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Inkjet printing of two-dimensional van der Waals
materials: a new route towards emerging
electronic device applications

Kyungjune Cho,*a Takhee Lee b and Seungjun Chung *ac

Two-dimensional (2D) van der Waals (vdW) materials are considered one of the most promising

candidates to realize emerging electrical applications. Although until recently, much effort has been

dedicated to demonstrating high-performance single 2D vdW devices, associated with rapid progress in

2D vdW materials, demands for their large-scale practical applications have noticeably increased from a

manufacturing perspective. Drop-on-demand inkjet printing can be the most feasible solution by

exploiting the advantages of layered 2D contacts and advanced 2D vdW ink formulations. This review

presents recent achievements in inkjet-printed 2D vdW material-based device applications. A brief

introduction to 2D vdW materials and inkjet printing principles, followed by various ink formulation

methods, is first presented. Then, the state-of-the-art inkjet-printed 2D vdW device applications and

their remaining technical issues are highlighted. Finally, prospects and challenges to be overcome to

demonstrate fully inkjet-printed, high-performance 2D vdW devices are also discussed.

Introduction

The upcoming ‘‘Internet of Everything’’, which will enable our
surrounding electronics to be closely interconnected, has accel-
erated the development of next-generation electronics based on
emerging materials.1–5 In recent years, two-dimensional (2D)
van der Waals (vdW) materials have been regarded as one of the
most promising candidates owing to their superior properties,
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including electrical, optical, and even mechanical characteristics.
Specifically, their inherently different electrical and optoelectronic
behaviours when thinned down to the atomic limit by exploiting
either physical or chemical exfoliation methods have attracted
significant attention from both research and industrial societies.
In addition to well-known pioneering materials in the field of
2D vdW materials, e.g., graphene (Gr) and semiconducting
transition metal dichalcogenides (TMDs), various novel vdW
materials have been discovered, which can be used as super-
conductors, ferro- and antiferromagnets, topological insulators,
and Weyl semimetals.6–17

Notably, their recent advances to realize practical applications
have been encouraged beyond single device demonstration, initi-
ating vibrant research for cost-effective, large-area, and high-yield
mass production. In this sense, omnipresent inkjet printing has
been employed as a feasible solution to meet the aforementioned
demands of large area, low cost, easy processability, and high
compatibility. In addition, inkjet printing can offer a high degree
of design freedom for 2D nanoelectronics while maintaining their
high electrical performance.18–26 2D vdW material-based inks are
also suitable for use in inkjet printing as active pigments due to
the rapid progress in the ink formulation methodology from
synthesis of 2D vdW materials to novel electrochemical exfoliation
methods. Moreover, inkjet printing of 2D vdW layered nanosheet
pigments has attractive advantages in layer-by-layer stacking from
the device performance perspective over other materials such as
zero-dimensional (0D) quantum dots and one-dimensional (1D)
nanowires.27–29 To create transport channels for active layers, for
instance, electrodes and semiconducting channels, the printed
low-dimensional nanocomposites must be interconnected with
neighbouring dots/wires/sheets to transport charge carriers.
When nanocomposites are interconnected, energy barriers are
inevitably formed at the contact regions; therefore, tackling such
inherent contacts is significantly important to improve the charge

transport properties. As depicted in Fig. 1a, 0D quantum dot-
based nanocomposites form point contacts, resulting in high
energy barriers. From a mesoscopic perspective, the size of the
0D system also gives rise to a large number of point contacts,
resulting in high channel resistance. For 1D nanocomposite
channels, although there would also be high energy barriers from
point contacts among wires, higher conductivity compared to 0D
systems can be delivered, which would be coupled with a lower
number of point contacts (Fig. 1b). Interestingly, 2D nanocompo-
sites have shown the possibility of achieving much higher con-
ductivity, creating 2D contacts connected layer-by-layer due to the
capillary force between neighbouring sheets corresponding to
much lower energy barriers, as shown in Fig. 1c. Although
matured inkjet-printed 1D nanowire (NW)-based devices have
shown better overall electronic performances as of now,30 it has
been believed that inkjet-printed 2D electronics have a huge
potential owing to their intrinsic advantages over 1D and 0D films,
such as higher surface coverage, lower barrier density, and lower
barrier height from their structural nature. Moreover, manufactur-
ing heterostructures of 2D materials with varying material combi-
nations, thicknesses, and structures are also feasible.27 Therefore,
for emerging inkjet-printed devices with low-dimensional materials,
2D layered nanosheets are the most favourable for demonstrating
a well-stacked channel via drop-on-demand deposition without
complicated alignment processing (Fig. 1d). Note that alignment
techniques, e.g., shear rolling, have been widely employed in 1D
nanowire systems for better electrical performance. Utilizing these
advantages, various inkjet-printed 2D vdW material-based emer-
ging devices, such as sensors, photodetectors, thermoelectrics,
wearable electronics, and even superconducting devices, have
been vigorously investigated.5,18,21,22,31–44 In this regard, many
researchers have reported noteworthy results in novel ink formu-
lation methods and inkjet-printed emerging device applications
over the last decade. Representatively, Kelly et al. reported
all-inkjet-printed thin-film transistors (TFTs) with layered 2D Gr,
WSe2, and boron nitride (BN) as an electrode, a semiconductor,
and insulating layers, respectively (Fig. 1e).45

This minireview highlights recent achievements in inkjet-
printed 2D vdW material-based devices from conventional TFTs
to the most recently reported Josephson junction device. The
overarching aim is to show the feasibility of realizing emerging
2D layered devices associated with inkjet printing and provide
an overview of recent efforts to improve their electrical perfor-
mance. We hereby assume that the time is right to summarize
the progress in inkjet printing of 2D vdW materials, especially
from the perspective of 2D ink preparation with a suitable inkjet
printing strategy, and the state-of-the-art device applications in
line with the latest trends in 2D electronics.

2D vdW ink formulation methods
Pigments: representative 2D vdW materials

To establish an inkjet printing strategy, the formulation of a
rheologically well-designed ink is the starting point. Before
discussing the rheological principles and methodology for ink
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formulation, we first focus on the 2D vdW material pigments.
As the 2D vdW family has been intensively investigated due to
its attractive properties, remarkable developments in the field
of vdW material synthesis from bulk crystals to large-area
monolayers have also been achieved. In particular, conven-
tional synthesis methods, e.g., molecular beam epitaxy (MBE),
and chemical vapour deposition (CVD), have enabled the
synthesis of large-area monolayers comparable to high-quality
bulk crystals synthesized by chemical vapour transport
(CVT).6,7,31,46–51 Owing to these continued efforts and progress,
a variety of large-area synthesized 2D vdW materials now
exhibit attractive physical properties. In addition to represen-
tative semimetallic Gr, insulating hexagonal BN (h-BN), semi-
conducting TMDs (e.g., MoS2 and WSe2), and metallic TiS2, we
now have magnetic (CrI3, CrCl3, CrBr3, Fe3GeTe2, etc.) and even
superconducting (NbSe2 and Bi2Te3) vdW materials.52–62

In particular, their layer-dependent energy band structures
and the feasibility of fabricating clean heterostructures without
lattice mismatch concerns accelerate the progress in exploring
both in-depth material characteristics and optimized device
fabrication.11,52,53,63,64

The energy band structure of a 2D vdW material is tuneable
by adjusting prominent parameters, such as the number of
layers.65 Additionally, even the stacking angles of a heterostruc-
ture were found to possibly act as a key factor in modulating the
band structure since they can introduce an additional periodic
potential to the system by forming a moiré lattice.66–68

Additional functionalities, e.g., superconductivity of Gr68 or
ferroelectricity of twisted h-BN,66 can also be delivered by
introducing the vdW transfer technique. The absence of
dangling bonds on the surface of 2D vdW materials and their
weak vdW interactions between layers provide promising
opportunities to fabricate heterostructures with atomically
clean interfaces with different neighbouring 2D layers. With
these advantages, atomically clean heterostructures with a
variety of vdW material combinations can be realized by
employing advanced fabrication methodologies, such as the poly-
dimethylsiloxane (PDMS)-based vdW dry transfer method.69 For
example, insulating h-BN can be used to encapsulate underlying
air-sensitive 2D materials, and Gr can be used as a contact to
enhance the charge injection due to its high conductivity and low
density of states near the Fermi level.52,53 In particular, owing to
the rapid progress in the vdW transfer technique, the field of
twistronics has been opened. As a result, superconducting 1.11
twisted bilayer Gr has become the most well-known twisted
homobilayer system, also called ‘‘magic-angle’’ Gr.67 These 2D
vdW heterostructures have been widely studied in a variety of
research fields, not only limited to electronics but also including
thermoelectrics, magnetism, spintronics, and topology.9,12,50,70–77

From the 2D vdW material perspective, much effort has been
dedicated to synthesizing and discovering new vdW materials
exhibiting various electrical properties, as shown in Fig. 2. For
example, although magnetism is one of the most important
natures, in-depth research begun relatively recently due to the

Fig. 1 (a) The conducting path through connected 0D nanoparticles includes a large number of point contacts with neighbouring nanoparticles, with
high energy barriers. (b) The conducting path through 1D nanowires includes a dramatically reduced number of point contacts with high energy barriers.
(c) The conducting path through 2D nanosheets includes a greatly reduced number of sheet contacts with also greatly reduced the energy barrier due
to the large contact area. (d) Schematic image of the fabrication of various electronic devices by using inkjet printing. (e) 2D vdW inks, fully printed
vdW-based field-effect transistor and its transfer curves. Reproduced with permission.45 Copyright 2017, Publisher AAAS.
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limited intrinsically magnetic vdW materials. As a result of
continued efforts to find and synthesize magnetic vdW materials,
studies on magnetism-related research including spintronics of
2D magnetic vdW materials have been initiated.9,49,56,58,76,78,79

In addition, the 2D heterostructure platform has a strong advan-
tage without the lattice mismatch concern, while fabricating
magnetic heterostructures by using conventional magnetic mate-
rials and device fabrication is difficult due to lattice distortion,
which can also distort the magnetic dipole alignment. Similarly,
research on 2D topological insulators and Weyl semimetals has
begun, as they have recently discovered.62,75–77

However, the results of these emerging materials are still
limited to a single device fabricated by using mechanical
exfoliation methods, which are not suitable for practical appli-
cations. Due to the strong motivation for transitioning from
proof-of-concept to large-scale application, drop-on-demand
inkjet printing has become a strong candidate from a manu-
facturing perspective because it offers high resolution, less
material waste, and a wide range of substrate compatibility as
well as noncontact and maskless processability. Specifically,
layer-by-layer contacts of 2D vdW materials can be facilely
demonstrated by using inkjet printing, which can presumably
create a significant synergistic effect with the advantages of
2D vdW materials.21,24,26 In this frame, significant efforts have
been devoted to adapting 2D vdW materials to inkjet prin-
ting to meet these demands and extend the boundaries of
technologies.

Principles of 2D vdW ink formulation and inkjet printing

Liquid phase exfoliation (LPE) methods. For 2D vdW ink
formulation, liquid exfoliation from bulk crystals, usually
assisted by electrochemical and ultrasonic processes, is the
most well-known approach to preparing pigments for inkjet
printing. In addition, it enables the extraction of a sufficient
amount of 2D vdW flakes on demand. In contrast to bulk
crystals, uniformly grown monolayers synthesized via MBE or
CVD cannot typically be sufficient material sources for ink
formulation due to the relatively low density of 2D flakes.
Generally, it has been known that the undesirable strain can
be induced due to the lattice mismatch during the bottom-up
synthesis process resulting in undesirable defects and non-
uniform crystal orientations with a lot of grain boundaries.
However, although this substrate effect may also affect the
CVT-grown bulk crystals, it has been known that the CVT-
grown bulk crystals usually exhibit better quality since the
CVT method requires high reaction time and temperature
which can offer sufficient energy and time for crystallization
and homogeneous element distribution.80

Therefore, high-quality bulk crystals of 2D materials have
been widely grown via CVT prior to exfoliation.6,7,49,51

As illustrated in Fig. 3a, CVT generally uses two temperature
zones in a vacuum-sealed ampul: (1) a hot zone where the
source materials are placed and (2) a cool zone where the
synthesized bulk crystals are deposited after the chemical
reaction (note that they can be reversed if the chemical reaction

Fig. 2 Schematic illustration of functional 2D vdW materials.
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for synthesis is endothermic). After the synthesis process, the
deposited bulk crystals are removed from the ampul and placed
on an electrode (anode or cathode) in an ionic liquid solvent
for the next step, electrochemical exfoliation. This involves
exfoliation from a wide range of 2D vdW bulk crystals induced
by the external energy, such as mechanical energy from ultra-
sonication, or driven by an electrochemical reaction in a target
solvent. LPE can be utilized to produce a wide range of 2D
vdW material-based inks.81,82 In detail, the weak layer-by-layer
interaction can be easily broken by the introduction of external
stress, intercalation of ions between layers, or creation of
bubbles through chemical reactions of intercalated ions, result-
ing in isolated free-standing mono- or few layers in the target
solvents.

At the early stage of the LPE method, as illustrated in Fig. 3b,
the bulk crystal pieces are just placed in the solvent, followed by
ultrasonication to promote exfoliation in the liquid. Then, the
2D vdW material dispersed in the solvent is generally subjected
to multiple centrifugations to selectively collect free-standing
layers with a target thickness or size. Importantly, because the
condition of the applied external force, e.g., the strength of the
ultrasonication wave or the exposure time, can determine

the average size of free-standing flakes, corresponding to the
quality of 2D flakes, it should be carefully optimized to prevent
their severe destruction. In addition, after the exfoliation
process, the delaminated 2D flakes can aggregate.

To overcome these hurdles, additional processes have been
proposed, for example, the aforementioned electrochemical
reactions or ion intercalations. The electrochemical exfoliation
strategy entails an external voltage bias along with ionic sol-
vents that have ion intercalants in them so that ions can
migrate from the solvent to the electrode where the bulk crystal
is located.83–88 Consequently, the ions intercalate into the gaps
between the layers of the bulk crystal, as shown in Fig. 3c.
In summary, the intercalated ions located between the layers
broaden the interlayer distance, weakening the weak vdW
interaction and thus promoting delamination. Sometimes, air
bubbles are intentionally produced between the layers as
byproducts of induced electrochemical reactions during the
chemical reactions. Such chemically created air bubbles
grow larger as the chemical reaction continuously progresses.
Eventually, they physically push away neighbouring layers,
stimulating delamination of bulk crystals. Note that the bulk
crystal can be placed on either the anode side or cathode side

Fig. 3 (a) Schematic illustration of the CVT synthesis method with two different temperature zones. The source materials heated in the hot zone are
transported as a gas phase, depositing in the cool zone as a crystal phase. (b) Schematic illustration of the LPE method. (c) Schematic illustration of the
electrochemically assisted LPE method. The electrochemical exfoliation generally involves ion intercalation inducing delamination.

Nanoscale Horizons Minireview

Pu
bl

is
he

d 
on

 2
0 

Ju
ly

 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
2/

29
/2

02
2 

6:
14

:0
6 

A
M

. 
View Article Online

https://doi.org/10.1039/d2nh00162d


1166 |  Nanoscale Horiz., 2022, 7, 1161–1176 This journal is © The Royal Society of Chemistry 2022

depending on the intercalants (i.e., positive ions or negative
ions) used for exfoliation. These should be carefully determined
depending on the purposes because ionic intercalants often
introduce additional defects to the 2D vdW crystals or promote
unwanted oxidation and lattice distortions.89 In addition, inter-
calated ions can prevent potential aggregation without addi-
tives. These methods generally require milder ultrasonication
than in conventional LPE because the vdW interactions
between the layers are already weakened by ions and bubbles
or often do not require ultrasonication at all. Then, centrifuga-
tion can be performed for dispersion purposes. Therefore,
these approaches promise a higher chance of producing
large-area, less-defective high-quality flakes in 2D vdW inks,
which can lead to a higher electronic performance of printed
devices.

Inkjet printing of 2D vdW inks

Drop-on-demand (DOD) inkjet printing can eject out 2D vdW
inks from nozzles to underlying layers, so it is one of the most
promising candidates for direct film deposition without a
complicated etching process. There are two representative types
of printing systems, which have a nozzle based on (a) a piezo-
electric actuator or (b) a thermal heater to form ink droplets
and drive the jetting force, as illustrated in Fig. 4a.90–92 In the
case of inkjetting by a piezoelectric actuator, extrinsic voltage
pulses are applied to the piezoelectric transducer located in the
nozzle, and in turn, the moving membrane of the transducer
creates pressure pulses that are applied to the ink inside the
nozzle. Likewise, air bubbles can be created by Joule heating
from thermal nozzles, and the evaporated gas also forms ink
droplets and creates pressure for jetting. However, in the latter
case, the range of the solvent is limited because the ink
solution should be volatile to reliably create the desired size

of bubbles. Therefore, water or short-chain alcohols are typically
considered ink solvents for thermal actuator systems, while a wide
range of solvents can be employed in piezoelectric actuator
systems. In addition, the ink ejection in response to the pressure
generated by the piezoelectric element can allow relatively good
resolution, requiring lower temperature compared to the thermal
counterpart, which suffers from ink degradation concerns and
temperature-sensitive solvent choice. For these reasons, piezo-
electric nozzles are more frequently adopted for state-of-the-art
emerging applications using DOD inkjet printing.

To pursue the best printing quality, the rheology of the
ink must also be delicately controlled since the rheological
properties of inks play a central role in DOD inkjet printing.
In other words, the interfacial properties and rheological para-
meters of 2D vdW inks, such as density, surface tension, and
viscosity, should be carefully considered to promote high-
quality printed layers. According to previous studies, the follow-
ing conditions are empirically required for a well-formulated
ink that is good in terms of stability and printability. First, to
avoid nozzle clogging, the average size of dispersed pigments,
the vdW nanoflakes, should be less than 1/50 of the nozzle
diameter.33,93 Additionally, the viscosity dominantly influences
the microfluidic dynamics of the ink droplets. For example, if
the viscosity is too high, then the ink droplets will not be easily
ejected from the nozzle. In contrast, if the viscosity is too low,
then the droplet will not be stabilized and consequentially form
satellite drops. For these reasons, the suitable viscosity range is
known to be 1–25 mPa s�1. Similarly, 20–50 mN m�1 surface
tension has been suggested to avoid difficulties in inkjetting
from nozzles. Owing to prolonged efforts, these rheological
parameters have been merged into two dimensionless num-
bers, the Reynolds number (Re), which is known to predict flow
patterns, and the Weber number (We), which is used to analyse

Fig. 4 (a) Two representative types of nozzles for inkjet printing with different actuators: a piezoelectric transducer and a heater. (b) Rheological
parameters and expected printability. (c) General compositions of 2D vdW inks.
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fluid flows, written as follows:

Re ¼ rnd
Z

We ¼ rn2d
g

where r is the density and v is the velocity of the jetted ink, d is
the diameter of the nozzle, Z is the viscosity of the ink, and g is
the ink surface tension.94,95 These two numbers have been
known to account for the formation of droplets. Note that such
conditions and numbers have been found empirically and
cannot be an absolute criterion. Likewise, when the velocity is
too low and the surface tension is too high such that the droplet
cannot overcome the surface tension barrier (We o 4), droplets
would not be formed in flight. In addition, to precisely predict
the quality of inkjetting, another dimensionless number Z, the
inverse of the Ohnesorge number (Oh = We1/2/Re),

Z ¼ Oh�1 ¼ Re
ffiffiffiffiffiffiffi

We
p ¼

ffiffiffiffiffiffiffiffi

rnd
p

Z

has been generally employed. Note that Z does not require the
fluid velocity; thus, it can only explain the physical properties of
the fluid and the characteristic length.94 According to previous
studies, the suitable range of Z values to avoid poor inkjett-
ability, e.g., not ejecting or forming satellite droplets, is approxi-
mately 1 to 10.97

As we discussed, since the quality of inkjetting affects the
quality of printed features, not only exfoliation approaches
for preparing 2D vdW inks from bulk crystals but also suitable
solvent systems should be carefully chosen to create well-
defined ink droplets. Additionally, binders or additives may
be involved in ink solvents to elaborately control their rheo-
logical parameters to achieve higher stability and printability
of 2D vdW inks without forming particle agglomerates or
settled flakes. Binders can assist to improve the adhesion and

mechanical stability of printed inks by binding them together.
Additives generally refer to any other additives that can be
added to modulate the rheological properties of inks for better
printability. Taking into account such important rheological
parameters, 2D vdW material-based inks have been successfully
formulated in various solvents, as shown in Fig. 5a and b, with
novel electrochemical exfoliation techniques.43,96 Zeng et al.
also claimed that they could stabilize an aqueous vdW ink by
using surface-active Gr quantum dot nanosurfactants (NanoS),
as shown in Fig. 5c, while the dispersed flakes tended to
reaggregate without NanoS.99

Again, 2D vdW materials are naturally favoured for inkjet
printing by creating layered 2D contacts. As a host of vdW
materials, including ternary and even quaternary families, have
been newly discovered and synthesized, many researchers have
put in a great deal of effort to fully exploit the aforementioned
advantages and produce stable and printable inks for emerging
large-area applications. For further developments, continuing
efforts in formulating rheologically well-designed air-stable 2D
vdW inks are encouraged.

Emerging inkjet-printed 2D vdW device electronic applications

Beyond the single device perspective, the realization of large-
area applications based on 2D vdW materials has attracted
much attention. At this point, inkjet printing is believed to be a
cornerstone of achieving this goal since the attractive advan-
tages of both 2D vdW materials and inkjet printing can create
synergetic effects. Based on these reasons, many researchers
have combined inkjet printing methodologies and 2D vdW
materials. From various passive components, such as conducting
electrodes and even a superconducting channel, to active devices,
such as all-printed transistors, sensors, and sophisticated circuits,
many emerging applications have been proposed, expanding the
boundaries in terms of both materials and inkjet printing tech-
niques. Therefore, in this section, we will summarize and discuss
recent progress.

Fig. 5 (a) Formulated inks with various 2D vdW materials. Reproduced with permission. (Left98 Copyright 2017, Right44 Copyright 2021, respectively),
Publisher Springer Nature. (b) 2D vdW inks with various solvents. Reproduced with permission.44 Copyright 2021, Publisher Springer Nature. (c) Example
of additives that prevent reaggregation. Reproduced with permission.99 Copyright 2020, Publisher Wiley-VCH.
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Inkjet-printed 2D Gr-based electronic devices

In the early stage of the field of printed devices with 2D vdW
materials, the demonstration of a single device component
such as an electrode, an active channel, and a dielectric layer
was usually attempted. As various 2D vdW inks can be formu-
lated, many researchers have been interested in how to realize
fully printed active devices or circuit applications with 2D vdW
materials. As a result, all-printed devices have been recently
reported to be fabricated with representative 2D vdW materials
such as Gr and h-BN. For example, Carey et al. successfully
fabricated fully printed 2D material-based field-effect transis-
tors (FETs) and circuits on textiles for wearable electronics.33

They used an ink formulation method based on solvent
exchange. Firstly, the bulk 2D crystals were effectively exfoliated
in a high-boiling point solvent because these solvents can
suspend 2D materials without additional stabilisation agents.
Subsequently, the exfoliated 2D materials were transferred to a
low boiling-point solvent to utilize their rapid evaporation at
room temperature. The fully printed Gr/h-BN heterostructure
device, where Gr is the active channel, h-BN is the dielectric
layer and poly(3,4-ethylenedioxythiophene) polystyrene sulfo-
nate (PEDOT:PSS) is the electrodes, is shown in Fig. 6a.
They achieved average field-effect mobility values of 150 �
15 cm2 V�1 s�1 on polyethylene terephthalate (PET) and 91 �
29 cm2 V�1 s�1 on polyester textile. In addition, they could
demonstrate fully printed complementary inverter, logic gate,
and memory behaviours. However, because the active channel
was printed Gr, which is not a semiconducting material, the
on/off ratio of printed transistors reached only 1.23 � 0.3, and
the gain value of the printed inverter was only approximately
0.1. Therefore, even though they demonstrated the possibility
of fully printed, flexible, and stretchable devices and logic
circuits on textiles, further improvements are needed for utili-
zation in practical applications.

Even if gapless Gr is used as the active layer, combining
functional additives can open a new way to demonstrate high-
performance devices. Recently, Zeng et al. reported that they
could formulate stable aqueous inks by adding Gr quantum dot
nanosurfactants.99 The Gr quantum dot (GQD)-added inks
could be successfully stabilized in an aqueous system by the
reduced surface interfacial tension, showing better printability.
Nanoparticle-based surfactants have attracted much attention
owing to the synergetic properties of nanoparticles and surfac-
tants. The polyaromatic core structure of the GQD enabled the
enhancement of the long-term colloidal stability of graphene
ink by introducing the non-covalent p–p interactions between
Gr and the GQD. Additionally, the GQD was found to be able to
effectively reduce the interfacial tension and alleviate the
aggregation of nanomaterials in water. With these GQDs, they
could formulate stable MoS2, WS2, Gr, and h-BN inks (Fig. 5c)
and fabricate all-printed optoelectronic devices. Not only
were post-thermal treatments, which are required when
organic surfactants are involved, found to be not required,
but also, additional functionality could be introduced due
to the bandgap in GQDs attached to the surface of Gr
layers. Taking advantage of nanosurfactants, they fabricated

bandgap-engineered high-performance printed photodetectors
with different device structures having the printed GQDs as a
different component, i.e., (i) as an active channel in the Ag/
GQD-Gr/Ag structure, (ii) as electrodes in the GQD-Gr/GaN/
GQD-Gr structure, and (iii) in cross-plane Ag/GQD-Gr/Al
(Fig. 7a–c), and all three devices showed a superior photodetec-
tion performance compared to previously reported results, as
shown in Fig. 7d–f. Furthermore, they demonstrated an array of
UV photodetector devices on a hemispherical glass substrate
with a radius of 15 mm as a proof-of-concept.

2D TMD-based electronic devices with inkjet-printed
components

As the development of exfoliation techniques has enabled the
preparation of various 2D vdW inks beyond Gr-based inks,
inkjet printing of TMDs has begun. Unlike Gr, many members
of the TMD family have an intrinsic bandgap energy, providing
more options in inkjet-printed semiconducting devices. Among
the variety of TMDs, n-type semiconducting MoS2 has attracted
considerable attention due to its attractive properties, such as
tuneable bandgap, superior electronic properties, and strong

Fig. 6 (a) Optical image of a printed FET. (b) Transfer characteristics of the
FET for different bending radii. (c) Optical image of an inkjet-printed
integrated circuit. (d) Measured resistance and measured static voltage
transfer characteristics. (e) Digital VIN and VOUT waveforms measured on an
inverter. Reproduced under the terms of the Creative Commons CC BY
license.32
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spin–orbit coupling, and has been employed as active channels
to overcome the intrinsic limitations of using gapless Gr, as
shown in Fig. 1e.45 Before fully exploiting these TMD inks, an
alternative method for realization of large-area applications was
proposed: the combination of large-area synthesized TMDs
and inkjet printing.46,100 Inkjet printing-based film deposition
can be a strong candidate to form electrical contacts on 2D
materials due to the nondestructive nature of inkjet printing.
Recently, Zheng et al. reported that inkjet printing can
be a strategy for defect-free metal deposition on 2D vdW
materials.101 Contact engineering between the metal electrodes
and underlying vdW materials has been intensively studied to
improve charge injection at the contact to overcome the vdW
gap.52,53,102–105 Additionally, Fermi level pinning effects origi-
nating from the interfacial states should be addressed in the
field of 2D electronics. According to recent results, high-energy
deposition using vacuum evaporation systems may create addi-
tional defects at the surface of vdW materials due to high-
energy particle collisions that can hinder charge carrier injec-
tion and cause the Fermi level pinning effect.106 However,
inkjet printing deposition does not require a high-energy
deposition process, resulting in defect-free metal deposition
on 2D materials.101 The authors reported that the metallic
contacts deposited using inkjet printing could form a defect-
less interface with the underlying h-BN layer. Additionally, as
shown in Fig. 8a and b, they fabricated metal-insulator-metal
(MIM) capacitors with metal organic CVD (MOCVD)-grown
h-BN via metal deposition by both inkjet printing and evapora-
tion and then compared the electrical breakdown voltages.

Fig. 8c shows the I–V curves for the MIM structures with
inkjet-printed and evaporated electrodes, where green dots
indicate the leakage current at 0.1 V and orange dots show
the dielectric breakdown voltages. Owing to the less defective
interfaces between inkjet-printed metal electrodes and h-BN
layers, the leakage current of the MIM structures with evapo-
rated metal electrodes was on average 100 times higher than
that of the counterparts with inkjet-printed electrodes, indicat-
ing that the average power consumption would also be approxi-
mately 100 times higher. Furthermore, the nondestructive
nature of inkjet printing metal deposition would be beneficial
to improving the charge injection properties of semiconducting
2D vdW materials, which can be a pathway to realizing high-
performance 2D vdW material-based electrical applications.

As it has been reported that the inkjet printing approach is
highly compatible with large-area grown 2D vdW materials,
much effort has been dedicated to employing both large-area
synthesized 2D vdW films and inkjet printing for emerging
applications. This approach would have several advantages over
all-2D vdW inkjet printing in terms of electrical performance
and the feasibility of fabrication of 2D monolayer devices.
Recently, Conti et al. demonstrated high-performance FETs
and logic circuits with a CVD-grown MoS2 active channel and
inkjet-printed electrodes.107 First, they transferred a CVD-
grown MoS2 film onto a paper substrate, which was followed
by metal electrode printing. However, for the top gate FETs,
another 2D vdW material layer, an h-BN layer, was printed on
top of the transferred CVD-grown MoS2. Because the n-type
semiconducting monolayer MoS2 intrinsically has a direct

Fig. 7 Printed UV sensors using a nanosurfactant ink. (a) Schematic illustrations of an in-plane device with a Gr active channel and (b) a GaN active
channel and of (c) a cross-plane device. (d–f) I–V curves corresponding to the three UV detectors shown in (a–c), respectively, under UV illumination.
(g) and (i) Optical image of an all-printed 3D photodetector array, and photocurrent mapping results under (h) vertical illumination and (j) tilted-angle
illumination. Reproduced with permission.99 Copyright 2020, Publisher Wiley-VCH.
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bandgap of 1.9 eV, they could obtain highly enhanced logic
gating compared to the all-printed Gr FETs and all-printed
MoS2 FETs shown in Fig. 1e and 6, respectively. The achieved
mobility value was B0.8 cm2 V�1 s�1, and the on/off ratio was
found to be B3� 103, which is also much higher than the value
of B25 for the all-printed MoS2 FET. Furthermore, they
also demonstrated logic gates and current mirrors based on
inkjet-printed MoS2 FETs on paper substrates. As shown in
Fig. 9a and b, they fabricated a resistor-transistor logic inverter
with a Gr resistor and Ag electrodes, and its gain value was
found to be greater than 25. Considering that the gain of the
printed Gr inverter was approximately 0.1, as shown in Fig. 6d,
the gain was significantly improved by more than 200 times,
even though the printed MoS2 was fabricated on environ-
mentally sustainable and mechanically flexible paper substrates.
With the high gain value of the MoS2 FET-based inverter, they
could also successfully demonstrate a NAND gate, as shown in
Fig. 9d–f. As a further potential application, they additionally
demonstrated a current mirror, which is a basic component in
analogue electronic circuits.

Inkjet-printed vdW superconducting devices

Until recently, demonstrating superconducting devices by using
inkjet printing has been very challenging. Continued efforts have
recently encouraged a shift of 2D vdW printing research interest
from conventional electronics to unprecedented applications by

fully exploiting the unique properties of 2D vdW materials.
In addition, as diverse novel 2D vdW materials have been
synthesized and formulated into printable inks with the help
of state-of-the-art electrochemical exfoliation methods, Li et al.
could produce large-area high-quality printable 2D NbSe2

monolayers and demonstrate superconducting devices by using
inkjet printing. By introducing quaternary ammonium cations
as a cathodic intercalant, they could successfully exfoliate and
formulate Nb(Se/Te)2, Ta(S/Se)2, Ti(S/Se)2, and MoTe2 inks, as
shown on the left side of Fig. 5a.44 Most importantly, the large
size of the 2D flakes facilitates a channel with fewer barriers
between the layered flakes when they form a connected con-
ducting channel. In contrast, for electrochemical exfoliation
under mild external energy conditions, the general LPE process
includes high-power ultrasonication to exfoliate flakes and
prevent reaggregation. Consequently, the high-power ultra-
sonication process will inevitably create additional defects,
simultaneously producing small size flakes. In this context,
optimized conditions are necessary to exfoliate less defective,
larger 2D flakes. Although lithium ions have been widely used
for electrochemical LPE methods, intercalated lithium ions
have been known to distort lattice structures, changing the
crystal phase. However, Li et al. could produce high-quality
large flakes by alternatively employing tetrabutylammonium
cations. The yield of 1–5 layers of the 2D superconducting film
was confirmed to be greater than 80%. The lateral dimension of

Fig. 8 Optical image of an array of Ag/MOCVD h-BN/Ag cross-bar devices with top electrodes deposited with (a) electron beam evaporation and
(b) inkjet printing. (c) Representative I–V curves of the devices with top electrodes deposited by electron beam evaporation (red) and inkjet printing (blue).
(d–f) Statistical analysis of the leakage current, breakdown voltage, and breakdown current. (g) Stable random telegraph noise (RTN) signal measured in a
device with top electrodes deposited by inkjet printing. (h) Weighted scatter plot of the current data evaluated at discrete-time i + 1 vs. (i) Reproduced
with permission.101 Copyright 2021, Publisher Wiley-VCH.
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exfoliated NbSe2 monolayers was found to be larger than a few
hundred micrometres (Fig. 10a). Additionally, the quality of the
exfoliated flakes was good enough to demonstrate super-
conducting device applications, as shown in the scanning
tunnelling microscopy (STM) image of Fig. 10b. In addition to
STM analysis, they also measured the electrical properties of a
Hall bar device with an as-exfoliated flake to evaluate the
quality of exfoliated flakes. Impurity scattering and defects lead
to a large residual resistance (i.e., a small residual resistance
ratio (RRR)). The RRR value of electrochemically exfoliated
NbSe2 flakes was determined to be approximately 3.5, which
is smaller than that of mechanically exfoliated NbSe2 but larger
than that of CVD-grown flakes, implying less disorder in the
electrochemically exfoliated NbSe2 flakes. Additionally, the
superconducting transition temperature of printed NbSe2 was
found to be B3.2 K, as shown in Fig. 10c, which is consistent
with the previously reported value. With high-quality 2D vdW
inks, the authors could even demonstrate well-operated Joseph-
son junction behaviour. In particular, this novel LPE method
not only provides high-quality flakes but also allows the for-
mulation of stable NbSe2 inks for 2D and even 3D printing
processes. In addition, the solvent protection and self-cleaning
nature of 2D vdW materials prevent potential degradation of
device performance without additional encapsulation layers
during the time-consuming fabrication process. As a result,
the 3D printed structure, shown in Fig. 10e, showed a diamag-
netic transition at B6.8 K, which is a representative signature

of the superconducting transition. The wafer-scale printed
NbSe2 pattern also successfully showed superconducting beha-
viour, as shown in Fig. 10i–l. Interestingly, the printed NbSe2

wire showed both bulk-like superconducting transition beha-
viour and a monolayer-like upper critical field. The authors
assumed that this might be due to the mixed effects from
Pauli paramagnetism and spin–orbit scattering in NbSe2 at the
interlayer Josephson junctions.

Challenges and outlook

Despite rapid progress and developments, there are remaining
hurdles that should be addressed to fully utilize the inkjet
printing strategy for future applications based on 2D vdW
materials. First, the printing of a uniform 2D vdW monolayer
should be guaranteed because the atomically thin nature of 2D
vdW materials is one of the most attractive features. In addition,
the absence of dangling bonds on their surfaces reduces the
thickness of vdW films down to the atomic scale, which is
challenging for conventional 3D semiconductors with a large
number of reactive dangling bonds. To successfully employ the
advantages of 2D vdW materials, the printed channel should be
thinned down to the monolayer limit, although layer-by-layer
controlling of the LPE is a remaining issue. Furthermore, a variety
of 2D semiconducting vdW materials have a direct bandgap in the
monolayer system. Thus, the printing of monolayer 2D vdW
materials is also encouraged for optoelectronic applications. From
this perspective, many researchers have tried to print a monolayer
of 2D materials. As illustrated in Fig. 11a, meeting this demand by
adjusting the printing conditions, such as the temperature of the
substrate, to control the Marangoni convection and the capillary
flow, thus removing excessive liquid, has been attempted.108

However, the liquid removal process is difficult to employ in the
inkjet printing process, and the deposited film was found to have
uncovered regions that hinder charge transport. Recently, spin-
coating of electrochemically exfoliated vdW materials to obtain
vdW layered films was found to be more suitable for depositing
uniform 2D vdW films for flexible and stretchable applications
than CVD growth of films because shear movement in the lateral
direction is allowed due to the weak vdW interaction and network-
like morphology, while the CVD-grown film cannot be freely
stretched due to the strong in-plane covalent bonding between
atoms.109 This result indicates that a partially staggered structure
of monolayer flakes can also be demonstrated by using inkjet
printing to deliver stretchability while maintaining the unique
properties of monolayer vdW materials. Although the bottom-
up synthesis methods are known to produce lower quality 2D
materials for the large-area applications so far, these methods can
be alternatively used for the monolayer deposition if the remain-
ing quality issue could be addressed, since they have attractive
potentials, such as high controllability of surface morphology,
crystallite size, and dopant.110 In addition, the combination of
inkjet printing and CVD synthesis can also be a feasible solution
to deposit 2D vdW monolayers. Wan et al. directly printed the
precursor onto the target substrate on demand, which was

Fig. 9 (a) Electrical schematic and (b) optical image of an inverter.
(c) Output voltage and voltage gain as a function of the input voltage.
(d) Electrical schematic and (e) optical image of a NAND gate. (f) Output
voltage of the NAND gate as a function of the input states. (g) Electrical
schematic and (h) optical image of a current mirror. (i) Output current of
the current mirror as a function of the output voltage for two different
references. Reproduced under the terms of the Creative Commons CC BY
license.107
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followed by CVD synthesis to generate a large-area inkjet-printed
patterned monolayer MoS2 film.111 Although this approach
can provide a directly patterned monolayer of MoS2, it can only
be conducted on limited substrates compatible with a high-
temperature process (4750 1C) for CVD synthesis. In addition,
multiple passes of printing and an interspersed CVD process
would be essential to realize heterostructures, so the sequentially
printed precursors and the subsequent CVD process can affect the
underlying layers. Thus, a reliable monolayer printing method
should be proposed to fully exploit the advantages of 2D vdW
materials.

Second, the realization of 2D vdW heterostructures should
be obtainable. The ultimate goal of vdW inkjet printing is to
continuously manufacture 2D vdW material-based devices with
a high degree of design freedom on target substrates. Beyond
depositing only single 2D vdW layers, large-area electronic
devices, e.g., transistors, memory devices, sensors, and even
logics, should be integrated on a substrate in monolithic
manufacturing. Therefore, the printing of stacked heterostruc-
tures with various types of 2D vdW inks needs to be pursued,
considering their rheological and interfacial properties. It should
be noted that the interfacial properties between the printed vdW
flakes should be also carefully optimized where they can hugely

affect device performance due to their 2D nature. Particularly, the
interfaces formed between inter-flakes by inkjet printing can be
different from the pristine counterpart existing in the bulk crystals
owing to their weak vdW bonding nature along the z-axis. In this
sense, it is natural to assume that the interfacial properties
between inkjet-printed vdW materials could be inferior compared
to those of bulk crystals.

Third, environmentally stable printable vdW materials should
be investigated. Until now, emerging novel vdW materials have
been synthesized, however, their relatively poor air stability can be
a critical bottleneck exhibiting rapid degradation of their unique
characteristics under ambient conditions. For example, we
strongly believe that the applications based on magnetic vdW
materials would be realized by using the inkjet printing technique
as well in the near future since there have been many efforts to
explore vdW magnetic materials, including CrI3 and Fe3GeTe2,
which have received attention as emerging magnetic vdW
materials. Because it would be extremely challenging where
such magnetic and topological materials are typically unstable
under ambient conditions, so they must only be used in a
controlled environment.112,113 Due to these difficulties, there
are barely any demonstrations to date on inkjet printing of 2D
vdW materials for magnetism, twistronics, and other related

Fig. 10 (a) Optical image of NbSe2 monolayer flakes. The right inset shows a photograph of tetrapropylammonium (TPA)-exfoliated NbSe2 flakes in
propylene carbonate (PC). (b) Atomically resolved scanning transmission electron microscopy annular dark-field (STEM-ADF) image of an exfoliated
NbSe2 flake. (c) Temperature-dependent longitudinal resistance for a monolayer NbSe2 device. (d) Temperature-dependent longitudinal resistance
under various perpendicular magnetic fields. (e) Photograph of models fabricated by 3D printing. (f) Schematic illustration, (g) photograph and (h) atomic
force microscopy (AFM) image of an inkjet-printed NbSe2 wire on a 4-inch SiO2/Si wafer. (i and j) Temperature-dependent longitudinal resistance of a
printed NbSe2 film under (i) out-of-plane and (j) in-plane magnetic fields. (k) Critical field as a function of transition temperature for printed NbSe2 under
out-of-plane and in-plane magnetic fields. (l) Voltage–current characteristics at different temperatures. Reproduced with permission.44 Copyright 2021,
Publisher Springer Nature.
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topics. In addition, the electrical or optoelectronic properties of
vdW materials can also be degraded by exposure to solvents
During the continuous inkjet printing process to fabricate
vertically stacked heterostructures, the vdW materials will
inevitably be exposed to the sequentially dropped ink solvents.
Furthermore, as the thickness of vdW materials decreases,
i.e., the surface-to-volume ratio increases, the printed vdW
materials will be largely affected by the surrounding environ-
ment. Thus, introducing suitable additives or binders may be
beneficial for stabilizing the printable environment-sensitive
vdW materials. Additionally, orthogonal solvents that cannot
affect the underlying layers should be used to disperse 2D vdW
materials while considering the printability.

In conclusion, 2D vdW materials have shown promising
opportunities to demonstrate a new class of electronics com-
pared to other low-dimensional materials. Recently, as practical
2D vdW device applications have been pursued, many research
groups have been dedicating much effort, such as employing
advanced manufacturing to demonstrate large-area, reliable,
and high-performance 2D vdW heterostructures. Owing to the
solution processability of 2D vdW materials, inkjet printing has

been rising as a suitable approach for realizing emerging 2D
vdW applications. Inkjet printing can pave a promising path-
way to produce low-cost and scalable heterostructures with the
DOD processability. Although there are remaining challenges,
we believe that the attractive advantages of inkjet printing
will ensure great synergetic effects with 2D vdW materials,
exploiting their unique characteristics, and further improving
the quality of life to a higher level.
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