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Two-dimensional (2D) materials offer several unique advantages for high-
performance light detection including fast response, high responsivity, broadband
response and relatively low noise levels. 2D materials integrated photodetectors
often use chemical vapor deposition grown materials, which despite their good
quality are relatively high cost and not easily scalable. 2D materials based inks, fab-
ricated through liquid phase exfoliation of bulk crystals, are attractive alternatives
due to their low cost, ease of processing and scalable production. Combined with
these advantages, mature printing methods available for 2D inks allow large scale
electronic device fabrication for a variety of high performance applications includ-
ing energy storage, solar cells, photodetectors, etc. In this review, we summarize
production of 2D materials based inks, their printing methods, and applications for

high performance photodetection.
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INTRODUCTION

hotodetectors (PDs) yield elec-

trical output when exposed to

the light. PDs attract considerable
interest from academia and the industry.
In industry, PDs have found applications
in variety of area including image sens-
ing, telecommunication, chemical sens-
ing, biological sensing, safety, and envi-
ronment. !> Depending on the photosen-
sitive materials used, PDs can operate
in the range extending from X-rays to
Terahertz. Silicon (Si) is the material
of choice for photo detection due to its

availability, cost, optical properties and
mature fabrication technology.®’ How-
ever, Si cannot operate for the wave-
lengths larger than near infrared (NIR)
due to its bandgap. For wavelengths
beyond IR, narrow bandgap materials
such as Ge, III-IV semiconductor have
been used, however, direct growth of
these materials on Si chips is challeng-
ing due to different lattice structures.®°
Moreover, there are no bulk materials
available, which can work in truly a broad
band range.

With advent of two-dimensional mate-
rials, new avenues have opened for the
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photodetection as these materials pos-
sess unique optical and electronic prop-
erties. These materials have strong
light-matter interaction and yet trans-
parent. For example, only single layer
of graphene (Gr) can absorb 2.3 % of
the incident light, and yet it is transpar-
ent to 97% of the incident light. More-
over, 2D materials have high mobility
and ultra- short carrier life time, which
makes them suitable for high-speed
photodetection. ' Furthermore, due
to their atomic thickness and strong
mechanical properties, 2D materials are
very attractive for flexible PDs, espe-
cially for bio and health related appli-
cations.'> Due to these unique set
of properties, 2D materials based pho-
todetectors are recent focus of scien-
tific research. Various 2D materials
including Gr, boron nitride (BN), tran-
sition metal dichalcogenides (TMDCs),
MXenes, and metal oxides have been
reported for the photodetection with
performance parameters outperform-
ing conventional semiconductor based
PDs.!3"1® 2D materials also operate
in broadband, and also offer range
of bandgaps suitable for narrow band
wavelength detections. '4!7 Due to the
dangling bond-free surfaces, 2D mate-
rials can also be interfaced with the
bulk semiconductors to form atomi-
cally thin heterojunctions, which allow
fast and sensitive photodetection com-
pared to pure 2D based PDs. Most of
the reported 2D materials base PDs are
based on either mechanically exfoliated
or chemical vapor deposition (CVD)
grown 2D materials. These methods,
though produce good quality 2D mate-
rials, are not easily scalable. Hence,
most of the high performance 2D mate-
rials based PD demonstrations are on
the lab scale and haven’t been commer-
cialized yet.

Liquid phase exfoliated (LPE) 2D
materials have low quality, but can
be produced on large scale. Meth-
ods for LPE exfoliated materials can
also be modified to synthesize stable
inks which can be easily printed con-
trollably into electronic devices. 820

Hence, 2D inks have large potential
for large-scale commercial printed
electronics, especially for PDs. In
this review, we summarize recent
developments on 2D ink develop-
ment/formulation and their use for
developing high performance printed
PDs.

2D MATERIALS BASED INK
DEVELOPMENT

2D materials can be synthesized by
bottom-up or top-down approaches.
While bottom-up approaches, such as
CVD produce high quality 2D materi-
als, but high cost (due to large energy
consumption due to high temperature
involvement) and lack of scalability
limit their applications. LPE, which is a
top-down approach and involves exfo-
liation of mono and few layers of 2D
materials from bulk solids, is a low cost
and easily scalable method for 2D pro-
duction.?! As product of LFE exfolia-
tion is 2D material dispersed in a sol-
vent, such dispersions, if properly sta-
bilized in a suitable solvent, can be con-
verted into printable functional inks for
various applications. '® Large scale ink
formation, printing, and exciting phys-
ical/optical properties of 2D inks make
them particularly suitable for printable
optoelectronic devices such as pho-
todetectors, light emitting diodes, and
solar cells. ?223

During LPE, layers of bulk mate-
rials are delaminated by overcoming
week inter-layer van der Waals (vdW)
forces, by using various mechanisms
and techniques (Figure 1). These tech-
niques involve sonication, intercalation
of ions/electrochemical exfoliation, or
shear exfoliation. In sonication, ultra-
sonic waves produce solvent bubbles,
which first expand and the burst to pro-
ducer micro jets, which help delami-
nate the layers. However, high energy
micro jets can also damage the crystal
structure of the layers, and in extreme
cases, when sonication is carried out
for longer times and at high energy for
large/fast production, flakes are frag-

mented and final size of the flakes
reduces.?* Hence, there is a trade-
off between the quality of 2D crystal
and the scale of production for soni-
cation assisted LPE. Shear exfoliation
of 2D materials was initially thought to
be slow process?’, however, in 2014,
Paton et al., reported hundreds of liters
of defect free graphene using shear
exfoliation.?® Layers started exfoliat-
ing only when the local shear force
exceeded 10%/s'This method was also
demonstrated to be applicable for other
2D materials such as hBN and molyb-
denum disulfide (MoS;). Intercalation
of ions is another method to exfoli-
ated the bulk vdW materials. Surpris-
ingly, intercalation method was used
as early as 1986 to exfoliate the MoS;
monolayers?’, and recently has been
used to exfoliate variety of other 2D
materials as well. In this method small
ionic species such as Lit, K™, Na* are
electrochemically intercalated between
the layers, which expands the layered
compounds and weaken the inter-layer
vdW forces by increasing the distance
between the layers; and subsequently,
mild stirring can exfoliate the lay-
ers of these intercalated layered com-
pounds.?® This method is suitable for
production of large flake size of 2D
materials. However, as very obvious,
intercalated ions can change the prop-
erties of exfoliated layer through phys-
ical/chemical interaction. For exam-
ple, MoS;, when intercalated with Li*
ions can change to metallic phase form
semiconducting phase due to change
of its structure form trigonal pris-
matic phase to metastable octahedral
phase.? For layered oxide materials,
which contains interlayer cations (such
as e.g. KT, Rb™, Cs™), these cations
can be replaced with bulky organic
cations (such as tetrabutylammonium
(TBA™), which lead to swelling and
consequent exfoliation mono and few
layers of oxides.?® Compared to elec-
trochemical exfoliation in water, use of
organic solvent, though less environ-
mentally friendly, produces high qual-
ity 2D materials.3%3!
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Figure 1. Schematics of liquid phase exfoliation techniques for obtaining mono or few layers of 2D materials from bulk mate-

rials.

LPE 2D materials have wide range
of size and thickness, even some times
contain big chunks of non-exfoliated
bulk materials. To obtain a narrow size
and thickness distribution, techniques
such as ultra-centrifugation in uniform
or gradient media is performed to sep-
arate small flakes form large flakes.>?
Another problem is re-aggregation of
the layers which can compromise the
physical properties of 2D materials by
invoking inter-layer coupling. Suspen-
sions of exfoliated materials can be
stabilized via adding polymers, sur-
factants or organic molecules such as
pyrene. Surfactant molecules absorb
on the 2D surface and satisfy their
vdW charge. These surfactants coated
2d layers repel other coated layers
and prevent the re-aggregation. Both
ionic (sodium cholate and sodium
deoxycholate)*33> and non-ionic sur-
factants (Triton-X, Tween and Brjj
series, and polymers such as sodium
carboxymethylcellulose ~ (Na-CMC),
polyvinylpyrrolidone (PVP) and ethyl
cellulose) 283637 have been used for
this purpose. Compositions (pigment,
binder, additives) and properties (vis-

cosity) of inks required for various
printing techniques are presented in
Table 1. Silent features/advantgaes of
rprintign technologies are also pre-
sented.

PRINTING OF 2D
MATERIALS BASED INKS

All the methods used for conventional
ink printing can be used for 2D mate-
rials based inks. Before ink deposi-
tion with a particular technique, ink
properties need to be optimized for
that particular technique and the sub-
strate. Ink properties like color, vis-
cosity, conductivity, and spread can be
controlled by choice of ink material,
solvent, binder and surfactants. Choice
of printing technique is also dictated
by production scale as some techniques
are suitable for small scale production
and some for the large scale.

Various printing techniques
employed for 2D materials based tech-
niques include drop casting, spray coat-
ing, spin coating, screen printing, Inkjet
printing, Gravure and Flexo print-

ing. Details of these techniques are
described below.

Drop casting

Drop casting is the simplest printing
process, where ink is dropped on the
substrate and then the let the solvent dry
(Figure 2). Process is low cost, scalable
and is already used in industry. How-
ever, using this method selective print-
ing with good resolution is not possible.
This method is suitable for large films.
However, the uniformity of the films
(thickness, structure) using this method
is not good.’® To improve the pro-
cess, several modifications have been
made, which include azeotrpoic mix-
tures, inter gas purging, and solvent sat-
uration environment. 394!

Spray coating

Spray coating is a highly efficient, fast,
simple and high density printing tech-
niques for the functional inks. In this
method, ink is simply sprayed on the
substrate using a sprayer. For spray
coating binder are also often required
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Table 1. Typical composition of Ink prepared for different printing processes. Some data taken from ref.

20

Printing Pigment Binder
Technique (wt.%) (wt.%)
Inkjet 5-10 5-20
Screen 12-20 45-65
Gravure 12-17 20-35
Flexo 12-17 40-45

Solvent Additive Viscosity
(wt.%) (wt.%) (mPa. S)
65-95 1-5 4-30
20-30 1-5 1k-10k
60-65 1-2 100-1k
25-45 1-5 1k—2k

Features

No contact, Digital, low ink,
high resolution

Low resolution, Contact based.
Simple, robust

Need large quality of inks,
scalable

Need large quality of inks,
scalable

to achieve better dispersion of the ink
material and also to ensure the opti-
mization of viscosity for uniform coat-
ing.*>*3 One drawback of spray coat-
ing is low resolution of printed patterns
as it is difficult to spray the inks on the
targeted area of substrate.

Spin coating

Spin coating is a standard process in
electronic industry for thin film deposi-
tion of various materials from the solu-
tions. Same process has been used for
2D inks printing. In this technique, ink
is dropped on a substrate spinning at a
certain speed (Figure 2). Thickness of
the deposited film is controlled by spin-
ning time, speed, velocity, and viscos-
ity of the ink.* This technique is most
suitable for high quality and ultra-thin
films. However, like drop casting, it is
not possible to selectively deposit the
ink on the substrate. %’

Screen printing

Screen printing is also a straight for-
ward printing method, where a porous
mesh of fabric, silk, synthetic fibres or
metal threads is used to transfer the ink
to the substrate except the areas made
impermeable to the ink by using block-
ing stencils.*®*7 For screen printing,
high viscosity inks are required, so that
the integrity of the patterns is retained.
As most 2D inks are low viscosity,
polymer binders such as PVP, PANI,
PVP and ethyl cellulose are added to
the ink to achieve the high viscosity
ink.*8-39 However, in some processes,

in the post-printing, to get rid of binder,
high temperature processing is required
which can affect the deposited film.
For example, Zhang et al., designed
rGO ink in terpineol with ethyl cellu-
lose as the ink binder for deposition
of counter electrodes for dye sensitized
solar cells.*® However, post printing
heating at 400 °C to get rid of binder
adversely effected the binding of the
film to the substrate. For screen print-
ing, binder free, high viscosity 2D inks
are required so that post-printing treat-
ments can be avoided.

Inkjet printing

Inkjet printing is a non-contact, digital
printing (printing pattern is designed by
computer and also controlled via com-
puter) technique, which is most suit-
able for lab scale printing, where a
precise printing of structure on small
scale is required.’! Inkjet technique
can be further divided in two tech-
niques, i.e., continuous and drop on
demand. In continuous process, ink
is continuously generated and jetted,
however, in drop on demand, drops
are generated when demanded and pro-
cess is controlled by piezoelectric.?’
Other modifications of inkjet print-
ing, to improve homogeneity and res-
olution, are electrohydrodynamic-jet
and aerosol-jet printing.>>>3. Relation
between ink jetting and the ink proper-
ties is given by following relationship,

Oh n

Where v, p and 1 are the viscosity,
density and surface tension of the ink,
respectively, and a is the nozzle diam-
eter. Z is a dimensionless number and
Ohnesorge (Oh) is its inverse.>* Gen-
erally, a Z number between 1-14 is
deemed appropriate for stable print-
ing, though stable printing for Z num-
ber beyond mentioned range are also
reported. As low viscosity inks are gen-
erally used for the inkjet printing, cof-
fee ring effect (accumulation of greater
amount of materials at borders) is usu-
ally observed after drying, which can
be solved by using mixture of sol-
vents or choosing high boiling point
solvents. >3-¢

Gravure and flexographic printing

Both gravure and flexographic print-
ing processes are roll to roll (R2R)
and hence can be used for high speed
printing (upto 1000 m/min). In Gravure
printing, patterns that are to be printed,
are engraved into the roller.’’ Metal
gravure roller rolls in the fluid ink
and doctor blade wipes the excess
inks from the non-patterned parts of
the roller. When the substrate passes
through between the gravure roller and
the impression roller, inks and patterns
are transferred to the substrate.’’5
Smoothness and quality of printing pro-
cess depends on three forces, i.e., cohe-
sive force inside the ink (F¢y), adhe-
sive force on cell (Fac), and adhe-
sive force on the substrate (Fug). If
Fas > Fac > F¢y, then successful print-
ing can be achieved, otherwise ink will
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Figure 2. Schematics of drop casting, spin coating and spray coating techniques for 2D materials ink printing.
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Figure 3. Schematics of Inkjet printing, screen printing, gravure printing, and flexographic printing techniques for 2D mate-
rials ink printing.”? Copyright RSC, 2018. Reproduced with permission.

not transfer to the substrate properly.

In contrast, flexographic printing
is a relief process, where pattern is
embossed in relief on a cylinder. After
being inked, pattern is impressed on
the substrate. In flexographic printing,
the amount of ink a cell absorbs is of
critical importance for the printing pro-
cess.”’ Inks used for both gravure and
flexographic printing are of medium
viscosity (100-1000 mPa s).>%% Rel-
atively, large amount of ink is required
for both of these processes. Since both
of these processes are high speed, so a
low boiling point solvent is required, so
that it can evaporate easily and drying
process becomes fast. %

PRINTED
PHOTODETECTORS

Seo et al., reported inkjet-printed
MoS,/Gr photodetectors. MoS, acted
as the active materials, while Gr acted
as electrodes. MoS; powder and ethyl
cellulose (EC) mixture was shear
mixed together to achieve MoS, exfo-
liation.®! Obtained EC/MoS, mixture
was then re-dispersed in a cyclohex-
anone/terpineol (CT) solvent system
to optimize the viscosity of the ink
for inkjet printing process. Similarly,
Gr/EC mixture was dispersed in the
cyclohexanone/terpineol/diethylene

glycol methyl ether solvent system
to obtain the Gr inks. PDs were inkjet

printed on the glass and polyimide (PI)
substrate (Figure 4). After printing,
samples were annealed at 400 °C to
decompose the EC so that the contact
between 2D flakes improves which will
subsequently improve the conductivity.
Samples were annealed thermally (Fig-
ure 5) and with light (photonic anneal-
ing, Figure 4). Photonic annealing is
suitable for the substrate which are
sensitive to thermal treatment (such as
plastic substrates). MoS,/Gr/PI devices
were photonically annealed (PA) while
MoS,/Gr/Glass devices were thermally
annealed (TA).

At A = 515.6 nm, responsivity
value of ~1 mA/W for the MoS,-
Gr TA and response time of less than
150 us was observed for thermally
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Figure 4. Fully printed MoS,-Gr photodetectors prepared with photonic annealing. (a) Optical microscopy image of the
inkjet-printed photodetector on PI after photonic annealing, with a vertical MoS,/EC channel and horizontal graphene/EC
electrodes. The scale bar is 100 um. (b, c) Photocurrent and responsivity as a function of laser intensity at a bias voltage of 40
V. (d) Temporal response showing current modulation as the laser is switched on and off at a bias voltage of 10 V. (e) Bending
test over 500 cycles showing invariant sensitivity. Inset: photograph of the flexible MoS,-Gr device. The scale bar is 3 mm.
(f) Comparison of photodetector characteristics from MoS,-Gr TA on glass (red), MoS>-Gr PA on PI (blue), and literature

precedent for MoSy—Ag thermally annealed on SiO»/Si. (14)%" Copyright ACS, 2019. Reproduced with permission.

annealed MoS,/Gr/Glass devices. For
MoS,/Gt/PI  photonically annealed
devices responsivity value exceeding
50 mA/W was observed. Response of
these devices was different from ther-
mally annealed devices particularly a
superlinear intensity dependence for
the photocurrent and a slower pho-
toresponse time. This was attributed to
presence of pores in MoS, film due to
rapid evaporation of solvent under the
light. Presence of pores was respon-
sible for low electrical and thermal
conductivity. PDs printed on PI were
also flexible and exhibited stable per-
formance upto 500 bending cycles. °!

In a similar work, inks of Gr and
MoS, were fabricated by exfoliating
their bulk counterparts in a cyclohex-
anone/terpineol (CT) mixture.®> CE
was also added in the mixture as a

binder. The mixture was centrifuged to
separate larger flakes. In the final dis-
persion, Gr and MoS, powders were
added to further increase the concen-
tration of the inks. MoS, was inkjet
printed on PI substrates with Mo con-
tact, as shown in Figure 6. samples
were annealetd at 300 °C before print-
ing of Gr electrodes on top. Device
was annealed again after Gr printing at
300 °C. After evaporation of the sol-
vents thickness of Gr and MoS, films
decreased form ~ 0.8 yum and 1.6 um
to ~ 0.4 um and 0.9 um, respectively.
PDs exhibited a good sub-linear behav-
ior with light intensity (F), meaning the
less-trap density of the carriers, which
is encouraging for the printed photode-
tectors. Responsivity, Detectivity, and
speed of the photodetectors at 550 nm
wavelength was recorded as 0.11A/W,

~1.7 x10'° jones and 1.3 s, respec-
tively (Figure 7).

In another study, an almost simi-
lar ink preparation method was adopted
for Gr and MoS; inks. Biocompatible
2D graphene-MoS, photodetectors on a
flexible polyimide substrate were fab-
ricated by using inkjet printing with a
responsivity value of ~ 0.30 A/W at
room temperature. A strong photocur-
rent value of 1.16 uA was observed
for a bending curvature of utpo 0.262
cm-1.% A study by Hossain et al on
the Gr and MoS, inks used for inkjet
printing the biocompatible PDg shows
that both of the inks prepared in the
CT has better photocurrent compared
to those prepared in the IPA and N-
Methyl-2-pyrrolidone (NMP). So, it
seems that the CT is a better solvent
for inkjet printing the Gr and MoS2
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Figure 5. Fully printed MoS>-Gr photodetectors prepared with thermal annealing. (a) Optical microscopy image of the
MoS,/EC channel (vertical line) and graphene/EC electrodes (horizontal lines) after annealing. The scale bar is 100 pm.
(b) Current—voltage curves of a MoS>-Gr TA photodetector showing the dark and illuminated (A = 515.6 nm, laser intensity
= 0.6 W/cm?) currents, and the corresponding photocurrent. (c) Photocurrent and responsivity as a function of intensity at a
bias voltage of 40 V. (d) Temporal response showing current modulation as the laser is switched on and off at a bias voltage
of 10 V.%! Copyright ACS, 2019. Reproduced with permission.

inks. Moreover, both of these inks have
also shown biocompatibility without
any obvious damage to the cells.%*
Gr/Si-based  photodetectors are
recently the focus of attention due
to their room temperature high-speed
operations at a relatively good respon-
sivity. However, the detection wave-
length of these PDs is limited to NIR
due to the bandgap of Si. However,
by coupling Gr/Si structure with other
functional materials can broaden the

operating wavelength of these photode-
tectors. Guo et al, have reported black
phosphorous (BP) printing on Gr/Si
devices to improve the IR response of
these PDs.>> BP is not stable in the
ambient®, hence, its ink formation
and stable printing is a challenge. To
fabricate the BP ink, BP crystals were
dispersed in NMP, CHP, and IPA in a
sonication tube, these tubes were filled
with nitrogen, sealed and sonicated for
12 h. For ink printing, low boiling pint

1 2 3 4 5
Time (ms)

and low surface tension, hence NMP
and CHP (which are high surface ten-
sion liquids) solvent-based inks are not
suitable for the printing. Hence, the BP
flakes from NMP were transferred to
IPA through the solvent exchange to
prepare BP inks in IPA. 2-butanol (10
vol%) is then added to formulate the
ink. To protect BP from ink oxidation,
after inkjet printing, BP layers were
encapsulated with a parylene-C pas-
sivation layer can preserve it against
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a)

Figure 6. Schematics of the flexible MoS,-graphene heterostructure device. Inset shows the layered 2D structure of
MoS,. (b) The device fabrication steps to form the inkjet-printed MoS,-graphene heterostructure photodetector bridging the
Mo electrodes used for contacts. (c) The SEM image of the printed MoS, on a Si substrate. (d) Cross-sectional SEM image of
the printed MoS, layer on a Si substrate.®> Copyright Springer, 2022. Reproduced with permission.

oxidation for > 30 days.

The Figure 8 shows the photocur-
rent of Gr/Si and BP/Gr/Si devices
at 450 nm and 1550 nm excita-
tion laser. At 450 nm Gr/Si has
a reverse-biased responsivity of 16
mA/W, while BP/Gr/Si has both for-
ward (164 mA/W) and reverse biased
(95 mA/W) responsivity greater than
Gr/Si devices. At 1550 nm excita-
tion, Gr/Si devise show no response
in reverse or forward bias. However,
BP/Gr/Si devices show a ~1.8 mA/W
response, demonstrating that BP coat-
ing enables the IR response of Gr/Si
devices. The enhanced response may
be due to improved absorption of light
and the charge transfer from BP to

Gr, and the photogating effect. Charge
transfer to Gr from BP may change
its Fermi level and charge transport
in Gr/Si Schottky interface. Response
speed of the photodetectors was 0.55
ms.

While mostly organic solvents are
used for the ink development, these sol-
vents are not environmentally friendly.
Xi et al., have developed the WS,
and MoTe, water-based inks, which
avoid the organic solvents. Initial
water dispersion of WS, and MoTe;
were fabricated in the presence of 1-
pyrenesulfonic acid sodium salt (PS1)
as the exfoliating and stabilizing agent,
and then these dispersions were son-
icated for 72 h, followed by the cen-

trifugation.®® MoTe, and WS, were
then inkjet printed onto the Gr sheet
to from WS,/Gr and MoTe,/Gr het-
erostructures. At 532 nm excitation, 20
mA/W and 2.5 A/W at 532 nm, respec-
tively, Moreover, the inkjet-printed
MoTe,/graphene shows a responsivity
of 7.7mA/W at 940 nm, demonstrating
their scope for NIR photodetection.

B-InSe inks were fabricated by exfo-
liating 40 mg of the InSe in IPA by
sonicating for 6 h, followed by sedi-
mentation based separation. 30ml of the
ink was spray coated on FETs fabri-
cated on a p-type Si chip, while heat-
ing on 60 °C.%7 Samples were dried in
vacuum overnight and then annealed in
argon for 30 min at 300 C. PDs exhib-
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Figure 7. The I, response to a periodic llumination source at two different F (~ 0.8 and 3.2 mW/cm?) as a func-
tion of time. (b) 1,/I; with different illuminating F. The inset is showing the I,/I; to F ~ 0.8 mW/em?* and 3.2
mW/em?. (¢) The T,ise and Trail of I plotted against F. (d) The I, response to a single-step illumination, which shows
the Tyise ~ 14.4 s and Tyqy ~ 1.3 s at F ~ 3.2 mW/cm2. (e) The slow rise and decay of the Ip versus F (f) The fast rise and
decay of the I, plotted against F.%? Copyright Springer, 2022. Reproduced with permission.
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Figure 8. chematic of the BP/graphene/Si Schottky junction photodetector and the device band diagram configuration. Associ-
ated current response for f450 nm and g 1550 nm illumination, the dashed lines show the response of the graphene/Si Schottky
Junction photodetector without printed BP. Copyright Nature Publishing Group, 2017. Reproduced with permission.

ited a high responsivity value of 274 A
W~ @455 nm (Figure 9). One order
improvement than previously reported
results, and relatively fast response
time of 15 ms. High responsivity was
attributed to small channel length and
better B-InSe coverage. The use of sim-
ple spray coating method and environ-
mentally friendly solvents in the fab-
rication process are important benefits
of these type of photodetectors. These
photodetectors can also be fabricated
on flexible substrates.

Fuad et al., has reported that size
selection of flakes in 2D inks (through
centrifugation) and controlled mixing
of the different 2D materials in the
inks can substantially improve the
performance of the photodetectors. 8
They observed that printed photode-
tectors (printed using electrohydrody-
namic (EHD) printing) based on 2D
sheets with larger flake size have faster
response speed compared to the small
size. 2D materials such as WS, and
MoS, have better light absorption but
conductivity is low. Mixing these mate-
rials with high conductivity 2D mate-
rials such as Gr can improve the con-
ductivity of the inks of these materials.
But conductivity values of mixed inks
beyond a certain range can increase
the dark current beyond tolerance lim-
its. Fuad et la, have mixed WS, and
MoS, with Gr. It was noticed that the
content of Gr below the percolation

threshold (formation of connecting net-
works), can significantly improve the
photoresponse (up to 40 times, reaching
1.15 A W—1 under blue light) without
significantly increasing the dark cur-
rent. However, beyond the percolation
threshold (beyond the critical concen-
tration of Gr), dark current increases
significantly which offset the increase
in photocurrent. Same strategy of flask
size selection and mixing of different
2D materials can also be implemented
across the spectrum of 2D materials
inks such as phosphorene, MXene, and
graphitic carbon nitride.

Using ink printing, Ting et al.,
have fabricated a more complex het-
erosructure for photodetection, which
allows the wireless photosensing.®
Near field communication (NFC) tag
antenna based on Gr was first screen
printed (purple color in Figure 10 ) and
was integrated with WS, based pho-
todetecrtor. WS, and top Gr was inkjet
printed on technical paper (PEL P60)
substrate. Gr and WS, inks were fabri-
cated using sonication followed by cen-
trifugation. At 532 nm incident light,
the photo-responsivity of the printed
photodetectors were 0.61, 0.46 and
0.41 mA W~! for devices with 40, 50
and 60 print passes of WS,, respec-
tively, however, the response time was
relatively slow.

Apart from all 2D inks, 2D materials
are also combined with other materials

(nanoparticles, quantum dots), either
during the ink formation or printing
process to fabricate the PDs. In one
such example, ZnO sol-gel precursor
(ZnOPr) and graphene nanoplatelets
(GnPs) are mixed into a composite ink
for inkjet printing photodetectors with
bulk heterojunctions of ZnO/GnP on
a heated SiO,/Si substrate.”? Heating
of the SiO,/Si wafers at ~50 °C was
found optimal to prevent segregated
droplets on the hydrophobic surface
of the SiO,/Si substrate during print-
ing. After printing the ZnO/GnP chan-
nels, thermal annealing at 350 °C for
2 h was performed for crystallization
of ZnO and formation of the ZnO/GnP
heterojunctions. The GnP concentra-
tion was varied from 0, 5, 20, and
30 mM to evaluate optimal formation
of the ZnO/GnP bulk heterojunction
nanocomposites based on ultraviolet
photoresponse performance. The best
performance was observed at the 20
mM GnP concentration with the pho-
toresponsivity reaching 2.2 A/W at an
incident ultraviolet power of 2.2 uW
and a 5 V bias. This photoresponsiv-
ity is an order of magnitude better than
the previously reported counterparts,
including 0.13 mA/W for dropcasted
ZnO-graphite composites and much
higher than 0.5 A/W for aerosol printed
ZnO. The improved performance is
attributed to the ZnO/GnP bulk het-
erojunctions with improved interfaces
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Figure 9. Schematic illustration of the B-InSe photodetector. b) Optical microscope image of the complete photodetector and
¢) magnified detail of the conducting channel region. a) Photocurrent vs different powers of three different optical wave-
lengths. The dashed lines represent a power-law fit to the data. The inset plots the photoresponsivity R versus the irradiance 1.
b) Spectral responsivity of B-InSe photodetector. The inset plots the response to 0.1 Hz pulsed light (530 nm) (c) Detail of
photocurrent rise and decay during pulsed (2 Hz) 625 nm light excitation. d) Plot of the time derivative of the photocurrent
versus the photocurrent after switching off the light. Inset: Responsivity versus light chopping frequency under illumination at
625 nm. Dashed lines indicate the power laws.%” Copyright Wiley, 2020. Reproduced with permission.
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Figure 10. (a) Schematic and (b) optical image of the inkjet printed WS, photodetector integrated with screen printed graphene
meandered line. (c) I-V characteristics of the photodetector device shown in (b).%° Copyright Institute of Physics, 2020. Repro-
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Figure 11. (a) Printing of ZnO precursor (ZnOPr)/graphene nanoplatelet composite ink, (b) energy band diagram of graphene
and ZnO Schottky interface, and (c) a schematic of graphene nanoplatelets with the Schottky interface.”’ Copyright American
Chemical Society, 2019. Reproduced with permission.
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Figure 12. (a—c) Under 1 mW 405 nm irradiance, transient photocurrent plots of ZnO, layer-by-layer printed ZnO/G and
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in EtOH (b), and ZnO in EtOH/IPA (5:1) with graphene in DMF (c). (d—f) Height mapping for corresponding films: ZnO in
EtOH/1-propanol (5:1) with graphene in EtOH (d), ZnO in EtOH/IPA (5:1) with graphene in EtOH (e), and ZnO in EtOH/IPA
(5:1) with graphene in DMF (f).”! Copyright American Chemical Society, 2020. Reproduced with permission.

that enable efficient exciton dissocia-
tion and the charge transport.

Lee et al reported ZnO ink in
EtOH/EG solvent system. This ink sys-
tem is suitable to form microporous
networks of ZnO which absorbs more
light than smooth ZnO films, which
is useful for high performance pho-
todetection ’'. Microporosity results
from different in evaporation rate of
low boiling point solvent EtOH and
high boiling point solvent EG. How-
ever, residual EG in the films can nega-
tively impact the PD performance (Fig-
ure 12). To obtain the microporous
films in the low boiling point cosol-
vent system EtOH/IPA, and to avoid
high boiling pint EG solvent, Gr was
introduced. ZnO and Gr layers were
inkjet printed in a layer-by-layer fash-
ion. Due to the surface tension dif-
ference between ZnO and Gr layer,
microporous structures were formed.
However, a lower concentration of Gr
was required, as large concentrations

will form conductive networks in ZnO
which will increase the dark currents of
PDs.

SUMMARY AND OUTLOOK

LPE is a viable method for the exfoli-
ation of 2D materials for the develop-
ment of the inks. Choice of 2D materi-
als, properties of solvents (co-solvents,
boiling point, surface tension, envi-
ronmental factors), binder and stabi-
lizer will define the final properties
and printability of the inks. Choice
of substrate is also very important, as
not every ink can be printed smoothly
on every substrate. Inks also need to
be modified according to the printing
technology. For example, Inkjet print-
ing requires low or moderate viscos-
ity, while screen printing needs high
viscosity inks. Printing technology will
also determine the resolution of the pat-
terns. So far printed PDs have shown
reasonably good performance, how-

ever, most of the printed PDs are either
photoconductor or simple heterojunc-
tions, as so far printing methods for fab-
rication of 2D heterojunctions have not
matured yet. For future, focus should be
on developing printing technologies for
complex heterostructures of 2D mate-
rials with the inks. Also efforts should
be focused on establishing structure-
property relationship in 2D PDs as
structure of 2D materials in inks is dif-
ferent from CVD grown or mechan-
ically exfoliated materials. Moreover,
residual binder, solvents and stabilizer
also make it difficult to predict or con-
trol the PD performance.
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Table 2. Performance of 2D materials based printed PDs

Printing method Structure
Inkjet printing MoS,/Gr (thermally
annealed)
Inkjet printing MoS,/Gr
(Photonically
annealed)
Inkjet printing MoS,/Gr
Inkjet printing MoS,/Gr
Inkjet printing BP/Gr/Si
Inkjet printing WS,/Gr
Inkjet printing MoTe,/Gr
Inkjet Printing MoS,/Gr
Inkjet Printing B-InSe
Inkjet Printing ZnO/Gr
Inkjet Printing ZnO/GnP
Electro- TMDC/Gr
hydrodynamic
printing
Inkjet Printing WS,/Gr
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