of
Carbon Nanotubes and Indium Zinc Oxide. Nano Res. 2015, 8, 1159−
1168.
(34) Xie, W.; Zhang, X.; Leighton, C.; Frisbie, C. D. 2D InsulatorMetal Transition in Aerosol-Jet-Printed Electrolyte-Gated Indium
Oxide Thin Film Transistors. Adv. Electron. Mater. 2017, 3, 1600369.
(35) Kim, B.; Jang, S.; Geier, M. L.; Prabhumirashi, P. L.; Hersam, M.
C.; Dodabalapur, A. High-Speed, Inkjet-Printed Carbon Nanotube/
Zinc Tin Oxide Hybrid Complementary Ring Oscillators. Nano Lett.
2014, 14, 3683−3687.
(36) Noh, Y. Y.; Zhao, N.; Caironi, M.; Sirringhaus, H. Downscaling
of Self-Aligned, All-Printed Polymer Thin-Film Transistors. Nat.
Nanotechnol. 2007, 2, 784−789.
(37) Sirringhaus, H.; Brown, P. J.; Friend, R. H.; Nielsen, M. M.;
Bechgaard, K.; Langeveld-Voss, B. M. W.; Spiering, A. J. H.; Janssen, R.
A. J.; Meijer, E. W.; Herwig, P.; de Leeuw, D. M. Two-Dimensional
Charge Transport in Self-Organized, High-Mobility Conjugated
Polymers. Nature 1999, 401, 685−688.
(38) Yang, J.; Choi, M. K.; Kim, D. H.; Hyeon, T. Designed
Assembly and Integration of Colloidal Nanocrystals for Device
Applications. Adv. Mater. 2016, 28, 1176−1207.
(39) Yeom, C.; Chen, K.; Kiriya, D.; Yu, Z. B.; Cho, G.; Javey, A.
Large-Area Compliant Tactile Sensors Using Printed Carbon Nanotube Active-Matrix Backplanes. Adv. Mater. 2015, 27, 1561−1566.
(40) Gu, X.; Zhou, Y.; Gu, K.; Kurosawa, T.; Guo, Y.; Li, Y.; Lin, H.;
Schroeder, B. C.; Yan, H.; Molina-Lopez, F.; Tassone, C. J.; Wang, C.;
Mannsfeld, S. C. B.; Yan, H.; Zhao, D.; Toney, M. F.; Bao, Z. Roll-toRoll Printed Large-Area All-Polymer Solar Cells with 5% Efficiency
Based on a Low Crystallinity Conjugated Polymer Blend Advanced
Energy Materials Early View. Adv. Energy Mater. 2017, 7, 1602742.
(41) Xu, W. Y.; Zhao, J. W.; Qian, L.; Han, X. Y.; Wu, L. Z.; Wu, W.
C.; Song, M. S.; Zhou, L.; Su, W. M.; Wang, C.; Nie, S. H.; Cui, Z.
Sorting of Large-Diameter Semiconducting Carbon Nanotube and
Printed Flexible Driving Circuit for Organic Light Emitting Diode
(OLED). Nanoscale 2014, 6, 1589−1595.

(7) Mak, K. F.; Lee, C.; Hone, J.; Shan, J.; Heinz, T. F. Atomically
Thin MoS2: A New Direct-Gap Semiconductor. Phys. Rev. Lett. 2010,
105, 136805.
(8) Yun, W. S.; Han, S. W.; Hong, S. C.; Kim, I. G.; Lee, J. D.
Thickness and Strain Effects on Electronic Structures of Transition
Metal Dichalcogenides: 2H-MX2 Semiconductors (M = Mo, W; X = S,
Se, Te). Phys. Rev. B: Condens. Matter Mater. Phys. 2012, 85, 033305.
(9) Desai, S. B.; Seol, G.; Kang, J. S.; Fang, H.; Battaglia, C.; Kapadia,
R.; Ager, J. W.; Guo, J.; Javey, A. Strain-Induced Indirect to Direct
Bandgap Transition in Multilayer WSe2. Nano Lett. 2014, 14, 4592−
4597.
(10) Tongay, S.; Suh, J.; Ataca, C.; Fan, W.; Luce, A.; Kang, J. S.; Liu,
J.; Ko, C.; Raghunathanan, R.; Zhou, J.; Ogletree, F.; Li, J. B.;
Grossman, J. C.; Wu, J. Q. Defects Activated Photoluminescence in
Two-Dimensional Semiconductors: Interplay between Bound,
Charged, and Free Excitons. Sci. Rep. 2013, 3, 2657.
(11) Splendiani, A.; Sun, L.; Zhang, Y. B.; Li, T. S.; Kim, J.; Chim, C.
Y.; Galli, G.; Wang, F. Emerging Photoluminescence in Monolayer
MoS2. Nano Lett. 2010, 10, 1271−1275.
(12) Wu, S. F.; Ross, J. S.; Liu, G. B.; Aivazian, G.; Jones, A.; Fei, Z.
Y.; Zhu, W. G.; Xiao, D.; Yao, W.; Cobden, D.; Xu, X. D. Electrical
Tuning of Valley Magnetic Moment Through Symmetry Control in
Bilayer MoS2. Nat. Phys. 2013, 9, 149−153.
(13) Jones, A. M.; Yu, H. Y.; Ghimire, N. J.; Wu, S. F.; Aivazian, G.;
Ross, J. S.; Zhao, B.; Yan, J. Q.; Mandrus, D. G.; Xiao, D.; Yao, W.; Xu,
X. D. Optical Generation of Excitonic Valley Coherence in Monolayer
WSe2. Nat. Nanotechnol. 2013, 8, 634−638.
(14) Liu, B. L.; Fathi, M.; Chen, L.; Abbas, A.; Ma, Y. Q.; Zhou, C.
W. Chemical Vapor Deposition Growth of Monolayer WSe2 with
Tunable Device Characteristics and Growth Mechanism Study. ACS
Nano 2015, 9, 6119−6127.
(15) Das, S.; Appenzeller, J. WSe2 Field Effect Transistors with
Enhanced Ambipolar Characteristics. Appl. Phys. Lett. 2013, 103,
103501.
(16) Wang, Q. H.; Kalantar-Zadeh, K.; Kis, A.; Coleman, J. N.;
Strano, M. S. Electronics and Optoelectronics of Two-Dimensional
Transition Metal Dichalcogenides. Nat. Nanotechnol. 2012, 7, 699−
712.
(17) Ross, J. S.; Klement, P.; Jones, A. M.; Ghimire, N. J.; Yan, J. Q.;
Mandrus, D. G.; Taniguchi, T.; Watanabe, K.; Kitamura, K.; Yao, W.;
Cobden, D. H.; Xu, X. D. Electrically Tunable Excitonic LightEmitting Diodes Based on Monolayer WSe2 P-N Junctions. Nat.
Nanotechnol. 2014, 9, 268−272.
(18) Pospischil, A.; Furchi, M. M.; Mueller, T. Solar-Energy
Conversion and Light Emission in An Atomic Monolayer P-N
Diode. Nat. Nanotechnol. 2014, 9, 257−261.
(19) Baugher, B. W. H.; Churchill, H. O. H.; Yang, Y. F.; JarilloHerrero, P. Optoelectronic Devices Based on Electrically Tunable P-N
Diodes in A Monolayer Dichalcogenide. Nat. Nanotechnol. 2014, 9,
262−267.
(20) Yuan, H. T.; Bahramy, M. S.; Morimoto, K.; Wu, S. F.; Nomura,
K.; Yang, B. J.; Shimotani, H.; Suzuki, R.; Toh, M.; Kloc, C.; Xu, X. D.;
Arita, R.; Nagaosa, N.; Iwasa, Y. Zeeman-Type Spin Splitting
Controlled by An Electric Field. Nat. Phys. 2013, 9, 563−569.
(21) Yuan, H. T.; Wang, X. Q.; Lian, B.; Zhang, H. J.; Fang, X. F.;
Shen, B.; Xu, G.; Xu, Y.; Zhang, S. C.; Hwang, H. Y.; Cui, Y.
Generation and Electric Control of Spin-Valley-Coupled Circular
Photogalvanic Current in WSe2. Nat. Nanotechnol. 2014, 9, 851−857.
(22) Akinwande, D.; Petrone, N.; Hone, J. Two-Dimensional Flexible
Nanoelectronics. Nat. Commun. 2014, 5, 5678.
(23) Liu, B. L.; Chen, L.; Liu, G.; Abbas, A. N.; Fathi, M.; Zhou, C.
W. High-Performance Chemical Sensing Using Schottky-Contacted
Chemical Vapor Deposition Grown Monolayer MoS2 Transistors.
ACS Nano 2014, 8, 5304−5314.
(24) Das, S.; Gulotty, R.; Sumant, A. V.; Roelofs, A. All TwoDimensional, Flexible, Transparent, and Thinnest Thin Film
Transistor. Nano Lett. 2014, 14, 2861−2866.
(25) Pu, J.; Funahashi, K.; Chen, C. H.; Li, M. Y.; Li, L. J.; Takenobu,
T. Highly Flexible and High-Performance Complementary Inverters of
J

DOI: 10.1021/acsnano.7b06654
ACS Nano XXXX, XXX, XXX−XXX

Article

ACS Nano
(42) Carey, B. J.; Ou, J. Z.; Clark, R. M.; Berean, K. J.; Zavabeti, A.;
Chesman, A. S.; Russo, S. P.; Lau, D. W.; Xu, Z. Q.; Bao, Q.; Kevehei,
O.; Gibson, B. C.; Dickey, M. D.; Kaner, R. B.; Daeneke, T.; KalantarZadeh, K. Wafer-Scale Two-Dimensional Semiconductors from
Printed Oxide Skin of Liquid Metals. Nat. Commun. 2017, 8, 14482.
(43) Kim, T. Y.; Amani, M.; Ahn, G. H.; Song, Y.; Javey, A.; Chung,
S.; Lee, T. Electrical Properties of Synthesized Large-Area MoS2 FieldEffect Transistors Fabricated with Inkjet-Printed Contacts. ACS Nano
2016, 10, 2819−2826.
(44) Li, J. T.; Naiini, M. M.; Vaziri, S.; Lemme, M. C.; Ostling, M.
Inkjet Printing of MoS2. Adv. Funct. Mater. 2014, 24, 6524−6531.
(45) Kelly, A. G.; Hallam, T.; Backes, C.; Harvey, A.; Esmaeily, A. S.;
Godwin, I.; Coelho, J.; Nicolosi, V.; Lauth, J.; Kulkarni, A.; Kinge, S.;
Siebbeles, L. D.; Duesberg, G. S.; Coleman, J. N. All-Printed Thin-Film
Transistors from Networks of Liquid-Exfoliated Nanosheets. Science
2017, 356, 69−73.
(46) Kim, T. Y.; Ha, J.; Cho, K.; Pak, J.; Seo, J.; Park, J.; Kim, J. K.;
Chung, S.; Hong, Y. L.; Lee, T. Transparent Large-Area MoS2
Phototransistors with Inkjet-Printed Components on Flexible Platforms. ACS Nano 2017, 11, 10273−10280.
(47) McManus, D.; Vranic, S.; Withers, F.; Sanchez-Romaguera, V.;
Macucci, M.; Yang, H. F.; Sorrentino, R.; Parvez, K.; Son, S. K.;
Iannaccone, G.; Kostarelos, K.; Fiori, G.; Casiraghi, C. Water-Based
and Biocompatible 2D Crystal Inks for All-Inkjet-Printed Heterostructures. Nat. Nanotechnol. 2017, 12, 343−350.
(48) Caironi, M.; Gili, E.; Sakanoue, T.; Cheng, X. Y.; Sirringhaus, H.
High Yield, Single Droplet Electrode Arrays for Nanoscale Printed
Electronics. ACS Nano 2010, 4, 1451−1456.
(49) Cao, X.; Wu, F. Q.; Lau, C.; Liu, Y. H.; Liu, Q. Z.; Zhou, C. W.
Top-Contact Self-Aligned Printing for High Performance Carbon
Nanotube Thin-Film Transistors with Sub-Micron Channel Length.
ACS Nano 2017, 11, 2008−2014.
(50) Zhao, N.; Chiesa, M.; Sirringhausa, H.; Li, Y. N.; Wu, Y. L. SelfAligned Inkjet Printing of Highly Conducting Gold Electrodes with
Submicron Resolution. J. Appl. Phys. 2007, 101, 064513.
(51) Hakkinen, H. The Gold-Sulfur Interface at the Nanoscale. Nat.
Chem. 2012, 4, 443−455.
(52) Gao, Y.; Hong, Y. L.; Yin, L. C.; Wu, Z. T.; Yang, Z. Q.; Chen,
M. L.; Liu, Z. B.; Ma, T.; Sun, D. M.; Ni, Z. H.; Ma, X. L.; Cheng, H.
M.; Ren, W. C. Ultrafast Growth of High-Quality Monolayer WSe2 on
Au. Adv. Mater. 2017, 29, 1700990.
(53) Gao, L. B.; Ren, W. C.; Xu, H. L.; Jin, L.; Wang, Z. X.; Ma, T.;
Ma, L. P.; Zhang, Z. Y.; Fu, Q.; Peng, L. M.; Bao, X. H.; Cheng, H. M.
Repeated Growth and Bubbling Transfer of Graphene with
Millimetre-Size Single-Crystal Grains Using Platinum. Nat. Commun.
2012, 3, 699.
(54) Gao, Y.; Liu, Z. B.; Sun, D. M.; Huang, L.; Ma, L. P.; Yin, L. C.;
Ma, T.; Zhang, Z. Y.; Ma, X. L.; Peng, L. M.; Cheng, H. M.; Ren, W. C.
Large-Area Synthesis of High-Quality and Uniform Monolayer WS2 on
Reusable Au Foils. Nat. Commun. 2015, 6, 8569.
(55) Liu, B. L.; Ma, Y. Q.; Zhang, A. Y.; Chen, L.; Abbas, A. N.; Liu,
Y. H.; Shen, C. F.; Wan, H. C.; Zhou, C. W. High-Performance WSe2
Field-Effect Transistors via Controlled Formation of In-Plane
Heterojunctions. ACS Nano 2016, 10, 5153−5160.
(56) Annamalai, M.; Gopinadhan, K.; Han, S. A.; Saha, S.; Park, H. J.;
Cho, E. B.; Kumar, B.; Patra, A.; Kim, S. W.; Venkatesan, T. Surface
Energy and Wettability of van der Waals Structures. Nanoscale 2016, 8,
5764−5770.
(57) Ma, Y. G.; Liu, B. L.; Zhang, A. Y.; Chen, L.; Fathi, M.; Shen, C.
F.; Abbas, A. N.; Ge, M. Y.; Mecklenburg, M.; Zhou, C. W. Reversible
Semiconducting-to-Metallic Phase Transition in Chemical Vapor
Deposition Grown Monolayer WSe2 and Applications for Devices.
ACS Nano 2015, 9, 7383−7391.
(58) Oh, N. R.; Kim, B. H.; Cho, S. Y.; Nam, S.; Rogers, S. P.; Jiang,
Y. R.; Flanagan, J. C.; Zhai, Y.; Kim, J. H.; Lee, J. Y.; Yu, Y. J.; Cho, Y.
K.; Hur, G.; Zhang, J. Q.; Trefonas, P.; Rogers, J. A.; Shim, M. DoubleHeterojunction Nanorod Light-Responsive LEDs for Display
Applications. Science 2017, 355, 616−619.

(59) Huang, J. K.; Pu, J.; Hsu, C. L.; Chiu, M. H.; Juang, Z. Y.;
Chang, Y. H.; Chang, W. H.; Iwasa, Y.; Takenobu, T.; Li, L. J. LargeArea Synthesis of Highly Crystalline WSe2 Monolayers and Device
Applications. ACS Nano 2014, 8, 923−930.
(60) Clark, G.; Wu, S. F.; Rivera, P.; Finney, J.; Nguyen, P.; Cobden,
D. H.; Xu, X. D. Vapor-Transport Growth of High Optical Quality
WSe2 Monolayers. APL Mater. 2014, 2, 101101.
(61) Kalantar-zadeh, K.; Ou, J. Z.; Daeneke, T.; Mitchell, A.; Sasaki,
T.; Fuhrer, M. S. Two Dimensional and Layered Transition Metal
Oxides. Appl. Mater. Today 2016, 5, 73−89.

K

DOI: 10.1021/acsnano.7b06654
ACS Nano XXXX, XXX, XXX−XXX

