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Inkjet printing is a cost-effective and scalable way to assemble colloidal materials into desired patterns in a vacuum- and
lithography-free manner. Two-dimensional (2D) nanosheets are a promising material category for printed electronics because of
their compatibility with solution processing for stable ink formulations as well as a wide range of electronic types from metal,
semiconductor to insulator. Furthermore, their dangling bond-free surface enables atomically thin, electronically-active thin films
with van der Waals contacts which significantly reduce the junction resistance. Here, we demonstrate all inkjet-printed thin-film
transistors consisting of electrochemically exfoliated graphene, MoS,, and HfO, as metallic electrodes, a semiconducting channel,
and a high-k dielectric layer, respectively. In particular, the HfO, dielectric layer is prepared via two-step; electrochemical exfoliation
of semiconducting HfS, followed by a thermal oxidation process to overcome the incompatibility of electrochemical exfoliation
with insulating crystals. Consequently, all inkjet-printed 2D nanosheets with various electronic types enable high-performance, thin-
film transistors which demonstrate field-effect mobilities and current on/off ratios of ~10cm?V~"s~" and >10°, respectively, at low

operating voltage.
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INTRODUCTION

Solution-phase printing is driving advances in the low-cost,
scalable fabrication of electronic devices, which has been difficult
with conventional microfabrication techniques involving photo-
lithography, vacuum deposition, and lift-off processes'=. Among
various printing strategies, inkjet printing has received great
attention because this method can assemble functional materials
into customizable patterns on various substrates in a lithography-
free manner®. Printable ink consists of materials with desired
electronic properties either dissolved or dispersed in a solvent that
enables handling of the active components. By printing conduct-
ing (electrodes), semiconducting (channels), and insulating
(dielectric layers) inks as building blocks, a wide range of
electronic devices, including field-effect transistors (FETs), photo-
detectors, light-emitting diodes, and solar cells have been
demonstrated with minimal material waste®°. Early work on
printed electronics focused on inks based on organic molecules or
polymers, but the resulting devices show limited performance
compared to conventional silicon-based electronics>®'°. Alterna-
tively, inorganic materials such as metal oxides have been
synthesized from precursor inks and achieved high-performance
printed electronics''~'3. In particular, a combination of inkjet-
printed sol-gel metal oxide films (e.g. electrode: aluminum-doped
cadmium oxide, semiconductor: indium oxide, dielectric: alumi-
num oxide) realized FETs with outstanding device performance
with field-effect mobility of 11-230 cm?V~'s~" and current on/off
ratios >107""%7 One drawback of this approach is that
suppressing the formation of secondary phases is not trivial
during the chemical conversion of the precursor film into the final

product'’. Alternatively, the liquid metal printing strategy can
form high-quality metal oxide thin films (mobilities of
14-67cm?V~'s™" and on/off ratio >10° with a more facile
processing step, but the library of available materials is somewhat
limited'®2°, Recently, low-dimensional nanomaterials, including
zero-dimensional (0D) nanoparticles and one-dimensional (1D)
nanotubes and nanowires have been extensively investigated for
high-performance printed electronics?'~24, When these materials
are assembled into thin films, however, the network exhibits
electrical properties inferior to those of individual constituents
because the charge transport is significantly impeded by
interfacial dangling bonds and junctions®>=27,

Two-dimensional (2D) nanosheets have emerged as a promis-
ing class of ink materials because of their unique electronic
properties and dangling bond-free interfaces®®. During printing,
the nanosheets are assembled into continuous films by partially
stacking on top of each other. Neighboring nanosheets can, in
principle, conformally overlap to form atomically clean van der
Waals interfaces over large areas, which allows for drastically
reduced junction resistances compared to OD and 1D material
networks?”?°, Moreover, nanosheets with various electronic types
are available in high crystalline quality via exfoliation of a family of
van der Waals crystals, which circumvents the need for extra
crystallization of the nanosheet film, unlike the case for the sol-gel
approach. Since the successful development of stable graphene
inks for printed electrodes®2, 2D material inks with other
electronic properties, such as transition metal dichalcogenides
(TMDCs) and hexagonal boron nitride (h-BN), have been demon-
strated>3~3, For scalable production of semiconductor inks, liquid-
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phase exfoliation of molybdenum disulfide (MoS,) assisted by
ultrasonication has been most intensively used**3%37. A major
drawback of this strategy, however, is that the resulting
nanosheets exhibit small lateral sizes (typically less than 100 nm)
and polydispersity in thickness. As a result, printed nanosheets are
not closely aligned along the in-plane direction and are connected
mostly by edge-to-edge with little overlap®®3°. This porous
network structure exhibits large junction resistances, and hence
the carrier mobility is highly limited (<0.01 cm?V~Ts71)3640,
Recently, the electrochemical exfoliation process using molecular
intercalants has been developed to mass produce few-layered
MoS, nanosheets with large lateral sizes (>1 um), which enables
large-area, conformal junctions between nanosheets®°. Although a
significant improvement in field-effect mobility was possible
(0.1ecm2V~'s~") by inkjet printing of the electrochemically
exfoliated MoS, ink*'#?, the electrical performance is still far
below the prototype device based on a single MoS, microflake
from micromechanical exfoliation (mobility of
~200 cm?V~'s7)*3, Furthermore, the photoresponsivity of the
2D semiconductors is still limited, which hinders their application
in photodetectors374448,

Besides the high-quality semiconducting channels, sub-10-nm
high-dielectric-constant (high-k) insulating films are also essential
to achieve high field-effect mobility and low operating vol-
tage?®®°. Dielectric layers most commonly used for high-
performance inkjet-printed FETs are based on metal oxides such
as aluminum oxides or zirconium oxides, which can achieve
k>20"", Although these high-k materials are already well
established, developing 2D-material-based high-k dielectrics is
potentially advantageous for enhancing the performance of 2D
semiconductor devices because they can form atomically flat,
dangling bond-free interfaces with minimal charge transport
losses3*. Printed 2D dielectric layers are mostly based on h-BN
nanosheets that are produced via liquid-phase exfoliation because
the electrochemical exfoliation method is not directly applicable
to produce intrinsically insulating materials®>®>'=>%, The resulting
liquid-phase exfoliated dielectric samples with small lateral size
and polydisperse thickness distribution can be limited to form
pinhole-free percolating networks in sub-10-nm scale thickness;
instead, the film thickness needed to be several micrometers to
minimize leakage currents, resulting in low areal capacitances
(<10 nF cm™2)>'3, Furthermore, the dielectric constant of the
h-BN crystal (k=5) is much lower than conventional high-k
dielectric materials such as HfO, (k = 25) and Al,O5 (k = 9)>>°6. The
development of new high-k 2D nanosheet ink materials that can
be processed into nanometer scale thin films without pinholes will
be highly beneficial to realize high-performance printed
electronics.

Here, we present inkjet-printed electronics in which all the
device building blocks consist of solution-processed 2D
nanosheets. Molecular intercalation-assisted electrochemical exfo-
liation process was used to produce graphene, MoS,, and HfS,
nanosheets with large lateral sizes that are stabilized in alcohol-
based solvents. Without the addition of surfactants or additives,
the inks could be printed to form uniform, nanoscale thin films
without coffee-ring features or residues. Semiconducting channels
from inkjet-printed MoS, showed superior electrical properties
and photoresponsivity with high spatial uniformity because the
nanosheets are well-aligned along the in-plane direction. Further-
more, ultrathin (~10 nm), a high-k dielectric layer could be realized
without pinholes by inkjet printing the HfS, nanosheet ink
followed by the conversion into HfO, via annealing. Combining
oxidized HfS, film as gate dielectrics, MoS, as channels, and
graphene as electrodes, all inkjet-printed FETs were realized with
the field-effect mobility (~10cm?V~"s~") and on/off ratio (>10°)
much higher than previously reported devices based on printed
2D semiconducting channels.
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RESULTS

Two-dimensional nanosheet inks for all printed electronic
devices

Figure 1a illustrates the atomic structure of our 2D nanosheets
that can be assembled to form thin-film electronic devices
exclusively by inkjet printing. Based on molecular intercalation-
assisted electrochemical exfoliation of van der Waals crystals, we
produced 2D nanosheets with the full range of electronic
properties, including graphene as a metal, MoS, as a semicon-
ductor, and oxidized HfS, (HfO,) as an insulator. The exfoliated 2D
nanosheets were dispersed into alcohol-based solvents, which are
beneficial for the printing process because of their good
wettability with the substrate and fast drying time?®>”. The inks
were then sequentially printed on a heavily doped (p™*) Si wafer
to fabricate electronic devices, including FETs and photodetectors
(Fig. 1b). Figure 1c shows optical images of the inks where 2D
nanosheets are stably dispersed without aggregation. The
corresponding optical absorbance spectra are also shown in
Supplementary Fig. 1. Besides the stability against aggregation,
rheological properties such as surface tension and viscosity are
also important parameters for jetting of the ink without clogging
the nozzle or formation of satellite droplets®®. Based on the
measured surface tension (y), viscosity (n), and density (p) of
the ink and the nozzle diameter (a), we calculated the inverse
Ohnesorge number (2) as a figure of merit to determine the
compatibility of our inks with inkjet printing.

Z = \/ypa/n m

The Z values of the inks were 16 for MoS,, 21 for graphene, and
22 for HfS, (Supplementary Table 1), which were comparable to
those of previously reported 2D material dispersions with stable
inkjet printing®>~%2, A cross-sectional high-resolution transmission
electron microscope (TEM) image of the printed device shows
conformal stacking of the nanosheets with a high fraction of areas
that exhibit nearly identical interlayer stacking with that of the
original van der Waals crystals (Fig. 1d). This superior stacking
morphology is critical to promote charge transport within 2D
nanosheet building blocks and enhance the device performance
of the van der Waals heterostructures.

MoS, nanosheet ink from electrochemical exfoliation using
molecular intercalants

Figure 2a illustrates the process for producing two-dimensional
(2D) MoS; nanosheet inks by applying molecular intercalation-
assisted electrochemical exfoliation. A MoS, crystal was loaded
into a two-electrode electrochemical cell with a tetraheptylam-
monium bromide (THAB) electrolyte, followed by the application
of a voltage to intercalate THA" ions in between the MoS, layers
(Methods). Then, the MoS, nanosheets were separated by
breaking the van der Waals bonds between the intercalated
layers using mild sonication and dispersed in isopropyl alcohol
(IPA) to form a stable ink. Based on the atomic force microscopy
(AFM) analysis (Fig. 2b, c and Supplementary Fig. 2), we found that
the MoS, flakes are mostly 1-2 layers thick with an average lateral
size of 1 um. The presence of MoS, was also confirmed by the
Raman spectrum (Fig. 2d), in which E12g (in-plane vibration) and
A,y (out-of-plane vibration) peaks were located at 381 and
405 cm™', respectively. The peak separation and the intensity
ratio (A4 peak intensity divided by E‘zg peak intensity) were
24 cm™" and 1.4, respectively, which are in reasonable agreement
with the few-layer MoS,%%. Fig. 2e shows representative strobo-
scopic images of the MoS, droplet morphology at different times
during printing. Although we used MoS, nanosheets with much
larger lateral sizes compared to previous work on inkjet
printing36-38576081 " the ink could be jetted to form a single
droplet (30 pm in diameter) without satellite droplets ~160 ps
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Fig. 1 All inkjet-printed thin-film electronics based on two-dimensional materials. a Atomic structures and electronic properties of the ink
materials, including metallic graphene, semiconducting MoS,, and insulating HfO, (oxidized HfS,). b Schematic illustration of the inkjet
printing process. ¢ Optical image of the inks, where MoS, and HfS, are dispersed in isopropanol (0.5 mg mL~") and graphene are dispersed in
ethanol/DMF binary solvent (10:1 volume ratio) (0.5 mgmL~"). d Cross-sectional transmission electron microscope (TEM) image of the all

inkjet-printed transistor.

after jetting. During drying on the surface, the ink droplet forms a
spherical-cap shape and evaporates faster at the periphery. This
geometry generates radially outward capillary flows, which often
result in nanosheet transport to the droplet edges to form coffee-
ring features®*%’. We investigated IPA-based solvents with
different compositions to test whether we can suppress the
coffee-ring effect by adjusting solvent characteristics. Figure 2f-i
shows the surface topography of the inkjet-printed MoS, films
resulting from IPA/2-butanol binary mixtures with different
volume ratios. The film uniformity improved by decreasing the
2-butanol content; notably, the ink with 100% IPA produced
uniform films without coffee-ring features. This trend can be
explained by differences in the evaporation rates of the solvents.
We believe that the nanosheet transport by capillary flow could be
greatly suppressed for 100% IPA because the solvent evaporates
most rapidly, whereas the addition of 2-butanol slowed down the
solvent evaporation and the capillary-driven outward transport
became more pronounced®®8,

Electronic properties of inkjet-printed semiconducting MoS,
channels

To investigate the fidelity of inkjet printing, we printed the MoS,
ink into various microscale patterns, including dot and crossbar
arrays on 300-nm SiO,/Si substrates. Based on the relation
between solvent composition and film topography (Fig. 2f-i),
100% IPA were used as an optimized ink formulation. The
morphology of the resulting patterns was investigated based on
the optical microscope and scanning electron microscope (SEM)
images (Fig. 3a). In particular, the MoS, microdot array consists of
periodic dots with a diameter of 50 um that are arranged in a

Published in partnership with FCT NOVA with the support of E-MRS

square lattice with a periodicity (center-to-center distance
between adjacent dots) of 200 um. The crossbar array was realized
by printing two arrays of MoS; line features with the lines aligned
perpendicular to each other. Each array exhibits a line width of
55um and a periodicity (center-to-center distance between
adjacent lines) of 200 um therefore, the overlapping regions form
an array of squares with a square width of 55 pm and periodicity
of 200 um. Only with one printing pass, both MoS, microdot and
crossbar arrays show uniform dense films without coffee-ring
features. Spatial mapping of photoluminescence (PL) peak
intensity from the MoS,-printed substrate further confirms that
the ink can be printed into desired patterns with high fidelity
without coffee-ring effects and residual features (Fig. 3b). With the
ability to assemble MoS, nanosheets into desired patterns, we
investigated charge transport mechanisms in the MoS, film by
analyzing temperature-dependent current-voltage characteristics
of a channel printed into a rectangular shape (length: 20 pm,
width: 165 um, thickness: 18 nm) (Fig. 3c). The MoS, film was
treated with a bis(trifluoromethane)sulfonimide (TFSI) solution to
passivate the sulfur vacancies and reduce unintentional dop-
ing?©?, followed by deposition of Cr/Au electrodes for electrical
contacts. Figure 3d shows the current-voltage curves measured at
different temperatures ranging from 150.15 K to 300.15 K, where
the current level increases with increasing temperature. From the
current measurements, electrical conductivities (o) were deter-
mined to reveal the dominant mechanisms for charge transport
within the MoS, nanosheet film (Fig. 3e).
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Fig. 2 MoS, nanosheet ink produced via electrochemical exfoliation using molecular intercalants. a Schematic illustration of the
electrochemical exfoliation process. b Atomic force microscope (AFM) image of the exfoliated MoS, nanosheets. White line in the image
shows the height profile. ¢ Histogram showing the lateral size distribution of the MoS, nanosheets. d Raman spectrum of the MoS, nanosheet
film measured with a 532 nm laser. e Stroboscopic images showing the time evolution of the MoS, droplet morphology after jetting.
f-i Optical microscope and AFM images of dot-patterned MoS, films (diameter: 70 um) resulting from different ink formulations. One printing

pass was used.

where L, W, and t are the channel length, width, and thickness,
respectively, Ip is the drain current, and V; is the drain voltage*?
Because the MoS, film consists of randomly oriented nanosheets
that are connected by inter-sheet junctions, the system can be
considered as a disordered semiconductor, where conductivity
typically exhibits a characteristic temperature dependence®>”°:

€)

Ino~—T7P

Here, T is the absolute temperature and p is an exponent that
depends on the type of transport. We found that our MoS,
network was dominated by the 2D variable range hopping (VRH)
mechanism (p=1/3) at low temperatures up to ~230K, which
indicates that the electrons transport mostly along the in-plane
direction because nanosheets are highly aligned on the surface
due to the large lateral size’®’'. At higher temperatures
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(T>230K), nearest-neighbor hopping (NNH) mechanism (p=1)
dominated.

We further characterized the electronic properties of the printed
MoS, based on the back-gated FET configuration. After printing an
array of MoS, microdots on the SiO,/Si substrate as channels, we
deposited Cr/Au electrodes using photolithography (Fig. 3f).
Figure 3g shows the output characteristics of a representative
FET at different gate voltages. As expected for a FET, current
saturation behavior was observed at high drain voltages. Also, the
device was characterized by linear current-voltage curves for small
drain voltages (Supplementary Fig. 3), which suggests that the
contact between the MoS, channel and Cr/Au electrodes was
Ohmic-like with a small barrier. The gate-voltage-dependent
current-voltage response indicates that the inkjet printing can
form semiconducting MoS, channels that are sufficiently thin to
enable gate modulation. From the representative transfer curve
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Fig. 3 Inkjet printing of semiconducting MoS, channels. a Optical microscope and scanning electron microscope (SEM) images of MoS,
films are printed into different patterns. For the microdot array (one printing pass), the dot diameter and center-to-center spacing between
dots were 50 and 200 pm, respectively. For the crossbar array (one printing pass for each line array), the line width and center-to-center line
spacing were 55 and 200 pm, respectively. b Photoluminescence mapping of patterned MoS, films using 532-nm laser excitation. ¢ Optical
image of the inkjet-printed MoS, film (channel width: 165 pm, length: 20 um, thickness: 18 nm) and vacuum-deposited electrodes (Cr 5 nm/Au
40 nm) for temperature-dependent conductivity measurement. d, e Current-voltage characteristics and conductivities of the MoS,; film at
different temperatures. f Optical image of the field-effect transistor (FET) array based on inkjet-printed MoS, channels (channel width: 65 pm,
length: 10 um, thickness: 18 nm) and vacuum-deposited electrodes (Cr 5nm/Au 40nm) on a 300-nm SiO,/Si substrate. g Output
characteristics. h Transfer curves and spatial mapping of the mobility and current on/off ratio (Vp = 1 V). i Photoresponsivities of the MoS, FET
at different wavelengths under optical power density of ~10 uWcm~2 (V5 = 1V). Photoluminescence spectra of the MoS, channel is also
plotted as a reference. j, k Photocurrents and photoresponsivities at different laser power densities under 520-nm laser illumination (Vp = 1V).
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(Fig. 3h, plot), we confirmed that the device exhibits an n-type
behavior with a threshold voltage of ~12 V. The FET array showed
a high spatial uniformity in mobility (1) and on/off ratio (lon/loff)
with average values of 0.24cm?V~'s (standard deviation, SD:
0.094cm?V~"s7") and 2.4 x 10° (SD: 1.0 x 10°), respectively (Fig.
3h, 2D mapping). Optoelectronic properties of the inkjet-printed
MoS, film were also analyzed by characterizing the current
response of the FET array under a light. Figure 3i shows the
photoresponsivity (R) of a representative device (blue data) over a
range of wavelengths (400-880 nm). At each wavelength, we
obtained the photocurrent (Ip,) from the difference between the
drain currents measured under light (high) and under dark
conditions (l4ar), which was then divided by the incident optical
power density (P) and the effective illumination area (S) to
determine the photoresponsivity (R).

R = Ipn/PS (4)

For wavelengths longer than 700 nm, photoresponsivity values
were much smaller (R<300) than those measured at shorter
wavelengths because the energy of the incident photons was
smaller than the bandgap of monolayer or bilayer MoS,”2, which
existed in a high fraction within the MoS, nanosheet population.
As the excitation wavelength becomes shorter (A <700 nm), the
device exhibited photoresponsivities higher than 1000 as the
photon energy was sufficient to create photoelectrons also in
the monolayer and bilayer nanosheets. Notably, we observed a
characteristic peak at around 625 nm, which was close to the
photoluminescence emission peak (~687 nm) resulting from the
ground-state direct transition at the K point of the Brillouin zone
(Fig. 3i, green line)*’. The photoresponsivity increased with
decreasing wavelength as the energy of the incident photon
became higher. The inkjet-printed MoS, photodetector was
further investigated at different optical power densities under
520 nm laser illumination to characterize the power-dependent
photoresponse (Fig. 3j, k). As expected for a photodetector based
on an n-type semiconducting channel, both /,, and R increased
when positive gate voltages were applied. From the relation
between the photoresponsivity and optical power density

R o P& (5)

we found that photocurrents were generated mostly by the
photoconductive mechanism under gate voltages of —80 and
—60V because the power exponent (a) was close to 17374, The
power exponent became smaller than 1 as the gate-voltage
increased, which suggests that photogating effect contributed to
the photocurrent generation’>”%. The maximum photoresponsiv-
ity of ~52x10°AW~" was achieved under illumination at a
power density of 2.7 uW cm~2 under a gate and drain voltages of
0 and 1V, respectively, which is higher than many of the
previously reported MoS, photodetectors3”4875-77,

Inkjet printing of electrochemically exfoliated graphene
nanosheets for electrodes

For fabrication of electrodes via inkjet printing, we produced
graphene nanosheet inks from graphite based on the electro-
chemical exfoliation process that we used for MoS, inks, except
that tetrabutylammonium hydrogen sulfate (TBAHS) molecules
were used as intercalants (Fig. 4a, Methods). For stable inkjet
printing, graphene nanosheets were dispersed in an ethanol/DMF
mixture (10:1 volume ratio) at a concentration of 0.5 mgmL~". The
representative AFM image and lateral size distribution of the
resulting dispersion indicate that the solution mostly consisted of
2-3 layer graphene nanosheets with an average lateral size of
1 um (Fig. 4b,c and Supplementary Fig. 4). The Raman spectrum
showed D and G peaks located at 1360cm~" and 1620cm™’,
respectively (Fig. 4d), which further confirms the presence of

npj 2D Materials and Applications (2022) 64

graphene. To find an optimal processing condition for electrode
fabrication, we investigated the surface topography and height
profiles of rectangular-shaped graphene films (550 pm x 300 pum)
inkjet-printed on SiO,/Si substrates as a function of printing pass
(Fig. 4e). The films were annealed at 300 °C to remove residual
solvents and enhance the electrical properties (Supplementary
Fig. 5). Note that the satellite spots in the optical microscope
images (Fig. 4e) were from the initial stage of the inkjet printing
process, during which some ink droplets were unintentionally
deposited outside the registered pattern area. These artifacts do
not affect the device characteristics and can be readily found in
inkjet-printed electronic devices. As the number of printing passes
increased from 1 to 30, the film became denser and connectivity
between nanosheets was improved. The thickness of the film also
became thicker as the number of printing passes increased, with
an average thickness of ~200 nm for 30 passes. Figure 4f shows
the corresponding current-voltage curves measured in a two-
electrode configuration, which exhibit expected ohmic character-
istics for all tested printing passes. The data plotted on a semi-
logarithmic scale are also provided in Supplementary Fig. 6, which
shows higher current levels for the increasing number of printing
passes. From the current-voltage measurements, conductivity and
sheet resistance of the graphene films could be determined
(Supplementary Fig. 7 and Supplementary Table 2). As expected,
the film exhibited the highest conductivity (21.7Scm™") and
lowest sheet resistance (2.2kQsq™") in the case of 30 printing
passes, and therefore we hereafter focused on this optimal
condition for fabricating the graphene electrodes for the devices.
Based on the concentration of our ink (0.5mgmL™"), we
determined that the mass loading for the graphene electrode
per printing pass was 1.4 x 107> mg cm~2. This was the highest
loading that could be achieved with our graphene ink, above
which the printing nozzle started to clog because of the large
lateral size of the electrochemically exfoliated graphene
nanosheets. As a result, we found that our graphene electrode
formed with 30 printing passes exhibited a lower conductivity
(21.7Scm™") compared to the electrode that was created with 1
printing pass of the state-of-the-art terpineol-based graphene ink
(80Scm™"), in which ultrasonically exfoliated graphene
nanosheets with small lateral sizes (average lateral size of
~50nm) were dispersed at a much higher concentration
(3.4 mg mL~")*2, Although the throughput of the printing process
was lower compared to the case with the terpineol-based
graphene dispersion, our ink could realize electrodes with
sufficiently high conductivity to fabricate operating devices.
Figure 4g shows FETs based on inkjet-printed graphene electrodes
and MoS, channels on SiO,/Si substrates (Methods). The width
and length of the channel were 120 and 140 um, respectively.
Output characteristics (Fig. 4h) and transfer curves (Fig. 4i) reveal
that the device exhibits an n-type behavior with u and I,./los of
0.02cm?V~"s7" and 6.56 x 103, respectively, at a drain voltage of
1V. Good electrical contact between the MoS, and graphene was
also confirmed by the linear current-voltage behavior in the small
voltage regime of the output curves (Supplementary Fig. 8). In
addition to the simple rectangle-shaped patterns, the graphene
electrodes could also be printed with more complex geometries
that are beneficial for enhancing the device performance. As a
demonstration, we realized a working MoS, photodetector with
interdigitated graphene electrodes (Supplementary Fig. 9).

Inkjet-printed gate dielectrics from electrochemically
exfoliated HfS, nanosheets

Finally, we produced HfS, nanosheet inks that can be converted
into high-k dielectrics after printing and annealing. For ink
formation, HfS, crystals were electrochemically exfoliated by
applying the same process used for creating MoS, nanosheet
inks (Fig. 5a, Methods). Figure 5b shows AFM images of the HfS,
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Fig. 4

Drain voltage (V)

Gate voltage (V)

Inkjet-printed electrodes based on electrochemically exfoliated graphene nanosheets. a Scheme describing the electrochemical

exfoliation process. b AFM image of the exfoliated graphene nanosheets. White line in the image shows the height profile. ¢ Histogram
showing the lateral size distribution of the graphene nanosheets. d Raman spectrum of the graphene nanosheet film measured with a 532 nm
laser. e Optical microscope images and height profiles of the printed graphene electrodes for different printing passes. The dimensions of the
rectangular pattern were 550 pm x 300 pm. Height profiles of the graphene electrodes formed with 10, 20, and 30 printing passes are also
presented. f Current-voltage characteristics of the printed graphene electrodes for different printing passes. A pair of rectangular metal
electrodes (Cr 5nm/Au 40 nm) were deposited with a 20-um electrode spacing to measure the current-voltage curves from the graphene
electrode. g Optical image of the FET based on inkjet-printed MoS, channels (channel width: 120 pm, length: 140 pm, thickness: 18 nm) and
graphene electrodes (200 pm x 550 pm, thickness: 207 nm) on a 300-nm SiO,/Si substrate. h, i Corresponding output and transfer curves.

nanosheets before (left) and after (right) annealing at 500 °C. The
average thickness significantly decreased from 3 to 0.85nm,
which suggests that the HfS, was converted into HfO, because of
oxidation (Supplementary Fig. 10). The lateral size of the
nanosheets was characterized by an average value of 0.56 um
(Fig. 5¢). The ink was then printed into a square-shaped film
(2mmx2mm) on a heavily doped Si substrate to reveal the
chemical conversion process of the dielectric layer in more detail
(Fig. 5d). The optical images show that the film became
transparent under visible light after annealing, which resulted
from the formation of HfO,. The disappearance of the Raman A,
peak of HfS, at 338 cm™" also indicates the transformation of HfS,
into HfO,. The HfO, film was further analyzed by x-ray
photoelectron spectroscopy to identify chemical compositions
and bonding states (Fig. 5e). The presence of Hf 4d;,,, Hf 4ds/,, O
1 s peaks along with the absence of S 2p peak clearly confirms the
HfO, formation. We then investigated the surface topography of
the HfO, networks as a function of printing passes to identify the
minimum dielectric thickness that can be achieved without
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pinholes. All the films were annealed at 500°C to ensure that
HfS, completely oxidize into dielectrics with a minimal leakage
current (Supplementary Fig. 11). Figure 5f presents AFM images of
the annealed films after 4, 6, and 8 printing passes. In the case of
four passes, the film exhibited many pinholes, although the
nanosheet network was continuous. As expected, the number of
pinholes decreased as the network became denser for increasing
printing passes. Notably, a pinhole-free HfO, film was achieved
after eight printing passes with a thickness of only 10 nm (Fig. 5f
and Supplementary Fig. 12). Based on the capacitance-voltage
measurement (Methods), the areal capacitance of the optimized
HfO, layer (eight printing passes) was determined to be
4256nFcm~2 Although the dielectric constant (k=4.8) was
noticeably lower than the value expected for a bulk HfO,
(k= 25)°%, most likely due to the porosity of the nanosheet film,
the areal capacitance was much higher than that of conventional
SiO, (11 nFcm™2 for a 300-nm film) or layer-by-layer assembled
sub-10-nm h-BN nanosheet films (245 nFcm~2)34. This areal
capacitance is even comparable to the spin-coated HfO,
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Capacitance (nF cm2)

Inkjet-printed high-k dielectric based on electrochemically exfoliated HfS, nanosheets. a Scheme describing the electrochemical

exfoliation process. b AFM images and atomic structures of HfS, nanosheets before and after annealing. White line in the image shows the
height profile. ¢ Histogram showing the lateral size distribution of the HfS, nanosheets. d Optical images and Raman spectra (source: 532 nm
laser) of the inkjet-printed HfS, (as-printed) and HfO, (annealed) films. e X-ray photoelectron spectroscopy (XPS) analysis of the HfO, film.
f AFM image of inkjet-printed HfO, films formed with different printing passes. Arrows indicate pinholes. g Histogram showing the areal

capacitance of the HfO, films for eight printing passes.

nanosheet film (519.9 nF cm~2), where the film thickness could be
further reduced to 3 nm without pinholes (Supplementary Fig. 13).
The breakdown field of the inkjet-printed HfO, dielectric was
determined to be 4.2 MVcm™' (Supplementary Fig. S14).

All inkjet-printed thin-film transistors

With all the inks we developed, we fabricated FETs based on the
building blocks assembled entirely by inkjet printing (Fig. 6a). HfS,
was first printed on the Si substrate and annealed to create high-k
HfO, dielectrics, followed by printing of MoS, channels and TFSI
treatment. Graphene inks were then printed and annealed to form
electrodes on top of the channels, thereby producing top-contact
FETs (Methods). Figure 6b shows an SEM image of all inkjet-printed
FETs along with the scheme illustrating the stacking of the building
blocks. Zoomed-in SEM images of the HfO,, MoS,, and graphene
regions are also presented in Fig. 6¢c. Compared to previous work
on all printed 2D-material devices based on liquid-phase exfolia-
tion384978 the surfaces appeared more uniform and smoother
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with the flake edges nearly indistinguishable because the
nanosheets are highly aligned along the in-plane direction. From
the current-voltage measurements, we found that the printing
sequence is critical for enhancing the performance of our FETs. For
the case where the MoS, channels were printed after HfO,
dielectric and graphene electrodes (bottom-contact FETs), we
could not properly passivate the sulfur vacancies in MoS,
nanosheets because graphene electrodes were affected by the
TFSI treatment and the device did not show gating effects
(Supplementary Fig. 15a). Although bottom-contact FETs could be
fabricated without TFSI treatment, the Ion/log (4.7 X 107) was much
lower compared to the TFSl-treated MoS, FETs with vacuum-
deposited electrodes (Supplementary Fig. 15b and Fig. 3h). In
contrast, TFSl-treated top-contact MoS, FETs exhibited the
expected n-type characteristics with a clear current saturation
behavior and high u and I,./los (Fig. 6d, e). The output curves in
the small Vp regime also confirms that the graphene electrode and
MoS, channel formed a low-resistance ohmic-like contact with a
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width: 100 pm, length: 170 pm, thickness: 18 nm; graphene electrode width: 130 pm, length: 530 um, thickness: 207 nm). ¢ Zoomed-in SEM
images of the HfO,, MoS,, and graphene nanosheet films. d, e Output characteristics, transfer curves, and spatial mapping of the mobility and
current on/off ratio of all inkjet-printed FETs. Spatial mapping was conducted at V = 1V. The average and standard deviation values were 1.4
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minor Schottky barrier (Supplementary Fig. 16). By fabricating two
independent 5x5 arrays of FETs (Supplementary Fig. 17), we
found that the highest achieved p and I, /s were
10.1cm?V~"s™! and 3.4x10°% respectively, with the average
values of 3.8cm?V~'s™! and 16x10° at Vp=1V (array #1:
average and SD were 4.2 and 1.9cm?V~"s~" for y and 1.2 x 10°
and 8.2 x 10* for I,n/los; array #2: average and SD were 3.3 and
1.6cm2V~'s™" for u and 1.9%x10° and 14x10° for Ion/los)
(Supplementary Figs. 18, 19). Moreover, spatial uniformity of the
transistor array performance was confirmed by spatial mappings
and histograms of device metrics, including p and l,n/los, as well as
threshold voltage (average and SD were 1.56 and 0.084 V for array
#1 and 1.51 and 0.14V for array #2) and subthreshold swing
(average and SD were 0.21 and 0.030V dec™' for array #1 and 0.24
and 0.058V dec™! for array #2) values (Supplementary Fig. 20). The
u and Iyn/log values are much higher compared to previously
reported FETs based on printed TMDC nanosheet channels
(Fig. 6f)363840-4279  Fyrthermore, the device performance was
even better than the TFSl-treated top-contact MoS, FETs on
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spin-coated HfO, layers (average u and lon/log Were 1.3 cm? V15!

and 9.7x10* at Vp=1V, while the SD values were
0.69cm?V~'s71 and 6.1x10% (Supplementary Fig. 21), which
highlights the benefits of our approach because inkjet printing can
drastically reduce ink consumption compared to spin coating.

DISCUSSION

In summary, all inkjet-printed electronics were demonstrated by
using micrometer-sized 2D nanosheets produced via electroche-
mically driven molecular intercalation and exfoliation. Metallic,
semiconducting, and insulating films could be printed with
uniform thicknesses without the addition of surfactants or
additives. By combining the building blocks, field-effect transistors
were successfully fabricated with high spatial uniformity in
electrical properties and photoresponsivity, which outperforms
previously reported printed 2D semiconductor-based devices.
With further reduction in annealing temperature and time via
rapid annealing processes such as photonic annealing and
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through a combination strategy with other materials systems such
as sol-gel metal oxide dielectrics and ultrafine graphene
nanosheet conductors, we expect that this work will provide
opportunities for cost-effective, scalable fabrication of high-
performance wafer-scale electronics and photonic devices with
high design flexibility.

METHODS
Electrochemical exfoliation of 2D materials

To prepare dispersions of MoS; and HfS, nanosheets, bulk crystals
of MoS,; (purchased from HQ graphene) and HfS, (synthesized by
chemical vapor transport method®’) were electrochemically
exfoliated using molecular intercalants. The electrolyte was first
prepared by dissolving tetraheptylammonium bromide (THAB,
purchased from Sigma-Aldrich) in acetonitrile at a concentration
of 5mgmL~". After placing the crystal at the cathode and
graphite at the anode, direct current was applied under 7V for
~1h for intercalation of THAB. The resulting crystal was then
rinsed with ethanol and sonicated in a polyvinylpyrrolidone
solution in  dimethylformamide  (DMF) (concentration:
22mgmL~") for 30 min. To precipitate unexfoliated crystals, the
solution was centrifuged at 4000 rpm for 10 min. The supernatant
was then collected and washed with isopropyl alcohol (IPA) a
minimum of three times to rinse residues from the nanosheets.
For the preparation of graphene nanosheet dispersion, an
electrochemical cell was constructed by loading graphite foils
(purchased from Alfa Aesar) both into the anode and cathode. An
aqueous solution of tetrabutylammonium hydrogen sulfate
(TBAHS) (concentration: 0.005 M) was used as the electrolyte. A
controlled amount of NaOH was added to adjust the pH to 7. For
electrochemical exfoliation, a direct current was applied under
10V for 20 min, during which the system was surrounded by an
ice bath to prevent overheating. The intercalated graphene
nanosheets were rinsed via vacuum filtration with ethanol and
deionized water, followed by ultrasonication in DMF for 30 min.
The resulting dispersion was centrifuged at 4000 rpm for 10 min to
remove unexfoliated crystals.

Ink preparation

To investigate the effect of solvent composition on the surface
topography of inkjet-printed MoS, films, MoS, nanosheets were
redispersed in IPA/2-butanol binary solvents that were mixed at
volume ratios of 80:20, 85:15, 90:10, and 100:0. MoS, channels for
back-gated field-effect transistors were printed using MoS,
dispersion in 100% IPA. For inkjet printing of electrodes, graphene
nanosheets were redispersed in ethanol, which exhibits a low
boiling point (78.37 °C) and thus promotes rapid solvent evapora-
tion. Specifically, the graphene/DMF dispersion was filtered
through a 0.2 um Nylon (Polymide) membrane (purchased from
SciLab) and then the resulting filter cake was bath sonicated in
ethanol for 15 min. DMF was added to the graphene/ethanol
dispersion (volume ratio of ethanol and DMF =10:1) to further
adjust the rheological properties for stable droplet formation
during inkjet printing. The HfS, dispersions were used without
solvent exchange.

Adjustment of ink concentration

The concentrations of graphene, MoS,, and HfS, inks were first
determined using the Beer-Lambert law and the absorption
coefficients of each material (aggo = 2460 L g~ ' m~! for graphene°,
Os72=3400Lg™ " m~" for MoS,", and ageo=13.5Lg "' m~" for
HfS,%%) reported in previous studies. After estimating the concen-
tration based on the optical absorbance measured by a UV-visible
spectrophotometer (Agilent Technologies, Cary 5000), the inks were
diluted to 0.5 mgmL~".
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Device fabrication

All the printed patterns and devices were fabricated using a drop-
on-demand (DoD) inkjet printer (Fujiflm Dimatix, DMP 2850)
equipped with 1 and 10pL cartridges (Fujifilm Dimatix, DMC-
11601 and DMC-11610). We used a unipolar waveform with a
nozzle voltage of 18V and a jetting frequency of 2.0 kHz. For MoS,
and HfS, inks, the slew rate and duration were 042V ps™' and
20.4 ps. Graphene ink was printed with the slew rate and duration
of 044V ps™' and 204 ps. Prior to printing, the substrate was
rinsed sequentially with acetone, ethanol, and deionized water. All
inkjet printing processes were performed at a substrate tempera-
ture of 50 °C. For the FETs with vacuum-deposited electrodes, the
MoS, dot and line patterns were formed on 300-nm SiO,/Si
substrates by applying two printing passes of MoS, inks with a
drop spacing of 40 um. The printed films were treated with a
bis(trifluoromethane)sulfonimide (TFSI, purchased from Sigma-
Aldrich) solution in 1,2-dichloroethane (Fisher Chemical) (concen-
tration: 10mgmL~") at 80°C for 1h, followed by annealing at
100°C for 5min in an Ar glove box to prevent unintentional
doping by adsorbates from the air. Then, the electrodes were
created by depositing Cr/Au (5 nm/40 nm) through a photoresist
mask patterned with photolithography and lifting off the resist. To
fabricate all inkjet-printed FETs, we first formed the dielectric layer
by applying eight printing passes of HfS, inks with a drop spacing
of 20 um on a heavily doped Si substrate (<0.005 Q) and anneal
the samples at 500 °C for 5 h under ambient conditions for HfO,
formation. Two printing passes of MoS, inks with a drop spacing
of 40 um were then applied to form the channel. After MoS,
printing, graphene electrodes were printed by applying 30
printing passes of graphene inks with a drop spacing of 60 um,
followed by annealing of the samples at 300 °C for 30 min using a
hot plate in an Ar glove box. Finally, the resulting devices were
annealed at 200 °C for 30 min in an Ar glove box to improve the
adhesion between the gate dielectric, channel, and electrode. For
MoS, FETs with spin-coated HfO, layers, the Si substrate was first
treated with oxygen plasma for 5 min. Then, the HfS, dispersion
was spin-coated four times at 2500 rpm for 40 s and annealed at
500 °C for 5 h under ambient conditions for HfO, formation. The
MoS, channels and graphene electrodes were created following
the same procedure used for fabricating all inkjet-printed FETSs.

Materials characterization

The thickness and lateral size of the nanosheets and the surface
topography of the films were analyzed using an atomic force
microscope (Park Systems, Park NX10) under a non-contact mode.
Optical microscope and scanning electron microscope (SEM)
images were acquired using a metallurgical optical microscope
(MICroscope Inc, S39b) and a field-emission scanning electron
microscope (JEOL, JSM-7600F), respectively. The cross-sectional
image of the device was obtained from a transmission electron
microscope (JEOL, JEM-2100F (HR)). Raman and PL spectra were
obtained using an Alpho300R spectrometer (WITec) under
ambient conditions. Samples were excited with a 532-nm laser
source. The signals were collected through a 50x objective lens
and dispersed by a diffraction grating (1200 lines mm~" for Raman
and 150 lines mm™" for PL). The viscosity and surface tension of
the inks were measured using a viscometer (A&D Company, SV-10)
and a drop shape analyzer (Kriiss, DSA25), respectively. The
effective shear rate for the viscosity measurement was 420s™".
Height profiles of the printed graphene electrodes were measured
by a surface profilometer (Ambios Technology, Alpha step XP-
100). The chemical composition of the HfO, was analyzed with
x-ray photoelectron spectroscopy (Thermo Fisher Scientific,
ESCALAB 250 XI). The areal capacitance of the HfO, films was
determined based on a metal-insulator-metal structure with gold
electrodes.
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Device characterization

Current-voltage characteristics were analyzed using a vacuum
probe station with a Keithley SCS-4200 system under vacuum
(~107> torr) between 150.15 and 300.15K for temperature-
dependent measurement. All other electrical properties were
measured at room temperature under vacuum (~107° torn).
Photoresponsivities at different wavelengths were measured using
a Xe lamp coupled to the probe station chamber via an optical
fiber. A monochromator was used to obtain the photocurrent at
each wavelength. Photoresponsivities under different optical
power densities were measured using a 520-nm laser diode.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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