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ABSTRACT Inkjet printing is a non-vacuum, non-contact, low-cost, and direct patterning thin film
deposition technique. Compared to traditional processes, it demands less materials and energy, sim-
plifies processing steps and is compatible with the fast fabrication of flexible and large-size devices, thus
potential in the application of thin film transistors. In this paper, we have compared the main techniques
of inkjet printing, and discussed the formulation of conductive inks, the deposition of high quality elec-
trodes, and the obtaining of high resolution and high performance thin film transistors. Moreover, the
faced problems and corresponding solving methods of inkjet printed thin film transistor with low sintering
temperature, small line width, short channel, high mobility, and designed structure are summarized by the
understanding of the interaction among inkjet printing devices, materials, processes, and the fabrication
of transistors, which providing referential significance of the following research effort.

INDEX TERMS Inkjet printing, thin film transistors, electrodes, low-temperature techniques, high
performance.

I. INTRODUCTION
The fabrication of thin film transistors (TFT) using full vac-
uum process requires expensive devices, advanced materials,
and time costs. Compared with traditional vacuum deposi-
tion technology, inkjet printing has the following advantages
in the preparation of TFT electrodes films: 1) Non-vacuum
environment, which saves energy and simplifies film forming
process; 2) Saving materials in a drop on demand (DOD)
way; 3) Direct pattering of functional layers. Although the
graphic precision is not as good as the traditional process
such as lithography, it avoids the electrical damage of other
functional layers caused by the process of developing, and is
more compatible with flexible substrate [1]; 4) Contactless
deposition process, which avoids pollution and mechanical
damage; 5) High throughput and potential in the fabrication
of large size and large scale electronics [2]–[10].
TFT electrodes, which is applied in high cost-effective dis-

play devices, is usually required to have the characteristics
of high conductivity, low cost, thermal resistance, oxidation

resistance, etc. Moreover, ink chemistry, film forming, sur-
face modification, and post treatment remained challenges
in inkjet printing: 1) Conductive ink need to meet both the
printing conditions and the electrical requirements devices;
2) Inkjet printing process includes droplets jetting, fighting,
impinging and evaporation after deposition [11], [12], thus
it is affected by printers, ink characteristics, jetting con-
ditions, substrate states, drying processes, etc. 3) Surface
modification and post treatment are related to the electrodes
morphology, solute distribution, additive residue and electri-
cal performance. Conductive inks for inkjet printing often has
problems such as low resolution, satellite point, coffee ring,
high resistivity, and poor electrodes/semiconductor contact
characteristics. Various factors such as equipment, materials,
and processes need to be comprehensively considered in the
solutions.
The integration of inkjet printed electrodes and TFT

devices faces new problems: 1) Low temperature sintering
of conductive materials, which is compatible with flexible
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FIGURE 1. Types of inkjet printing. (a) Conventional piezoelectric inkjet printing. (b) Aerosol Jet gel printing. (c) Electro-hydrodynamic printing.

substrate, and at the same time to achieve its low resistivity;
2) Small line width, short channel, high uniformity, and high
adhesion electrodes deposition technologies; 3) High mobil-
ity, low signal delay, and low leakage current TFT devices.
Inkjet printed TFT electrodes is required to solve the prob-
lems above, while taking into account of the ink printability,
electrical damage to functional layers, and elements diffu-
sion. Moreover, considering the interrelated factors such as
device structure, material selection, thin film deposition, post
treatment, interface and surface characteristics is crucial to
realize high performance and high resolution TFT devices.

II. INKJET PRINTING AND CONDUCTIVE FILMS
A. INKJET PRINTER
There are many kinds of inkjet printers, but the most pop-
ular three technologies in electronics manufacturing are
Piezoelectric inkjet printing (PIJ), Electro-hydrodynamic
printing (EHD), and Aerosol inkjet printing (AIJ) (Fig. 1).
There are significant differences in the driving mode of

theses printers. Piezoelectric ceramics deforms in the con-
ventional PIJ by applying periodic waveform voltage to drive
the injection of tiny droplets. High voltage (kilovolt level)
is applied between the nozzle and the substrate in EHD to
form a Taylor cone, while low-frequency pulse voltage sig-
nal is used to drive the ink to spray out in droplets, and
the high-frequency pulse DC voltage signal drives the ink
to be ejected continuously and linearly. It breaks the nozzle
size limit in high precision printing, but the whole injection
process is affected by the electricity of materials and sub-
strate, which is unfavorable to the fabrication of electrical
devices. By dispersing ink in air carrier to form aerogel,
AIJ sprays linear fluid continuously under the controlling
of the shearing air beam, and uses ink receiver to achieve
droplets printing. It has a certain application prospect, due
to its high resolution patterning capability without require-
ment of electrical properties of materials. The selection of
the specific printing method needs to be considered com-
prehensively according to the practical application. Table 1
compares the three ways [13]–[15].
EHD is especially suitable for high precision printing, but

the limitation of materials electricity make it mostly used
in the preparation of conductive layer. AIJ is not restricted
by rigidity, electricity and surface smoothness of substrate.

TABLE 1. Comparison of advantages and disadvantages of three main-

stream inkjet printing techniques.

Immediate drying deposition process make it suitable for
high aspect ratio narrow wire printing [16]. Without solvent
damage to bottom layers, AIJ is especially compatible with
multi-layer devices, like TFTs, et al. [17], [18]. PIJ is stable,
but will cause problems such as droplets spreading and the
coffee ring effect due to the strong effect of the solvent,
which affects the graphic accuracy and uniformity. However,
there’s no requirement for electrical properties of materials,
which is suitable for functional layers printing, and is the
most likely to be used in industrialization.
There are two trends in new developed inkjet printing

techniques: 1) To improve the precision in motion and
alignment, and integrate multiple print heads with various
printing technologies to completely meet the high resolu-
tion, high performance and high throughput requirements
of electronics fabrication [19], [20]. However, the system
is complex and expensive. 2) To explore novel printing
mechanism. For example, using a super-fine inkjet print-
ing (SIJ), 1 μm line width and 2.5 μm line spacing can
be achieved [21]. EHD and SIJ both use oscillatory elec-
tric field to generate droplets, but the jetting of fluid by
SIJ is no longer dependent on the formation of the Taylor
cone. The driving voltage is smaller, and the conductivity
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TABLE 2. Previous work on thin film transistor with aerosol inkjet printed electrodes.

requirement of the ink and the substrate (even the insulat-
ing substrate) is lower. However, tiny nozzle used is easy to
block. Moreover, micron scale nozzle-substrate distance is
not compatible with flexible preparation. The printing pro-
cess is still highly dependent on the driving electric field, and
can be influenced by charge accumulation (long time print-
ing) and environmental factors (such as humidity), which
may lead to unstable jetting of droplets [22]. Compared to
these two techniques, AIJ is more appropriate for electronics
fabrication, and the solvent damage can be avoided to other
functional layers. Table 2 summaries the TFT characteristics
with AIJ printed electrodes [18], [23]–[33]. However, the
high cost and low integration limits its use in industrializa-
tion. Up to now, there is no inkjet printing equipment with
excellent performance in all aspects. The integration of vari-
ous inkjet printing technologies is potential in the fabrication
of printed electronics.

B. CONDUCTIVE INKS
Conductive ink has challenge in its formulation, which deter-
mines the printability, equipment maintenance, metallization
process and electrodes performance. Especially in the fab-
rication of flexible TFTs, jetting stability, uniform deposits,
low sintering temperature (<150 ◦C), high conductivity, and
good contact characteristics of the electrodes/semiconductor
interface are all required.
Ink printability is a prerequisite for its preparation. Taking

PIJ for example, the Ohnesorge number (Oh) can be used to
approximately determine droplets jetting behavior [34], [35].

It removes the fluid jetting velocity criterion, thus has more
reference value for ink preparation before printing. Droplet
jetting inertia, surface tension and viscoelasticity determines
the value of Oh, which can be expressed by

Oh =
√
We

Re
= η√

ργL
(1)

Where ρ is fluid density, L is the diameter of droplet, γ is
surface tension, η is viscosity. The suitable range of printing
is 0.1 < Oh < 1. If Oh is too large, the viscous dissipation
prevents the droplet from deforming and make it difficult to
spray out. If Oh is too small, satellite points appear under the
balance of surface tension and viscosity. This method does
not take into account that the satellite points are incorpo-
rated into the main droplet, when Oh is much less than 0.1.
Moreover, the value may be slightly deviated under practical
conditions [36]. The L is related to the equipment, ρ and
γ are mainly related to the solvent, while η is affected by
many factors, such as polymer additive, shear rate, temper-
ature et al. Therefore, the ink preparation in inkjet printing
is complex.
Solutes of conductive inks usually are conjugated poly-

mers [37], inorganic materials, and other special materials
(graphene [38], carbon nanotubes [39], etc.). Common mate-
rials and their characteristics are shown in Table 3. Inorganic
metal materials can meet the high conductivity intercon-
nection requirements of high performance TFT backplane.
High biocompatibility gold nanoparticles inks are often
used in the field of bioelectronics. Silver has advantages
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TABLE 3. Comparison of advantages and disadvantages of different

conductive inks.

FIGURE 2. States of nanoparticles structure before and after inkjet
printing. (a) Ink preservation state; (b) Solvent evaporation and ligand
destruction; (c) After sintering.

in cost, conductivity [40], [41], antioxidation property and
water dispensability, thus is the most used currently. It has
entered commercial production in the United States, Japan,
South Korea, Israel and other countries. Although copper,
aluminum, etc. are even cheaper, they are easily oxidized
in atmospheric environment. They generally require hydro-
carbon solvents, low precursor concentrations, and an inert
storage and process atmosphere [42]. At present, low resis-
tivity and low temperature sintering of copper ink can be
achieved by using a strong pulsed laser, but the research
of TFT devices with printed copper electrodes remains
a big challenge [43]. Conductive ink can be divided into
nanoparticles inks and precursor inks.

B.1. NANOPARTICLES INKS

Nanoparticles are coated with polymeric ligand materials
to achieve stable dispersion in the solvent [44]. The basic
structure is shown in Fig. 2a. In different stages of the printed
electrodes film formation process, the nanoparticles structure
changes significantly (Fig. 2b and Fig. 2c).
Ligand materials usually use long alkyl chains with polar

heads, such as thiols, carboxylic acids [45], and amine poly-
mers to prevent nanoparticles agglomeration through steric
stabilization, bridging, or flocculation mechanisms. Solvent
selection must take into account of physical properties such
as density, boiling point, viscosity, and surface tension.
Besides, processability, solute solubility, and thermal sta-
bility should also be considered. Usually toluene, xylene,
ethanol, diethyl titanate, methyl ethyl ketones, tetradecanes

TABLE 4. Common materials and uses of nanoparticle ink additives.

and other near-linear polymer organic solvents are used in ink
system, but considering environmental factors it also have
water as solvent [46]. Solvent types determine the basic
properties of the ink (viscosity, surface tension, wettabil-
ity) and affects the print quality of the film (droplet size,
positioning accuracy, satellite points formation, and substrate
wetting).
Nanoparticles dispersion system requires the addition of

different additives to achieve high performance and high
stability in the printing process [47]. The common mate-
rials of different additives and their uses are shown in
Table 4. The mutual influence of each additive often makes
the actual ink configuration process more complicated. High
concentration of moisturizer can adjust the viscosity. Wetting
agent has surface activity, and its high concentration will
affect the printability and film quality. Some phosphatidic
acid or organic buffer contains a large proportion of elec-
trolyte, which will affect the stability of the dispersion. In
addition, solvent viscosity, ink concentration, solutes size
and shape, and various additives can affect the rheologi-
cal properties of the ink, which in turn affects the jetting
behavior of the ink [48], [49]. Commercialized nanoparti-
cles conductive inks, which have advantages in low cost,
high performance, long life, and printable features, are
still rare.

B.2. PRECURSOR INKS

Precursor ink is usually a metal-organic decomposition ink,
which uses the decomposition of organic components and
salts to generate metal components [50], [51], or an ink
system with the addition of reducing agents to metal salt
solution [52]. Both of the inks can be converted into conduc-
tive metal wires by heat treatment or the like, and are easily
realized by a low sintering temperature. Printing film using
precursor ink has excellent uniformity and performance, but
it is inferior to the durability of the nanoparticles ink (water
resistance and light resistance). Table 5 shows the advantages
and disadvantages of the two inks [53]–[55].
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TABLE 5. Comparison of advantages and disadvantages of three main-

stream inkjet printing techniques.

C. LOW-TEMPERATURE PROCESSING
Metal inks need to achieve conductivity close to the bulk
material to reduce parasitic electrode voltage drop [1]. On
a flexible substrate, thermal deformation will influence the
high-resolution patterning and the precise alignment between
different layers of the device. Considering the high coeffi-
cient of thermal expansion of the plastic film, the maximum
process temperature should be lower than the glass transition
temperature of the substrate, which is generally lower than
150 ◦C, and the best is about 100 ◦C.

For metal nanoparticles inks, metal core surface cov-
erage ligand molecules are generally insulating materials.
Ligand residues will affect the electrical conductivity, so
that the conductivity of printed metal wire smaller than the
pure metal. While changing the metal work function, the
formation of energy barriers will affect the electrical perfor-
mance of printed electrode’s TFT device [56]. At present,
there are various low-temperature sintering methods that
are compatible with the preparation of flexible electronic
devices: 1) Low-temperature thermal sintering; 2) Novel sin-
tering methods such as electricity [57], infrared light [58],
ultraviolet light [59], [60], flash [61], laser [62]–[65],
microwave [66], plasma [6] and other low-temperature sin-
tering of the film. Among them, thermal sintering is still
the most commonly used sintering method because of its
low equipment cost, simple process, and broad prospects for
industrialization.
Reducing the thermal sintering temperature mainly pro-

ceeds from the following three points: 1) Low resistance
targets with conductive ligands [67]; 2) Change in particle
shape. Studies have shown that silver nanowire inks have
a relatively lower sintering temperature than silver nanopar-
ticles (spherical) [2], [68]; 3) The metal precursor ink is easy

to obtain high performance through low temperature sinter-
ing, although its life is too short, and the weather resistance
of the film is poor. Table 6 summarizes high-performance low
temperature sintering silver inks, where the 300 ◦C sintering
process ink is used as a comparison [69]–[79].
The reduction of nanoparticles size is one of the keys

to low-temperature sintering of high-melting-point metal
inks. The reasons are as follows: 1) Quantum size effects;
2) Large specific surface area of nanoparticles [80]. Surface
atoms occupy a higher proportion, while surface atoms have
fewer adjacent atoms and fewer metal bonds, relative to
bulk materials. The atomic binding energy is small, which
leads to a lower melting point [45], [81]. For example, the
bulk gold metal has a melting point of 1063 ◦C, but the
2.5 nm diameter gold nanoparticles has a melting point of
500 ◦C [80], and the 1.5 nm diameter gold nanoparticles has
a even lower melting point of 380 ◦C [81]. 3) The melting
point of the conductive ink is not equal to the sintering pro-
cess temperature. Small size particles have a lower melting
point and higher atomic diffusion rates. Under low tempera-
ture conditions, interparticle fusion is enhanced by diffusion
of its interfacial atoms. Therefore, under the condition of
small particle size, the destruction temperature of the lig-
and actually determines the process temperature for forming
the conductive channel between the metal particles. When
the particles lose the organic shell, direct contact between
particles starts to show electrical conductivity. Further tem-
perature rise promotes the growth of the particle fusion
region, which reduces the resistivity and the make the film
denser [45].
Low temperature sintering processes for metal inks are

also currently rapidly developing, and some of the new
sintering methods have great potential in the preparation
of flexible electronic devices, such as chemical sintering,
vapor reduction sintering, hot water assisted sintering, and
photo reduction sintering [82]. Chemical sintering changes
the printed pattern from non-conductive to conductive by
adding chemical components to the printed ink. Based on
different sintering mechanisms for different types of ink
systems, the method can be subdivided into electrolyte sin-
tering [83]–[88], reducing agent sintering [89], microreactor
in-situ synthesis [90] (Fig. 3a), reactive inkjet printing sys-
tems [91] (Fig. 3b), and the like. During the sintering process,
the decomposition of the stabilizer will form pores, which
will reduce the conductivity of the silver film. Moreover,
there are some methods for metal-organic precursor inks.
Wu et al. [92] placed AgNO3/PVP print patterns in ethy-
lene glycol vapor at 250 ◦C for reduction and sintering for
10 min, finally obtaining a conductive silver wire resistivity
of 27.1 μ�·cm (Fig. 3c). Koga et al. [93] spin-coated presur-
sor ink onto a PEN substrate and used a dryer to pre-dry it
at 80 ◦C to obtain a silver nanoparticles film with a resistiv-
ity of 1.9 × 103μ�·cm. It was then immersed in hot water
at 80 ◦C for 5 minutes, and the resulting film was dried
at room temperature to reduce its resistivity to 5.9 μ�·cm
(Fig. 3d).
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TABLE 6. High performance and low temperature processed inks.

FIGURE 3. Low temperature sintering techniques. (a) Microreactor in-situ synthesis; (b) reactive inkjet printing systems; (c) Vapor reduction sintering;
(d) Hot water assisted sintering.

III. INKJET PRINTED ELECTRODES IN TFTS
Printed electronics are generally used in low-end applica-
tions and have the advantages of low cost, mass production,
and flexibility, but exploration for the preparation of high
performance electronic devices is undergoing. Inkjet print-
ing TFT mobility [94], pattern resolution, pattern accuracy
(pattern repeatability) and large size uniformity are the main
influencing factors to achieve high resolution, large size dis-
play. For a single TFT device, the focus is on high resolution
electrodes patterning and its increased mobility.

A. HIGH-RESOLUTION ELECTRODES INKJET PRINTING
High resolution electrodes inkjet printing relies on equipment
upgrades and surface treatments. In general, the resolution of
inkjet printed graphics can be given by the printed line width
and spacing. Although the equipment largely determines the
final resolution of the image, here only the traditional piezo-
electric inkjet printing technology is taken as an example to
explore possible problems encountered in obtaining small

line width, short channel, high uniformity, high adhesion
electrode films.

A.1. SMALL LINE WIDTH

Line width of inkjet printing is constrained by many fac-
tors: 1) The high conductivity requirement of the printed line:
From the perspective of inkjet printing, the final conductiv-
ity can be achieved by increasing the number of printing
layers and reducing the distance between ink droplets.
Teng and Vest [51] found that the square resistance of silver
wire inkjet printed for four to five layers can be comparable
to that of vapor deposited silver, but increasing the number of
printed layers or reducing the distance between ink droplets
will increase the line width; 2) The nozzle geometry limits
the volume of the ejected droplets, and thus affect the line
width: The formation of inkjet printed lines is followed by
droplet ejection, flight, impacting the substrate, spreading,
and droplets merging. The line’s formation model is shown
in Fig. 4a. It can be seen that the line width is related to
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FIGURE 4. (a) Line formation model; (b) Pattern resolution of piezoelectric inkjet printing limited by nozzles.

FIGURE 5. Dynamics of a droplet impacting a solid substrate. Copyright 2014 Springer-Verlag Berlin Heidelberg.

the size of the ejected droplets, and its relation is:

d

2
= R1 =

√
√
√
√

8

3

(

R3
dψ

�x

)

, (2)

ψ = π

2

(

sin2 θs

θs − sin θs cos θs

)

(3)

Rimp = �x− R1 (4)

d, line width; Rimp, diameter of droplet base; R1, radius after
droplet fusion; Rd, radius of flying droplet; 
, geometric
function related to static contact angle of droplet; �x, droplet
spacing; θs, static contact angle of droplet; Rs The maximum
spreading radius of the droplet; Rimp, the radius of the droplet
in contact with the droplet of the preceding droplet.
From Equation (3) it can be seen that the printed line

width has the largest correlation with the three parameters
of droplet size, droplet spacing, and droplet static contact
angle. The maximum droplet spreading radius Rs needs to be
considered when ejecting droplets to form a line. The droplet
spacing needs to satisfy at least 2R1 ≤ �x < R1 +Rs. If the
droplet spacing is too small, the printed line forms a bulge,
and if the line is too large, the printed line is discontinuous.
The contact angle is related to the ink and the surface energy
of the substrate. Droplet size is also limited by the printing
device and ink properties.
As shown in Fig. 4b, the minimum ejected droplet diam-

eter of PIJ is limited by the nozzle geometry compared to
EHD and AIJ. When using a 9-μm-diameter nozzle, the
ejected droplet diameter can reach 13 μm (the volume is
approximately 1 pL) and the printed line width can reach
20 μm. However, in this case, the ink chemistry and a higher
ejection pressure are required. Due to the difficulty in tailing

of the ejected fluid, the printed image is often accompanied
by many satellite points, which greatly limits the realization
of the ideal performance of inkjet printed materials.

A.2. SHORT CHANNEL
At present, many research groups have demonstrated that
printed TFTs can achieve high performance [95]–[97], but
most high-performance devices require additional interme-
diate process steps. One of the reasons for this is the short
channel formation between source and drain (SD) elec-
trodes [98]. The cutoff frequency (fT ) and the drain current
(ID) expression of the TFT under saturation are shown as
follows [99]:

fT ≈ μeff (VGS − VTH)

2πL(L+ 2LC)
(5)

ID = VDμ0CiW(VGS − VTH)

L+ μ0CiWRC(VGS − VTH)
(6)

μeff , effective carrier mobility; L, channel length; LC, con-
tact length (electrodes offset); VGS, gate-source voltage;
VTH , threshold voltage; μ0, semiconductor intrinsic mobil-
ity; Ci, gate dielectric capacitance per unit area; RC, contact
resistance; W, channel width.
The LC is related to the parasitic capacitance and it can

be reduced when the device size is reduced by improving
the alignment accuracy. In addition to reducing the LC, the
reduction of the channel length L is an effective way to
achieve a high cut-off frequency while ensuring the effective
mobility of the same TFT device, enabling the device to run
fast and increase its source-drain current ID at the same time.
Inkjet printed droplets impact the substrate through the

following processes: impact, spreading, relaxation, wetting,
balancing [100] (Fig. 5). Its maximum spreading radius
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FIGURE 6. Schematic of short channel direct inkjet printing technology.

Dmax = D0βmax is shown as follows:

βmax ∼ We
1
4 (7)

βmax, the maximum spreading factor of droplet; We, the
Weber number. The maximum spreading radius of droplets
is related to ink density and surface tension. The mini-
mum channel length is related to the difference between
the droplet’s maximum spreading radius and its equilibrium
radius, so the shortest channel is affected by the substrate
surface energy, temperature, and ink properties. Although
the low surface energy of the substrate can prevent droplet
spreading, it can destabilize the pattern and cause the printed
line to break into individual droplets [101].
The droplet volume of inkjet printing and the droplet

spreading are difficult to control, thus the channel
length, which can be stably repeated, is often limited to
50-100 μm [98]. To reduce the channel length, researchers
have made many attempts with optimized substrate sur-
face energy, temperature, and printing conditions: 1) To
reduce the droplet volume by using very fine nozzles
(Subfemtoliter level [102]) or using EHD, SIJ, etc. to
obtain a channel length of 1-10 μm [103], [104], this
method is premised on the sacrifice of printing throughput;
2) Printing a single electrode and then ablate the channel
by laser [105]; 3) Photolithography of the substrate to
form a bounded droplet spreading [106]; 4) Pre-patterning
the substrate wettability (UV treatment [82], [107], light
etching or plasma etching of the substrate [108]); 5) Using
the coffee ring effect to form adjacent lines [8]; 6) The
first drop of ink is treated with a fluoride self-assembling
monolayer (SAMs) (deposit CF4, Plasma, or add surfactant
to reduce the surface energy of the first droplet) to repel
it from the second drop, self-aligned to form a sub-micron
channel at 100 nm scale [109], [110]. With a channel length
of 100 nm, a fast switching of the organic TFT frequency
of 1.6 MHz can be achieved [95].
The above methods are effective, but they are more

complicated, time consuming and increase the cost.
Doggart et al. printed the second electrode by self-aligning
to form a short channel as low as 10 μm by preprint-
ing hydrophobic boundary residue caused by the retraction
of the first electrode on the hydrophilic substrate [98].
Although the method is simpler, it still requires surface
modification or requirements on the hydrophilicity of the

substrate and the material itself. Recently, Ning et al. for
the first time formed a 2.4 μm ultrashort channel by effec-
tively controlling the growth of electrodes film interspace
defects (Fig. 6) [111]. This method does not require any
additional process, is simple and repeatable, and provides
a reference for direct patterning of short channel by inkjet
printing.
In the short channel device array preparation process,

some devices are prone to short circuit and the yield is low.
The traditional electrodes pattern generally adopts a par-
allel design in inkjet printing. Splashing or spreading of
droplets in some areas may cause a short circuit between
the SD electrodes. Caironi et al. used a method of form-
ing a short channel by self-aligned printing with SAM layer
(Fig. 7), and achieved a 94-100% high yield of short channel
(200 nm-400 nm) device array printed through a T-shaped
pattern design. Leakage current lower than 2 pA (10 V)
has certain reference value for improving the yield of short
channel device array [1].
When the channel length of a TFT device is reduced

to a few micrometers, a short channel effect [112], also
known as a “penetration effect”, occurs due to unsaturated
SD currents, threshold voltage drift, subthreshold swing
decrease, and off-state currents increase in the saturation
region [109], [113], [114]. The most effective way to reduce
the short channel effect is to design the TFT device according
to the size rule, that is, the channel width, operating voltage,
and dielectric layer thickness need to be reduced by a cor-
responding multiple of the channel length. The reduction in
dielectric layer thickness requires that the electrode thick-
ness be reduced to prevent gate leakage or circuit shorting.
Therefore, elimination of short channel effects often requires
comprehensive consideration of various layers of materials,
processes, and device integration.

A.3. THICKNESS UNIFORMITY
The minimization of the resistivity of inkjet printed elec-
trodes is a major goal of their use in TFT devices [16].
Increasing the depth-to-width ratio of the conductive lines is
one of the main approaches. However, this conflicts with the
multilayer stack structure of capacitors and TFTs. A thicker
electrode causes a larger electric field and reduces the break-
down voltage of the device. Therefore, TFT device electrodes
are often required to be thin to reduce the thickness of
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FIGURE 7. High-yield self-alignment design method for short-channel device array inkjet printing. Copyright 2010 American Chemical Society.

FIGURE 8. (a) Schematic of the coffee ring effect. Its solutions: (b) particle size and shape change; (c) substrate processing; (d) introduction of ancillary
equipment.

the dielectric layer and the operating voltage, but too thin
electrodes can cause high parasitic resistance, thus the thick-
ness of the printed electrodes should only be reduced in the
negligible range of parasitic resistance. Thickness control is
very important for printing, while non-uniform thickness will
cause large local electric field, and reduce the breakdown
voltage.
For non-contact inkjet printing, the large-scale uniformity

of the film preparation (mainly considering the pattern thick-
ness) is affected by the drying process, due to the low
viscosity of the ink and the coffee ring effect [115]. As shown
in Fig. 8a, the solvent evaporation near the pinned edge of the
droplet is much larger than the volume loss of the liquid, thus
the solvent is replenished from the center region to the edge,
forming an outward capillary flow, and the solute gathered at
the edges to form a coffee ring. Researchers have discovered
a variety of coffee ring effect regulation methods in various
processes by changing ink composition, substrate status, and
adding special equipment: a) Regulation of ink chemistry and
composition, such as the addition of surfactants [116]–[119],

dodecanethiol [120], high boiling point low surface ten-
sion solvents [121], [122], polymer gels [123], or even
changes the shape of solutes [124] (Fig. 8b); b) Substrate
treatment (Fig. 8c), such as surface hydrophobicity [125],
substrate cooling (17 ◦C) [126], pre-patterning [127] and
electrowetting [128]; c) Auxiliary equipment (Fig. 8d), such
as a evaporation shroud with micro-holes [129] and capil-
lary tip immersed in drops [130]; d) Rapid curing, such as
reducing the curing time by applying a photonic sintering
technique to milliseconds or even microseconds.
Although there are many coffee ring regulation methods,

not all of them can be used for TFT electrodes morphol-
ogy control. For example, printing a suitable image on
a hydrophobic substrate can be more difficult. Therefore,
an appropriate morphology control method must also take
into account various factors such as droplet deposition con-
ditions, device structures and performance requirements.
Ning et al. innovatively proposes a drying micro-environment
method to regulate the morphology of printed films [131].
By controlling the surface solvent diffusion concentration
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FIGURE 9. Surface profiles of nanoparticles film (a) before, and (b) after optimization of the drying micro-environment.

during the curing process of the wet film, the shape of the
printed film can be continuously adjusted from the concave
shape to the convex shape. Moreover, dots, lines, and films
with smooth surfaces can be all obtained (Fig. 9).

A.4. HIGH ADHESION FILM PREPARATION
Silver nanoparticles ink is the most commonly used conduc-
tive ink, and its resistivity can be as low as several μ�·cm,
but its adhesiveness restricts its application in the manu-
facture of flexible electronic devices. Adhesion is generally
improved in three ways: (1) Adding an adhesive to achieve
a balance of adhesion and conductivity; (2) Inserting a low
glass transition temperature (Tg) polymer interface layer, and
strong melting will occur when the sintering temperature is
above its Tg [132], [133]; (3) Surface energy matching with
optimized silver/substrate interface by inserting a interface
layer between them [133].

B. HIGH-PERFORMANCE TFT ELECTRODES INKJET
PRINTING
B.1. CONTACT CHARACTERISTICS
Schematic of High-performance TFT electrodes inkjet print-
ing is shown in Fig. 10. The fast operation of the device can
reduce the requirement for the graphic technology of inkjet
printing equipment through the increase of carrier mobil-
ity. For traditional inkjet printing technology, TFT mobility
greater than 10 cm2V−1s−1 is a key indicator for achiev-
ing high resolution display. The relationship between the
effective mobility of the device saturation region and the
semiconductor intrinsic mobility can be expressed as follows:

μeff = Lμ0

L+ μ0CiWRC (VGS − VTH)
(8)

μeff , effective mobility in the saturated region of the device;
μ0, semiconductor intrinsic mobility; Ci, gate dielectric
capacitance per unit area; RC, contact resistance; L, channel

length; W, channel width; VGS, gate-source voltage; VTH ,
threshold voltage.
From Equation (8), we can see that the increasing of the

effective mobility in the saturation region of the device can
be achieved by increasing the channel length L, the semicon-
ductor intrinsic mobility μ0, the gate dielectric capacitance
per unit area, Ci, and by reducing the channel width W and
the contact resistance RC. However, above methods are not
all applicable to the realization of large size, high resolution
display.
When the channel length L is large enough, the effective

mobility and semiconductor intrinsic mobility tend to be con-
sistent; as L decreases, the effective mobility will become
smaller and smaller [134], [135]. The larger the contact resis-
tance RC, the more the effective mobility decreases with the
decreasing of the channel length. However, as can be seen
from Equations (5) and (6), increasing the channel length L
actually decreases the cutoff frequency fT and the SD cur-
rents ID. Decreasing the channel width W actually decreases
the SD currents ID, and finally makes the drive capability
or operating speed of the TFT reduced. It should not be
used as a means of regulating the effective mobility, nor
is it detrimental to the minimization and high-level inte-
gration of printed electronics. Increasing the semiconductor
intrinsic mobility μ0, the gate dielectric capacitance per unit
area Ci, and decreasing the contact resistance RC are effec-
tive ways to increase the effective mobility and eventually
achieve high performance TFT. The first two factors are the
preconditions for high performance TFT with inkjet printed
electrodes, which has a lot to do with the selection of high
performance semiconductors and insulation layers. The con-
tact resistance is an important index that must be controlled
in the inkjet printing process.
The interface between the inkjet printed electrodes and

the semiconductor layer can be improved in a plurality
of ways: 1) Most of the contact resistance is caused by
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FIGURE 10. High-performance TFT electrodes inkjet printing (materials selection, film deposition, interface optimization and TFT structures). The inserted
picture for interface optimization shows the changing of chemical state of the ligands on the surface of the metal nanoparticles to change their work
function. Copyright 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

FIGURE 11. TEM measurements of a-IGZO TFT with Inkjet printed silver electrodes: (a) EDS mapping; (b) Cross section of TFT (c) EDS line scanning.

an energy barrier existing between the electrodes and the
semiconductor layer, thus a suitable semiconductor mate-
rial should be selected [136], [137]; 2) Regulate the carrier
concentration semiconductor layer by optimizing the depo-
sition process [138], [139]; 3) Change the thickness of the
printed electrodes, and adjust their work function to a certain
extent [140]; 4) Suitable substrate deposition temperature and
post-annealing processes to control the barrier and interface
defect states of the interfacial carbon layer [141], [142];
5) Inserting a surface modification layer between the elec-
trodes and the semiconductor [143]–[147]; 6) Interfacial
plasma treatment [148]; 7) Using a suitable annealing pro-
cess to change the chemical state of the ligands on the
surface of the metal nanoparticles to change their work
function [149] (inserted picture in Fig. 10 for interface

optimization); 8) Improve the wettability [143] and the
standard electrode potential [150] of the electrodes materials.
Ning et al. reduced the Ag/IGZO interface carbon residue

by optimizing the inkjet printing film deposition pro-
cess [142], [151]. The contact resistance of the device is
81.8 �·m. The optimized TFT device has the mobility of
6.23 cm2/V·s, the switching ratio of 6.85 × 107, the sub-
threshold swing of 0.37 V/decade, and the turn on voltage of
0.88 V. Transmission electron microscopy (TEM) was used
to analyze the interfacial contact between inkjet printed sil-
ver electrodes and semiconductor layer. As shown in Fig. 11,
the inkjet printed silver electrodes are formed in a conductive
network shape with a uniform thickness and good contact
with the IGZO semiconductor layer. The interface was clear
and free of impurities, and there is no diffusion or erosion
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FIGURE 12. Preparation of self-aligned TFT structure based on (a) photolithography process, and (b) UV irradiation.

FIGURE 13. Preparation of self-aligned TFT structure based on substrate wettability. Copyright 2010 Elsevier B.V. Published by Elsevier B.V. All rights
reserved.

occurred. It was proved that the inkjet printed silver films
can be used as source and drain electrodes in a thin film
transistor. Considering various factors in the inkjet printing
processes of TFTs, the introduction of suitable SAMs is the
most effective method to improve the interface, which can
simultaneously achieve various purposes such as improv-
ing the mobility, switching ratio, etc., thereby realizing high
efficiency and energy saving of TFT devices [7].

B.2. STRUCTURES OF PRINTED TFTS
Due to the limited accuracy of conventional inkjet print-
ing equipment, printed TFTs generally have poor device
performance due to materials, channel length, and very
high parasitic capacitance (SD electrodes overlap the
gate electrode >10 μm) [24], [152]. It is possible to
achieve high device mobility by breaking through the
limitations of materials [153], while introducing self-
aligned printing technologies can achieve channel lengths
of 100 nm [95], [109], [110]. However, the alignment accu-
racy of multiple layers is still the bottleneck of the printing
technology. The overlapping of gate electrode and the SD
electrodes of TFT device will affect the performance: 1) It
causes parasitic capacitance and reduces the device operating
speed; 2) The leakage current will be increased due to the
presence of ink solvents and additives, and the increasing
of overlapping areas [154]. To overcome the above draw-
backs, preparation of self-aligned TFT devices is particularly
important.
Self-aligned TFT devices usually require photolitho-

graphic techniques [109], [155], [156]. In a high aspect

ratio electrode printing technique, the gate electrode thick-
ness can be used to control the offset length between
the gate electrode and the SD electrodes more accurately
(Fig. 12a). As the offset length increases, leakage current
will be reduced accordingly [154]. For the conductive inks,
which can be UV cured and sintered to obtain high per-
formance, the SD electrodes of non-overlapped portions of
the gate can be selectively cured to achieve self-alignment
purposes (Fig. 12b).
In the preparation of self-aligned TFT devices, the use

of photolithography process, although with high precision,
will increase the cost. Moreover, the development process
can damage the back channel of the active materials and
is not suitable for stretchable flexible substrates. Based
on the above conditions, the self-alignment of the TFT
SD electrodes with respect to the gate electrode can be
achieved by a substrate wetting based slide down process
(Fig. 13), thus no photolithography and vacuum processes
is needed. The process can realize a minimum overlap dis-
tance of 0.47 μm between the SD electrodes and the gate
electrode [157].
Since inkjet printing is a solution-based thin film deposi-

tion process, there is more selectivity in terms of materials.
Ionic gels [17], [29], [158], a solid electrolyte-type gate
dielectric material, can form an electric double-layer struc-
ture at the electrode-electrolyte/semiconductor-electrolyte
interface in 10 μs time scale. The capacitance of these
nano-sized double layers are very large (usually greater than
1 μFcm−2), which can lower the turn on voltage of TFT. In
addition, the high polarization of the gate dielectric layer
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FIGURE 14. Schematic of the physical compensation of the channel region of the ion gel TFT and its device optical photo; (2) TFT transfer characteristic
curve. Copyright 2008 Macmillan Publishers Limited. All rights reserved.

makes the gate electrode and the channel region form a phys-
ical compensation, so that gate electrode and SD electrodes
with a certain amount of offset are automatically aligned to
ensure low leakage and high switching speed [23] (Fig. 14).
Since this process requires only the replacement of the gate
dielectric materials and does not add any additional pro-
cesses, it is valuable for printed TFTs with high performance
by using ion gel as insulator layers.

IV. CONCLUSION
In summary, with the continuous development of equipment,
materials, and processes in inkjet printing, as well as the
understanding of their interaction mechanisms, inkjet printed
electrodes have made important progress in terms of print-
ability, high conductivity, high precision, high adhesion and
low contact resistance, and are extremely important for the
realization of high resolution, high performance, and flexible
TFT devices. In spite of this, many aspects still need to be
further studied: 1) Equipment with higher precision, more
stability, and lower requirements for materials (viscosity and
electrical properties); 2) The preparation of more electrodes
ink materials with high performance, such copper inks, which
require lower processing temperature; 3) Lower cost, more
simplified processes, and higher yields of high resolution,
high performance TFTs. By combining the advantages of
inkjet printing technology with the constant innovation of
materials and processes, the application of inkjet printed
electrodes for TFT devices is bound to have a bright future.
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