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human contact) or electromigration and 
environmental corrosion due to moisture 
(e.g., sweat)[8–14] Thus, the reliability of the 
interconnect becomes important as open-
circuit failures become more probable.[10–13]

There have been three strategies 
adopted to tackle the problem of open-
circuit faults. The first has been the devel-
opment of conductive materials with low 
elastic modulus permitting stretchable 
interconnects.[15–18] The second has been 
the design of interconnects using geome-
tries, which lowers its stiffness.[19–22] While 
both these approaches improve the robust-
ness of the interconnect to mechanical 
stress, they would not offer any recovery if 
a fault were to occur due to other causes, 
e.g., electrical stress. The third strategy 

has been the development of technologies that permit real-time 
repair (self-healing) of open-circuit faults.[23–40]

Self-healing interconnects have been demonstrated using 
several methods. One has been the use of liquid metals encap-
sulated over the interconnect such that upon the fracture of the 
interconnect, the liquid metal flows into the open gap to restore 
conductivity. Various methods of packaging the liquid metal 
such as microfluidic channels,[23,24] encapsulation in fragile 
insulating shells,[25–27] and encapsulation in elastomeric sub-
strates have been demonstrated.[28] Other techniques have used 
self-restructuring conductive polymers,[29,30] hydrophobicity-
driven healing,[31] magnetic-field-induced healing, and imped-
ance modulation via the use of an external control system.[32,33] 
While all these approaches are effective, they have certain 
shortcomings as they either use an external controller or use 
relatively rare materials (e.g., Ga and In), alter conventional 
interconnect fabrication processes, or only repair faults occur-
ring due to mechanical stress.

Yet another self-healing technique that avoids the above short-
comings and that is of interest to this work is the electric-field-
assisted healing using dispersions of conductive particles in 
insulating fluids.[34–40] The electric field appearing in the open 
gap during the occurrence of an open-circuit fault initiates self-
healing and results in the particles of the dispersion chaining up 
to form a conductive bridge across the gap thereby re-establishing 
electrical connectivity. This technique has several advantages. 
First, it permits self-healing in a current-carrying interconnect 
irrespective of the cause of failure. Second, the technique per-
mits stretchable interconnects with the stretching possible by an 
increase in the number of particles.[39] Third, since the technique 
uses weak dispersions, it avoids stringent packaging require-
ments needed to discourage accidental short circuits.[40]

Thin-film transistor circuits on flexible substrates hold major promise for next-
generation human–machine interface systems. However, a major bottleneck is 
the reliability of the interconnect, which is prone to open-circuit faults due to 
mechanical, electrical, and environmental stresses. Here, self-healing intercon-
nects in thin-film transistor circuits are demonstrated on flexible substrates 
resulting in the restoration of >99% of the prefault current. The active material 
for self-healing is a dispersion of conductive particles in an insulating fluid that 
is contained over the interconnect. Healing is triggered by the electric field that 
appears in the open gap during the occurrence of the fault. The engineering 
of the active material is discussed; self-healing circuits are demonstrated and 
analyzed; and methods to package and integrate the self-healing feature are 
discussed with the process flow. This work sets a new benchmark for reliable 
inkjet-printed thin-film transistor circuits on flexible substrates.
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1. Introduction

Inkjet-printed thin-film transistors (TFTs) promise tailor-made 
circuits on mechanically rigid and flexible substrates for appli-
cations such as flexible displays, large area sensors, and wear-
able electronics.[1–7] In such applications, the circuit experiences 
mechanical stress from repeated bending and stretching, thermal 
strain, electrical stress caused by electrostatic discharge (e.g., from 
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While all the above studies have benchmarked exciting pro-
gress toward realizing self-healing interconnects, none of them 
have been used to self-heal open-circuit faults in printed TFT 
circuits. In this work, we demonstrate the self-healing of open-
circuit faults in inkjet-printed organic TFT circuits on flexible 
substrates using electric-field-assisted healing.

2. Results and Discussions

2.1. Mechanism of Self-Healing

To understand the mechanism of electric-field-assisted self-
healing, we consider the case of an open-circuit fault occurring 
in a current-carrying interconnect (Figure 1). The active mate-
rial that enables self-healing is an inherently insulating disper-
sion of metallic microparticles in an insulating fluid that is 
contained and isolated over the interconnect.

Upon the occurrence of an open fault in the interconnect, 
an electric field of magnitude, ξ, appears in the open gap. The 
conductive particles of the dispersion present in the open gap 
are now polarized to have a dipole moment, P, that scales as 

p
3

fP r ξ∼ ∈ . Here rp is the radius of the particles and ∈f is the 
permittivity of the insulating fluid with ∼ representing a scaling 
relation. The polarized particles now experience dipole–dipole 
attractive forces of magnitude, Fp, that scales as /p

2
f

4F P x∼ ∈  
with x being the distance between the particles. This attrac-
tive force is opposed by the viscous drag experienced by the 
particles moving through the insulating fluid. The particles 
chain up to form multiple bridges across the gap thereby 
weakly repairing the fault. If the length of the open gap is s, 
the time taken to form these bridges, τh, can be shown to scale 
as ( / )( / )(1/ )h f f

5
p
6 2sx rτ η ξ∼ ∈  with ηf being the viscosity of the 

fluid.
These resistive bridges composed of electrostatically held 

particles establish a small current through the interconnect. 
This current causes Joule heating leading to a weak sintering of 
the particles in one of the bridges, typically the one having the 
shortest length. Due to the low thermal mass of the bridge and 
the poor thermal conductivity of the fluid, this process occurs 
very rapidly. Sintering reduces the resistance of the bridge sig-
nificantly resulting in a rapid restoration of current through the 
interconnect. The broken interconnect is said to be “healed” at 
this point with the sintered bridge being the “heal” (see Movies 
S1 and S2 in the Supporting Information). Upon the completion 

of healing, the electric field in the gap vanishes due to the low 
resistance of the heal. With the absence of a strong field, not 
only does the formation of bridges stop, but the existing bridges 
of electrostatically held particles dissipate as well.

2.2. Engineering the Dispersion for Self-Healing Thin-Film 
Transistor Circuits

The challenges in achieving self-healing of open faults in 
printed circuits are a consequence of a simple but important 
requirement that the dispersion be inherently insulating while 
at the same time have enough particles to achieve self-healing. 
This feature reduces cross-talk between adjacent interconnects 
and relaxes the requirement on packaging by preventing acci-
dental short circuits between different interconnects thereby 
improving reliability and easing manufacturability.

The consequence of this requirement is that the size of the 
conductive particles in the dispersion, defined by the particle 
radius rp, be much smaller (at least about ten times smaller) 
than the minimum feature size permitted by inkjet printing. 
With the typical printed feature sizes being of the order of 
10 µm, the dispersion must consist of conductive particles of 
rp ≈ 1 µm or less.

This results in a cascade of limitations that begin with the 
magnitude of the driving force for self-healing defined by the 
dipole–dipole attractive force, Fp, between the electrically polar-
ized conductive particles lying in the open gap of the fault. 
Since Fp∝P2 and since p

3P r∝ , the driving force p p
6F r∝ . There-

fore, reducing rp may reduce Fp to below that required to over-
come friction and increase the relative importance of Brownian 
motion. This could result in a loss of self-healing ability. Even if 
the particles do manage to overcome friction and begin aggre-
gating, the time taken to heal, 1/h p

6rτ ∝ , would be significantly 
large.

Nevertheless, since a small rp is a requirement, we need to 
look to other means to improve Fp and reduce τh. There exist 
two viable options. First, since Fp∝ξ2, the electric field ξ could 
be increased by increasing the supply voltage. However, this 
is constrained by the maximum operating voltage of the TFT. 
Second, since Fp∝1/x4, the inter particle distance x can be 
reduced by increasing the concentration of the particles in the 
dispersion. This is viable but needs to be done with caution to 
ensure that the concentration stays well below the percolation 
limit so as to ensure an inherently insulating dispersion.

Figure 1. Mechanism of electric-field-assisted self-healing. The active material is a dispersion of conductive particles in an insulating fluid that is printed 
or dispensed over the interconnect. The occurrence of a fault in a current-carrying interconnect results in an electric field in the open gap. This field 
polarizes the particles resulting in them experiencing dipole–dipole attractive forces resulting in them chaining up to form a heal. The formation of the 
heal destroys the field and stops the process.
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We found that, for 1 µm silver (Ag) particles dispersed in 
silicone oil, this optimum dispersion concentration is found to 
lie between 10 and 20 mg mL−1 (see Text S1 in the Supporting 
Information). As silicone oil is nonionic, a stearic stabilizing 
ligand (oleic acid (OA)) having affinity toward the silicone oil 
was chosen to stabilize the dispersion.[41] Oleic-acid-treated 
1 µm Ag particles were found to deflocculate sufficiently 
resulting in a stable and homogeneous dispersion (see Figures 
S1 and S2 in the Supporting Information).

2.3. Characterizing Self-Healing in Inkjet-Printed Interconnects

Self-healing in inkjet-printed interconnects on polyethylene 
naphthalate (PEN) substrate was characterized using the 
experimental setup shown in Figure 2a. Open faults of widths 
s ≈ 20 µm and s ≈ 80 µm were purposely introduced in the inter-
connect. The interconnect was connected to a source-measure 
unit (SMU) via an external resistor of resistance, Rext. The dis-
persion of 1 µm Ag particles in silicone oil was dispensed over 
the open fault. The SMU was then used to apply a dc voltage, 

Vext, and monitor the dynamics of the current through the 
interconnect. The magnitude of the maximum current and the 
time taken for healing, τh, were extracted from the dynamics 
of current. Figure 2b illustrates the sequence of images during 
healing (also see Movie S2 in the Supporting Information). The 
figure also shows helium-ion microscopy images of the sin-
tered heal.

Figure  2c shows the impact of varying the dispersion con-
centration. The heal time, τh, was obtained from the dynamics 
of the current during healing for three different concentrations, 
i.e., 10, 20, and 40 mg mL−1. The distribution of τh across sev-
eral experiments with s ≈ 80 µm gap is also shown. The dashed 
line shows the trend of the mean τh versus dispersion concen-
tration on a log–log scale. It is seen that τh varies as the −3/2th 
power of the concentration. For 10 and 20 mg mL−1, the disper-
sion was inherently insulating (see Figure S3 in the Supporting 
Information) and healing was observed with τh ≈ 10–100 s and 
τh ≈ 1–10 s, respectively. In the case of 40 mg mL−1 dispersions, 
many samples were inherently conductive while some non-
conductive samples showed much quicker healing with τh  ≈ 
0.01–1 s. However, this high concentration is undesirable as it is 

Figure 2. Self-healing of inkjet-printed interconnects on flexible substrates. a) Schematic of experimental setup used for studying the dynamics of 
self-healing. b) Snapshots capturing stages healing (also see Movie S2 in the Supporting Information) and helium-ion microscopic images of the 
sintered heal. c) Typical dynamics of current for dispersion concentrations of 10, 20, and 40 mg mL−1 and the dependence of heal time on dispersion 
concentrations. d) Typical dynamics of current for different electric field strengths of 1.0, 1.1, 1.2, and 1.3 V µm−1, and the dependence of heal time on 
the field strength for the fault sizes of 80 and 20 µm. e) Left: Dynamics of heal current for different external resistances for 80 and 20 µm open gaps. 
f) Distribution of heal time against external resistance and the stability of the heal when the external voltage is sequentially lower. The typical heal 
impedance is about 500 Ω.
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preferable to have inherently insulating dispersions to improve 
reliability during packaging. In conclusion, the optimum dis-
persion concentration for 1 µm Ag particles in silicone oil is 
about 20 mg mL−1, and this agrees with calculations (see Text 
S1 in the Supporting Information).

Figure  2d shows the impact of electric field, ξ, on heal 
time. Experiments were performed using 20  mg mL−1 disper-
sions with an open gap length of s ≈ 80 µm. For each sample, 
the electric field was set at a specific value by first measuring 
the length of the open gap, s, and subsequently applying the 
appropriate voltage to the circuit. Healing was not consistent 
for ξ < 0.6 V µm−1. For ξ > 1.3 V µm−1 healing occurred rapidly, 
but the heal was unable to sustain the large current resulting 
in open faults once again. The optimum zone for consistent 
healing was 0.6 V µm−1 ≤ ξ < 1.3 V µm−1 and Figure 2d shows 
the distribution of τh as a function of ξ lying in this range. The 
dashed line shows the trend of the mean τh versus ξ on a log–
log scale. It is seen that τh varies as 1/ξ2 as predicted by theory. 
The case of healing an open gap length of s ≈ 20 µm with ξ ≈ 
1.05 V µm−1 is of interest with regard to TFT circuits since this 
corresponds to the typical operating voltage for TFTs.

Figure  2e shows the impact of the external resistance, Rext, 
on the heal time. As the initial field across the gap /extV sξ ∼  is 
independent of Rext, the time taken for healing does not show 
any consistent trend with Rext. However, Rext would determine 
the dynamics of sintering. It was found that large open gaps 
(here s ≈ 80 µm) did not show successful healing at large Rext 
(for Rext > 4.7 MΩ). On the other hand, successful healing was 
observed for smaller open gaps (s ≈ 20 µm) even for large Rext 
(up to Rext ≈ 68 MΩ). This is significant from the point of view 
of self-healing of TFT circuits.

The impedance of the TFT is to first order given by [μCi(W/L)
(Vgs − VT)]−1. For organic p-type TFTs with the mobility of μ = 
0.1 cm2 V−1 s−1, dielectric capacitance per unit area Ci = 10 nF 
cm−2, channel width, W = 1000 µm, channel length L = 100 µm, 
threshold voltage VT = −1 V and gate–source voltage Vgs = −11 V, 
the resistance offered by the TFT is 10 MΩ.  The results of 
Figure 2e imply that self-healing of organic TFT circuits would 
likely be possible if the open gap is s ≈ 20 µm.

Figure 2f shows the stability of the heal. In this experiment, 
an open-circuit fault with s ≈ 20 µm was purposely created in 
the printed interconnect with Rext  = 1 MΩ. Healing was then 
achieved by applying an external voltage of Vext = 25 V applied 
for 1000 s. The voltage was then reduced to Vext = 5 V for 1000 s 
and subsequently Vext = 1 V for 1000 s, and in both these cases, 
the electric field was expected to be <0.5 V mm−1. The current 
through the interconnect was continuously monitored through 
the experiment. After healing, the current was observed to be 
stable and dependent on Rext alone, indicating the permanence 
and low resistance of the heal. A histogram of the steady-state 
heal resistance is shown in the inset. The typical heal resistance 
in steady state is ≈500 Ω.

2.4. Self-Healing in Inkjet-Printed TFTs

Self-healing in inkjet-printed TFTs on PEN substrate was 
characterized using bottom-gate, bottom-contact TFTs with a 
80 nm thick Ag gate, 480 nm thick polyvinyl cinnamate (PVCN) 

dielectric (see Figure S4 in the Supporting Information), 
80  nm thick Ag source and drain, and 6,13 bis(tri-isopropylsi-
lylethynyl) pentacene (TIPS-pentacene) semiconductor (see the 
Experimental Section). Figure  3a shows a microscopic image 
of the printed TFT along with the typical transfer and output 
characteristics. The devices exhibited a field-effect mobility of 
≈0.166 cm2 V−1 s−1, a threshold voltage of ≈−2 V, and an on–off 
switching ratio of ≈106 and showed no hysteresis.

Self-healing in TFT circuits was characterized using the 
experimental setup shown in Figure 3b. The setup is like that of 
Figure 2 but with the external resistance being replaced by the 
p-type TFT having a channel width of 1600 µm and a channel 
length of 80 µm. The source of the TFT was kept at ground, 
and the drain and gate were provided dc bias voltages, Vd < 0 
and Vg < 0 with respect to ground, respectively.

Two experiments were performed—Case 1 and Case 2, as 
shown in Figure  3b. In Case 1, an open fault of length s was 
purposely created in the interconnect between the ground 
probe and source. In Case 2, an open fault of length s was pur-
posely created in the interconnect between Vd and drain. Both 
experiments were started by dispensing the dispersion over the 
fault and applying voltage bias at the three pads, i.e., ground, 
Vd ≤ 0, and Vg − VT ≤ 0, while monitoring the dynamics of the 
current through the TFT. In both experiments, the time varying 
heal resistance caused a time-dependent voltage drop, Vh(t), 
across the heal. However, the key difference between the two 
experiments is that in Case 1, the voltage drop across the heal, 
Vh(t), affected both the gate–source voltage as well as the drain–
source voltage of the TFT whereas in Case 2, Vh(t) affected only 
the drain–source voltage and not the gate–source voltage.

In Case 1, at time t  = 0, the large resistance of the open 
fault caused ( 0) 0h dV t V= ∼ <  resulting in an electric field 
Vd/s in the open gap. The gate–source overdrive voltage 
was Vg − Vh (t) − VT ≈ Vg − Vd − VT. The process of healing 
increased Vh(t) from ( 0) 0h dV t V= ∼ <  to V ∼ 0h  thereby making 
Vg − Vh(t) − VT ≈ Vg − VT and turning on the TFT. However, 
the exact dynamics depended on whether Vg  − Vd  − VT < 0 or 
whether Vg − Vd − VT ≥ 0. If Vg − Vd − VT < 0, the TFT was ini-
tially on (channel formed) and biased in deep linear operation 
with zero drain–source voltage. After healing, the TFT con-
tinued to operate in linear operation. If, on the other hand, 
Vg − Vd − VT ≥ 0, the TFT was initially off or in subthreshold 
operation. Yet, due to the presence of the field in the gap, 
healing occurred despite the large TFT resistance. After healing, 
the TFT turns on and is biased in saturation mode operation.

In Case 2, at time t = 0, ( 0) 0h dV t V= ∼ <  resulting in an elec-
tric field Vd/s across the open gap with the drain–source voltage 
of the TFT being zero. The gate–source overdrive voltage of the 
TFT remains unaffected and is equal to Vg − VT < 0. Therefore, 
in this case, irrespective of the value of Vd, the TFT was always 
turned on. At time t = 0, the TFT was in deep linear bias. After 
healing the TFT operated in linear mode if Vg − Vd − VT < 0 or 
in saturation mode if Vg − Vd − VT ≥ 0.

Figure 3b shows the dynamics of current during self-healing 
and the impact of the TFT bias for both cases. The length of the 
open gap, s, was measured for each experiment and is defined in 
the legend. In both cases, it was observed that the electric field in 
the gap was a dominant parameter that decided the time taken 
for self-healing. Healing was not observed for Vd/s < 0.7 V µm−1. 
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Healing within 200 s was consistently observed for Vd/s > 
0.7 V µm−1. This is in corroboration with the conclusions of 
Figure  2. This also poses a limit on the bias or length of the 
open gap for which healing is possible. For example, if the 
maximum operating voltage of the TFT is 30 V, successful self-
healing would be possible for s ≤ 42 µm. Figure 3c summarizes 
the impact of the electric field on the heal time for different gate 
voltages. The dashed line has a slope of −2 and corroborates the 
1/ξ2 dependence of the heal time on electric field.

Figure  3d compares the transfer and output characteristics 
of the TFT before fault and after heal. The transfer character-
istics of the pristine TFT (before fault) was first measured by 
setting Vd = −25 V and sweeping Vg from +5 to −25 V and then 
back to +5 V to check for hysteresis. The output characteristics 
of the TFT were then subsequently measured. Then, an open-
circuit fault (s ≈ 20 µm) was purposely created in the intercon-
nect joining the ground probe and the source of the TFT. The 
transfer characteristics of the TFT (after fault) were measured 
once more indicating the failure of the TFT. Subsequently, the 
dispersion was dispensed over the region of the fault and Vg 
was repeatedly swept till healing occurred. The fault was con-
sistently found to heal during the first sweep after the dis-
pensing of the dispersion. The completion of healing was seen 
by the abrupt rise of current from “after fault” levels to “before 
fault” levels. After the first instance of healing, the output char-
acteristics of the TFT were measured. Finally, the transfer and 

output characteristics were again measured 300 s after the first 
instance of healing to check for stability. The heal was found to 
be stable.

2.5. Self-Healing in Inkjet-Printed Voltage Amplifiers

To study the impact of self-healing on TFT circuits, inkjet-
printed p-type TFT-based single-stage voltage amplifiers were 
fabricated on PEN substrates (Figure 4a). Experiments on self-
healing were performed using the amplifier in common source 
configuration. Since both driver and load were p-type TFTs, the 
theoretical magnitude of the small signal gain was expected to 
be the ratio of the transconductance of the driver TFT to the 
load TFT. For this particular study, the load and driver TFTs 
were designed to be geometrically identical with a channel 
width of 1600 µm and a channel length of 80 µm predicting a 
voltage gain of −1. Any other value of gain is attributed to mis-
match in device parameters. The amplifier was driven with a 
dc supply voltage VDD = 30 V. The input voltage, Vin, was sup-
plied to the driver TFT while the load was diode-connected to 
ground.

To demonstrate healing, open-circuit faults (s ≈ 20 µm) were 
purposely introduced in the amplifier as shown in Figure  4b. 
Three cases were studied based on the location of the fault—
Case 1, Case 2, and Case 3. In Case 1, the fault was in the 

Figure 3. Self-healing of interconnects for inkjet-printed organic TFTs. a) Schematic and microscopic image of a printed TFT along with the typical 
transfer and output characteristics. b) Evaluation of dynamics of transistor drain current during self-healing. Case 1: the fault located at the source. 
Case 2: the fault located at the drain. c) Impact of heal time on the drain–source voltage. d) The transfer and output characteristics of the organic TFT 
before and after healing.
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interconnect joining the source of the driver TFT and VDD. 
In this case any heal resistance would act as a degeneration 
resistor to the common source amplifier. In Case 2, the fault 
was located between the drain of the driver TFT and the output 
node. In Case 3, the fault was located between the drain of the 
load TFT and ground.

During experiments, the amplifier transfer characteristic 
for each case was measured before the creation of the fault by 
sweeping Vin from +5 to −35 V with the corresponding output 
voltage Vout being measured (Figure 4b). The characteristic was 
then measured after the creation of the fault. Subsequently, the 
dispersion was dispensed over the region of the fault and the 
transfer characteristic was periodically measured till healing 
occurred. The fault was consistently found to heal during the 
first sweep after the dispensing of the dispersion. The com-
pletion of healing was seen by the abrupt change in Vout from 
“after fault” levels to “before fault” levels. After the first instance 
of healing, the transfer characteristics of the TFT were meas-
ured again after 300 s. The heal was found to be stable.

The frequency response of the amplifier was also measured 
for all cases. The Bode magnitude plot is shown in Figure 4c. 
There was no significant change in the frequency performance 
measured after healing compared to that measured before the 
creation of the fault. The amplifier showed a −3 dB cut-off fre-
quency at around 500 Hz before and after healing, irrespective 
of the location of the fault.

2.6. Integration and Packaging

All the above studies on self-healing were performed by dis-
pensing the dispersion over the known location of the open 

fault. However, to achieve manufacturability, the dispersion 
needs to be encapsulated or contained along the interconnects 
without interfering with circuit operation.

There are two approaches to achieve this. The first approach 
is to borrow ideas from microfluidic techniques and contain the 
dispersion in microchannels built into soft materials (e.g., poly-
dimethylsiloxane) and located along the interconnects. While 
feasible, this approach requires a significant increase in man-
ufacturing complexity when it comes to high-density circuits. 
The second approach is to take advantage of the inherently 
insulating nature of the dispersion and dispense the disper-
sion all over the substrate without any containment. The TFTs 
could be encapsulated and a simple design rule that limits the 
maximum electric field between different interconnects would 
avoid unwanted short circuits. While easier to implement, this 
approach tends to increase the possibility of accidental short 
circuits.

Using a combination of both concepts, an approach as 
described in Figure  5a was tested. The PEN substrate was 
patterned into oleophilic and oleophobic regions by coating 
trichloro(1H,1H,2H,2H-perfluorooctyl) silane (97%, Sigma 
Aldrich) by evaporation and by use of a shadow mask. The 
interconnects and devices were then printed in the oleophilic 
regions while the oleophobic regions separated different inter-
connects. The dispersion was then dispensed freely over the 
substrate and remained confined in the oleophilic regions. 
Figure 5a shows the cross-sectional image of the confined dis-
persion. Also shown is the comparison of the spread of the 
dispersion with and without oleophobic treatment. Figure  5a 
also shows the performance of the TFT printed on the treated 
substrate before fault, after fault and after healing. The per-
formance of the TFT and the ability of self-heal remained 

Figure 4. Self-healing of interconnects for organic TFT-based common-source amplifier. a) Microscopic images of common source amplifiers on PEN 
substrate. Enlarged photographs showing the load and driver TFTs. b) Self-healing in single-stage voltage amplifier circuit with the fault located at 
various locations as defined by three cases. c) Frequency response of the amplifier before fault and after healing for each of the cases.
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unaffected by oleophobic treatment. While further studies are 
needed, this approach showed promise with regard to scaling 
up and manufacturing flexible electronic platforms with the 
self-healing ability integrated with TFT circuits.

2.7. Impact of Bending

The impact of gentle bending on the heal is shown in 
Figure 5b. An open fault was purposely created in the intercon-
nect between the source of the TFT and ground. The substrate 
was then gently bent to have a radius of curvature of ≈7  cm. 
Contacts were drawn out, and the bent substrate was connected 
to the SMU. The dispersion was then dispensed over the open 
gap. The transfer characteristics of the TFT were then meas-
ured periodically till healing occurred. After the first instance of 
healing, the substrate was removed and subjected to repeated 
bending for 100 cycles. The TFT characteristics were measured 
once again. Figure 5b shows the transfer characteristics of the 
self-healed TFT circuit remained unaffected by bending.

3. Conclusion

To summarize, electric-field-assisted self-healing of inkjet-
printed TFT-based circuits on PEN substrates was demon-
strated. The optimum dispersion was engineered to be 20 mg 
mL−1 of 1 µm Ag particles in silicone oil. Oleic acid functionali-
zation achieved reasonably good stabilization. This dispersion 
was inherently insulating and yet allowed for rapid self-healing. 
Experiments showed self-healing in inkjet-printed intercon-
nects to be most effective when the fault resulted in an electric 
field that was >0.7 V µm−1 but <1.3 V µm−1. Therefore, effective 
healing of open faults of about 20 µm lengths was easily healed 

when the voltage across it was >14 V and when any external 
impedance was <70 MΩ. Moreover, stable healing with the heal 
having an impedance of 400 Ω was consistently achieved. Thus, 
the engineered dispersion was ideal for TFT circuits. Subse-
quently, TFT circuits were shown to heal when the fault was 
located at any point in a current-carrying path. Due to the low 
heal impedance of 400 Ω, the dc output and transfer charac-
teristics of TFTs and ac characteristics of TFT-based amplifiers 
postheal were identical to prefault conditions with no observed 
hysteresis. The heal was also shown to be stable under repeated 
gentle bending of about 7  cm radius of curvature. Multiple 
simultaneous faults were also shown to be healed. The elec-
tronic noise due to the heal was shown to be negligible. Most 
importantly, a method of using oleophobic surfaces to contain 
the dispersion over the interconnects and thereby package the 
dispersion onto the substrate having printed circuits was dem-
onstrated. This allows for the self-healing feature to be made 
available as an add-on feature for printed electronics. These 
results increase the possibility of having thin-film transistor cir-
cuits on flexible substrates with an ability to heal themselves.

4. Experimental Section
Chemicals: Silver (Ag) ink (JET 605C) for inkjet printing was 

purchased from Hisense Electronics, Kunshan, China. Silicone oil 
(viscosity 350 cSt at 25 °C), anisole, PVCN, TIPS-pentacene, polystyrene 
(PS), perfluorobenzenethiol (PFBT) were purchased from Sigma Aldrich. 
CYTOP (CTL-809M) and its thinner (CT-Solv. 180) were purchased from 
Asahi Glass, Japan. Silver powder, APS 0.7–1.3 µm, 99.9% (metals basis) 
was purchased from Alfa Aesar. Oleic acid (>70%) and ethanol (99%), 
extra pure, SLR grade was purchased from Fischer Scientific. PEN 
substrates (Teonex Q65HA, 125 µm) were purchased from Pütz GmbH 
& Co. Folien KG. All chemicals were used without any purification.

Fabrication and Characterization of TFT Circuits: Inkjet printing of 
TFTs on PEN substrate was carried out with DMP-2831 material inkjet 

Figure 5. a) Method to package the dispersion using an inkjet-printing compatible process and add self-healing ability to a circuit. The dispersion 
is prevented from leaving the containment zone by patterning the substrate into oleophobic regions (by silane treatment). Also shown is the cross-
sectional image demonstrating containment of the suspension between silane-treated regions. Also shown is the successful self-healing achieved with 
the above-described packaging. b) Self-healing with bending (bending radius ≈ 7 cm) and demonstration of heal stability after 100 bending cycles.
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printer (Fujifilm, Dimatix). The structure of the fully printed bottom-gate, 
bottom-contact organic TFT was consisted of Ag for Gate electrode, 
PVCN for dielectric layer, followed by another Ag film for source/drain 
electrodes, TIPS-pentacene was blended with PS for semiconductor layer 
and CYTOP for passivation layer.

The ink preparation for each layer is detailed below. The PVCN 
was dissolved in anisole with a concentration of 45  mg mL−1. The 
semiconductor ink was prepared by blending the respective solution 
(10  mg mL−1) of TIPS-pentacene and PS in anisole with a volume-
to-volume ratio of 3:1. All inks were stirred by a magnetic stirrer and 
injected into a cartridge (DMPLCP-11610, Dimatix) through a 0.2 µm 
poly(tetrafluoroethylene) (Teflon) filter. The typical sheet resistance of 
the Ag films was 25–30 Ω sq−1.

The gate electrode was printed using Ag ink with 50 µm drop 
spacing, annealing at 130 °C for 15 min, to form the conductive film.[42] 
Then PVCN film was deposited as two print layers with a drop spacing 
of 10 µm, followed by a 30 min exposure to UV light (254 nm) in curing 
equipment for crosslinking and 30 min annealing at 100 °C. The source 
and drain electrodes were printed like gate electrode and annealed at 
120 °C for 15  min. Before the deposition of the semiconductor layer, 
source–drain electrodes were treated by a PFBT–ethanol solution 
(PFBT:ethanol = 1:1000) for 15  min and rinsed with pure ethanol, 
followed by a 1 min annealing. Then the TIPS–PS blended solution was 
deposited with a drop spacing of 10 µm, annealed at 100 °C for 10 min. 
Finally the CYTOP (CYTOP:thinner = 1:3) was dropped on the channel 
area as the encapsulation, preventing the oxygen and water from the 
semiconductor.[43] The transfer and output characteristics of the devices 
were measured by Keithley 4200-SCS.

Oleic Acid Treatment of Silver Powder: A 10  mg mL−1 suspension of 
silver powder in oleic acid was stirred vigorously at 35 oC for 24 h. The 
suspension was then centrifuged at 4500 rpm for 20  min to remove 
the supernatant. The silver powder was resuspended in ethanol, then 
centrifuged to remove the excess oleic acid. After three successive 
washing cycles in ethanol, the silver particles were dried overnight. 
The desired amount of OA-coated silver powder was added to silicone 
oil and mixed with a vortex mixer for 1  min. The dispersion was then 
sonicated in a water bath for 5 min before its use for self-healing.

Heal Dynamics Video Recording: The video recording of the heal 
dynamics was captured with Olympus DP-71 with 20× lens with a frame 
rate of 30 fps.

Helium-Ion Microscope Recordings: The sample for healed bridges 
across inkjet-printed electrodes was wiped for the residue of healing 
suspension around the electrode gap. A few drops of isopropyl alcohol 
(LR Grade, 99%) were rolled across the gap to remove residual oil and 
dried in ambiance. The sample was then subjected to oxygen plasma 
for 90 s, with Diener-electronic Femto plasma system. The bridge was 
imaged in a ZEISS NanoFab He-ion microscope. The imaging voltage 
was 20 kV.

Surface Treatment of PEN for Integration and Packaging: PEN substrate 
was coated with oleophobic film to contain the healing dispersion on 
selective area. The selective coating was achieved by vacuum deposition 
of trichloro(1H,1H,2H,2H-perfluorooctyl)silane (97%, Sigma Aldrich) on 
PEN substrate with a shadow mask.
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