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to their mismatch in thermal expansion. Although many 
recent works have strived to address these issues by devel-
oping chemical, localized infrared or laser sintering, and the 
self-assembly of modifi ed metal nanoparticles, [ 28,29 ]  those 
methods are still sophisticated for R2R fabrication or replied 
on expensive materials such as Au, and are not suitable for 
many thin-fi lm devices. 

 An alternative printing strategy, namely polymer-assisted 
metal deposition (PAMD), has been reported very recently. [ 30 ]  In 
PAMD, a thin layer (or patterns) of functional polymer was fi rst 
grafted onto the plastic substrate and was subsequently used to 
immobilize catalytic species for electroless deposition (ELD) of 
metal at low temperature. [ 31–33 ]  This bottom-up strategy shows 
great success in making highly adhesive, conductive, smooth, 
and fl exible metal electrodes. [ 34–36 ]  Another signifi cant attribute 
of PAMD is its ability to fabricate low-cost electrodes including 
Cu and Ni, which are diffi cult to make with sintering strategy 
abovementioned. [ 37–40 ]  Nevertheless, the grafted polymers are 
made via time-consuming in situ polymerization directly on 
the plastic substrate, which is diffi cult to implement in the R2R 
fabrication, and are not suitable for making devices requiring 
vertically stacked metal electrodes such as thin-fi lm transistors 
(TFTs). [ 33–35,37,39 ]  Moreover, printing inks for PAMD showed 
poor stability: inks must be freshly prepared before use, long-
time usage of these inks might result in not only loss of their 
reactivity but also blockage or corrosion of the printing nuzzles 
and tubing. [ 31,32 ]  Indeed, there is an extraordinary demand to 
date for stable and printable materials, which can allow high-
speed R2R printing of high-performance and low-cost metal 
electrodes for fl exible electronics. 

 To address these challenges, we report here for the fi rst time 
the development of a new copolymer ink strategy that allows 
high-speed and low-temperature printing of metal electrodes. 
The key-enabling feature is the new bi-functional copolymer, 
which is designed to incorporate UV reactive ligands for self-
crosslinking and surface grafting, as well as metal-platable side 
groups for ELD of metal. As such, the copolymer takes the 
advantage of room-temperature metal deposition of PAMD, 
while achieving high-speed tethering of the functional polymer 
onto the substrate without the trouble of liquid-state in situ 
polymerization. The time required to print the metal electrodes 
with this new copolymer strategy is only ≈1/10 of the state-of-
the-art. Importantly, this copolymer ink strategy is suitable not 
only for devices (such as circuits, sensors, solar cells) requiring 
single-layered metal electrodes but also TFTs which require 
metal electrodes that are layered in the vertical direction. 

  The successful realization of electronic components that are 
mechanically fl exible is believed to revolutionize a wide spec-
trum of fi elds spanning from informatics and display, [ 1–3 ]  
energy conversion and storage, [ 4–9 ]  to medical diagnostics and 
actuations, [ 10–13 ]  robotics, [ 14,15 ]  and wearable technology. [ 16–19 ]  
Using polymer-based substrates such as plastic thin fi lms, 
fl exible electronic devices are highly desirable to be made by 
continuous roll-to-roll (R2R) printing. [ 20–24 ]  This is particularly 
appealing because of the low cost and remarkable throughput 
of modern R2R printing technology. It is also because plastic 
substrates are intrinsically less compatible with conventional 
microfabrication, which often requires high vacuum and high 
processing temperature. Indeed, a central task of the research 
fi eld in recent years has been focused on developing cost-effec-
tive, yet high-performance materials that are printable under 
ambient conditions. Among the multiple materials of a fl exible 
electronic device, active materials are apt to be printable since 
their chemical structures are tailor-designed in the synthetic 
steps to be soluble or dispersible in certain solvents. Printing 
metal electrodes, however, remains to be the top-challenging 
task to tackle to date. 

 To date, most metal electrodes are printed with pre-
cursor solutions or nanoparticle dispersions that require a 
thermal sintering post-treatment to improve their conduc-
tivity and surface morphology. [ 25–27 ]  That energy-consuming 
sintering step can readily deform the plastic substrates due 
to the high temperature applied, as well as surface cracking 
and delamination between the metal and the substrate due 
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We demonstrate here the fabrication of fl exible TFTs with verti-
cally printed source, drain, and grate Cu electrodes, which show 
a high mobility of 15.3 cm 2  V −1  s −1  and  I  on / I  off  of 4.22 × 10 6  
even under 1000 folding tests. To the best of our knowledge, 
this is the fi rst paper reporting high-performance fl exible TFTs 
with all printed Cu electrodes. 

 The new copolymer, poly(4-methacryloyl benzophenone- co -
2-methacryloyloxy ethyltrimethylammonium chloride) [P(MBP-
 co -METAC)], was made via a simple and highly scalable two-step 
synthesis (Figure S1a, Supporting Information). In each labora-
tory synthesis, ≈15 grams of the copolymer was typically pro-
duced. The MBP:METAC molar ratio of P(MBP- co -METAC) 
was determined to be 1:4.5 by  1 H-NMR analysis (Figure S1b,c, 
Supporting Information). This copolymer is readily dissolved in 
many kinds of nonhazardous organic solvents including meth-
anol, ethanol, glycol, and 2-methoxyethanol ( Figure    1  a), and 
is highly stable under normal laboratory storage environment 
(room temperature in dark): no apparent precipitation, change 
in viscosity, or change in UV–vis absorption was observed 

over a storage period of 12 months (Figure S2, Supporting 
Information). 

  To demonstrate the high-speed reaction ability at room 
temperature, we spin-coated the P(MBP- co -METAC) solution 
(1% in 2-methoxyethanol) onto different fl exible substrates 
including poly(ethylene terephthalate) (PET), polyimide (PI), 
polystyrene (PS) sheets, cotton fabric, fi lter paper, and weighing 
paper. Upon UV exposure, free radicals are generated rapidly at 
the carbonyl position of the MBP units, which enables the cou-
pling with neighboring organic species via a classic hydrogen 
abstraction reaction. This results in one-step simultaneous 
self-crosslinking and surface grafting of the copolymer under 
ambient conditions in just ≈10 min (Figure  1 b,c). In compar-
ison, conventional grafting for PAMD often needs multistep 
in situ reactions for hours in a liquid state. Subsequent to UV 
exposure, the copolymer-tethered substrates were immersed 
into an aqueous solution of (NH 4 ) 2 PdCl 4 , where PdCl 4  2−  ions 
were immobilized onto the quaternary ammonium groups of 
METAC due to the strong electrostatic interactions. Indeed, 

even after copious water rinsing, Pd peak 
could still be readily identifi ed by energy-
dispersive X-ray spectroscopy (Figure S3a,b, 
Supporting Information). Finally, the sub-
strates were immersed into the electroless 
plating bath for the formation of metal thin 
fi lms (150–300 nm). Such a plating process 
endures the high density and low oxidation of 
the metal fi lms. Take Cu, which is the most 
easily oxidized metal here, for example. X-ray 
photoelectron microscopy (XPS) analysis only 
showed only trace amount of copper oxide 
on the surface (Figure S3c,d, Supporting 
Information). As shown in Figure  1 d, all 
samples featured good uniformity, high con-
ductivities (sheet resistance: Cu < 1.0 Ω � −1 , 
Ag < 1.0 Ω � −1 , Ni < 3.0 Ω � −1 ) and excellent 
adhesion (all passed Scotch Tape adhesion 
test and bending adhesion test). 

 Importantly, P(MBP- co -METAC) could 
be readily formulated into different inks for 
printing metal electrodes. As proof of concept, 
we fabricated Cu patterns on fl exible sub-
strates with soft lithography molding, inkjet 
printing, and screen printing, three represent-
ative methods that cover a wide spectrum of 
printing technologies in terms of ink require-
ment, printing resolution, patterning strategy, 
and target applications ( Figure    2   and Figure S4 
in the Supporting Information). 2-Methox-
yethanol was chosen as the main solvent for 
ink formulation not only because of its good 
compatibility with P(MBP- co -METAC) and 
relatively high boiling point (≈124 °C) but also 
its excellent wettability on both hydrophilic 
and hydrophobic substrates, which is critical 
for preparing reproducible and uniform 
printed patterns ( Table    1   and  Table    2  ). 

    The sizes of the printed copolymer fea-
tures matched well with their master design, 
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 Figure 1.    a) Chemical structure (left) and solubility (right) of P(MBP- co -METAC). b) Sche-
matics of the room-temperature metal deposition with P(MBP- co -METAC). c) UV–vis spectrum 
of P(MBP- co -METAC) (0.5 wt% in ethanol) ink before and after UV irradiation. d) Metal thin 
fi lms fabricated on various organic substrates with P(MBP- co -METAC).
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showing a typical sub-10 µm resolution for soft lithography 
molding, sub-100 µm for inkjet printing (with a 80 µm nozzel), 
and sub-500 µm resolution for screen printing. The as-grown 
Cu structured also exhibited good site-selectivity: Cu only 
deposited on the areas covered with the copolymer. The pattern 
diffusion, which is defi ned by the width difference between the 
fabricated Cu strips and the pattern design, was <10%. This low 
diffusion rate is attributed to the marked wettability difference 
between the hydrophilic copolymer-immobilized areas (contact 
angle: 38°) and the pristine hydrophobic substrate surfaces 

(contact angle: 85°), as shown in Figure S6 (Supporting Infor-
mation). All these printed Cu structures were highly conductive 
(sheet resistance < 1.0 Ω � −1 ) with excellent fl exibility. When 
bent at 180° with a decreasing radius of curvature ( r ) from 20 to 
3 mm, the resistance of Cu electrodes remained unchanged. 
Its value remained constant even after 1000 bending cycles 
at  r  = 3 mm (Figure  2 d,e). The low resistance is due to the 
formation of dense Cu fi lm in ELD, while the high fl exibility 
is attributed to the strong adhesion between the metal and the 
surface-grafted copolymer. 
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 Figure 2.    Printing metal electrodes with P(MBP- co -METAC) inks using different printing technologies, including: a) soft lithography molding, b) screen 
printing, and c) inkjet printing. Upper row gives the scheme of each printing, while middle and bottom rows show the optical images of the printed 
copolymer and resulted Cu patterns respectively onPET sheets (a,c) or cotton fabrics (b). Scale bars are: a) 150 µm, b) 1 cm, and c) 100 µm, respec-
tively. d) Electrical resistance of printed Cu electrodes on PET at different bending radii of curvatures. e) Folding fatigue test of printed Cu electrodes 
at a radius of 3.0 mm, showing excellent fl exibility and fatigue-resistance of the printed Cu electrodes.

  Table 1.    Solubility of P(MBP- co -METAC) in various solvents and the corresponding boiling temperatures of these solvents.  

Solvents Methanol Ethanol Glycol 2-Methoxy ethanol DI water Isopropanol

Tyndall effect No No No No Yes No

Solubility             

Boiling temperature 64.7 °C 78.4 °C 197.3 °C 124.5 °C 100 °C 82.6 °C

      indicates that P(MBP- co -METAC)is fully dissolved in these solvents;    indicates that P(MBP- co -METAC) is not fully dissolvent in this solvent and some particles are 

formed;    indicates that P(MBP- co -METAC) cannot be dissolved in this solvent.   
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R2R fabrication of printed electronics because of its good 
printing resolution and position registration, remarkable 
printing throughput, versatility to different pattern designs, 
drop-on-demand material-saving advantage, and noncontact 
patterning style. As proof-of-concept, we demonstrate the large-
area high-speed fabrication of Cu electrodes by using a com-
mercial desktop inkjet printer (Canon iP4980). A standard empty 
printing cartage was fi lled with the P(MBP- co -METAC) ink solu-
tion. The electrode pattern was designed in a desktop computer 
linked to the inkjet printer, and the copolymer ink was printed 
on an A4-size PET sheet at a speed of 2.5 pages per minute with 
a fi x pixel density of 400 dpi, the same condition as printing a 
high-quality photo on paper. Finally, the printed copolymer was 
exposure to UV light and ELD (Movie 1, Supporting Informa-
tion).  Figure    3   shows as-made 147 symmetric Cu electrode arrays 
(Figure 3a), a complicated circuit board (Figure 3b), and univer-
sity logos (Figure 3c) printed on PET. 

  Unlike inkjet printing of conventional metal nanoparticle 
inks, which shows undesirable sharp ridges at the pattern 
edges as well as very rough topography (>50 nm) due to the 
coffee ring effect, our inkjet-printed Cu electrodes were coffee-
ring-free and smooth. Atomic force microscopy (AFM) studies 
revealed that, even though the thickness of our inkjet-printed 
copolymer and Cu electrodes respectively reached ≈180 and 
≈440 nm, their edges were smooth and free from sharp ridges 
(Figure S7, Supporting Information). The topographic surfaces 
of Cu were also smooth, showing low surface roughness being 
11 nm (Figure S7, Supporting Information). 

 With these smooth edge and topography, the inkjet-printed 
Cu electrodes can be used for many fl exible electronics devices. 
For example, we made a fl exible keyboard with printed arrays of 
interdigitated Cu electrodes and leads on PET (Figure  3 d and 
Movie 2 in the Supporting Information). With similar resister 
layout, we also fabricated a fl exible gas sensor, which showed 
ppm level of sensitivity to ammonia gas. In another example, 
we demonstrate the fi rst solution-processed fl exible organic 
solar cell (OSC) that is made with inkjet-printed copper elec-
trodes (Figure  3 f). The printed Cu electrode was used as bottom 
back cathode, because of its combination of advantages of high 
adhesion to the substrate, high electrical conductivity, high 
optical refl ectance, and high smoothness. Polyethylenimine 
(PEI), poly(3-hexylthiophene) and phenyl-C61-butyric acid 
methyl ester blends (P3HT:PC 61 BM), and poly(3,4-ethylene-
dioxythiophene) polystyrene sulfonate (PEDOT:PSS), which 
were deposited by spin coating, were used as electron trans-
porting layer, absorber, and top transparent anode, respectively. 
This OSC showed a typical power conversion effi ciency of 2.4%, 
which is among the best performing full-solution processed 
OSCs with P3HT:PC 61 BM absorber. [ 34 ]  The result is also com-

parable to a reference device using vacuum-deposited Cu elec-
trode (Figure S9 and Table S1, Supporting Information). More 
importantly, the device possessed good stability upon repeated 
bending tests at a very small radius of curvature (6 mm) even 
after 1000 cycles of high speed (1 Hz) bending (Figure  3 g). 

 Very importantly, apart from devices that only require single-
layered metal electrodes, the printable copolymer ink is also 
suitable for making vertically stacked multilayered Cu elec-
trodes for devices such as TFTs, which has been an area yet to 
tackle. Here, we demonstrate the fi rst high-performance fl ex-
ible TFTs fabricated with source, drain, and gate electrodes that 
are all made with the inkjet-printed Cu electrodes, with a top-
gate structure ( Figure    4  a). First, Cu source and drain electrodes 
(200 nm thick) were printed on PET. Amorphous-indium–
gallium–zinc-oxide (a-IGZO) semiconductor, 40 nm thick, 
was used as channel material and a bilayer of SiO 2  (500 nm) 
and poly(4-vinylphenol) (PVP) (20 nm) was used as gate dielec-
tric. Finally, the top Cu gate was fabricated by a second inkjet 
printing process, which was aligned onto the channel posi-
tion of the device. Figure  4 b shows a 4 in. TFT arrays made 
at one time, which consisted of 105 TFTs with various channel 
lengths. We found that the shortest channel we could reproduc-
ibly make with the current inkjet printer was ≈180 mm. With 
this confi guration, the device mobility ( µ  sat ) was measured to be 
15.66 cm 2  V −1  s −1 . The threshold voltage ( V  TH ) was 2.53 V. The 
subthreshold swing SS and the ON/OFF ration ( I  on / I  off ) were 
0.55 V dec −1  and 3.53 × 10 6 , respectively (Figure  4 c,d). 

  The device was then bent at three different radii  r , being 
14.4, 8.2, and 3.9 mm, which correspond to an applied tensile 
strain of 0.44%, 0.77%, and 1.61%, respectively. Toward smaller 
 r , The  I  DS – V  GS  curve shifted toward the negative  V  GS  direction 
without apparent deterioration of  µ  sat  and SS (Figure  4 e,f). The 
shift of  V  GS  can be explained by the decrease of energy bandgap 
of a-IGZO when an increasing tensile strain was applied. [ 41–43 ]  
In addition, we found that gate leakage current (| I  G |) increased 
signifi cantly by several orders of magnitudes when the 
device was bent at  r  = 3.9 mm (Figure  4 f). This was attributed 
to the cracking of the SiO 2  layer, as observed by optical micro-
scope (Figure S13, Supporting Information). 

 To evaluate the stability of the device at continuous bending, 
we further measured the device transfer and output per-
formance during 1000 cycles of bending at  r  = 8.2 mm. The 
extracted electrical parameters during the fatigue test are 
plotted in Figure  4 g. | I  G | kept almost fi xed which indicates good 
reliability of the gate insulator under this fatigue test.  µ  sat  and 
 I  on / I  off  also maintained at remarkably high values during the 
continuous bending cycles.  V  TH  and SS slightly decreased as 
the bending cycle increased. The decrease of  V  TH  origins from 
the variation of energy band structure as discussed above. The 
decrease of SS possibly originates from the defect-reduction 
in the a-IGZO channel caused by structure change under the 
bending test. 

 The electrical characteristics of other 10 randomly selected 
devices were also measured to study the dispersion of device 
performance (Figure S11 and S12, and Table S3, Supporting 
Information). The results show that the mobility of the devices 
is 9–17 cm 2  V −1  s −1  and the ON/OFF ratio is in the range of 
10 5 –10 7 . These results are also comparable to those of reference 
devices we made, which were based on vacuum-deposited Cu 
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  Table 2.    Contact angles of P(MBP- co -METAC) (1.0 wt%) in DI water and 
2-methoxylethanol on various organic substrates.  

 PET PS PI Paper a) Paper b) Cotton fabric

DI water 85° 95° 100° 0° 70° 0°

2-Methoxylethanol 5° 35° 40° 0° 5° 0°

    a) Filter paper;  b) Weighing paper.   
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electrodes (Figure S10 and Table S2, Supporting Information). 
Currently, the fabrication was done in ordinary web elabora-
tion, we believe that the uniformity of the device can be signifi -
cantly enhanced by using high-resolution inkjet printers and 
more standard fabrication environment such as clean room. 

 In conclusion, we have reported, for the fi rst time, a new 
copolymer strategy to print metal electrodes for R2R fabrica-
tion of fl exible electronic devices. The copolymer is designed 
to incorporate both UV crosslinkable and metal-platable groups 

at the side chains, so that it allows one-step UV crosslinking 
and surface grafting of the copolymer as well as ELD of metal 
at room temperature. Compared with conventional inks made 
of small molecules (both inorganic and organic) or metal nano-
particles for printing metal electrodes, the copolymer strategy 
shows several unique advantages as follows: i) the copolymer 
system signifi cantly outperforms in its multifunctionality and 
good solubility in nontoxic solvents. That is, without the need 
to carefully consider the stabilizing reagents, pH, atmosphere, 
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 Figure 3.    High-speed, large-area printing of Cu patterns including: a) 147 Cu electrode arrays (scale bar: 2 cm), b) Cu plastic circuit board, and c) Cu 
university logos on PET (right) and 1:1 black-and-white reference image on paper (left, scale bar: 2 cm) printed using the desktop Canon iP4980 inkjet 
printer shown in the inset of (a). d,e) An inkjet-printed fl exible keyboard of a calculator shown in panel (e). The function of each interdigitated electrode 
is labelled. f)  I – V  characteristics of the full-solution-processed organic solar cell using printed Cu bottom back electrodes. The inset shows the device 
structure. g) Fatigue folding tests of the fl exible solar cell shown in panel (f) at a small radius being 6 mm, showing remarkable fl exibility and stability.
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or choice of solvents, the copolymer can be readily formulated 
into inks that are compatible with a wide range of laboratory 
and industrial printing technologies, such as soft lithography 
molding, screen printing, and inkjet printing. It should be 
noted that all these inks can be stored in a typical chemical 
storage environment for more than one year without observable 
degradation. ii) This copolymer ink enables R2R fabrication of 
low-cost metal electrodes such as Cu and Ni at room tempera-
ture without the need for any time-consuming in situ polym-
erization or high-temperature postannealing, which has been 
a major challenge in the past. The time needed to pattern the 
copolymer on an A4 paper takes only less than 1 min. iii) The 
copolymer ink strategy overcomes the fatal coffee ring effect, 

which exists in the most-reported nanoparticle ink system. 
Therefore, our low-cost yet high-quality Cu electrodes are 
proved to be suitable for many high-performance fl exible thin-
fi lm electronic devices, including not only devices requiring 
laterally patterned metal electrodes such as resistors and OSCs 
but also TFTs demanding three-dimensionally stacked metal 
electrodes. To the best of our knowledge, this is the fi rst report 
on OSCs and TFTs made with inkjet-printed Cu electrodes. iv) 
The synthesis of the copolymer is simple (only two steps) and 
highly scalable. Since most electronic devices and integrated 
circuits are constructed based on the combination of resistors, 
diodes, and transistors demonstrated above, we believe this 
new copolymer strategy offers a remarkably versatile solution to 
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 Figure 4.    Flexible a-IGZO TFTs fabricated with laterally patterned and vertically stacked inkjet-printed Cu electrodes. a) Schematic structure of the 
TFT. The source, drain, and gate of the TFT are all inkjet-printed Cu electrodes. b) A 4 in. TFT array on PET made at one time, which consists of 105 
printed TFTs with various channel lengths. The optical image of one printed TFT is shown at bottom (scale bar: 500 µm). c,d) Transfer curves (c) and 
corresponding output characteristics (d) of as-made TFTs. e,f) Transfer curves (e) and corresponding output characteristics (f) of TFTs at different 
bending radius of curvatures. g) Fatigue folding tests of fl exible TFTs at the radius of 8.2 mm, showing excellent fl exibility and stability of the device.
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low-temperature and high-speed R2R fabrication of many kinds 
of fl exible and even stretchable electronic devices in the future.  

  Experimental Section 
  Synthesis of P(MBP-co-METAC) : P(MBP- co -METAC) was synthesized via 

a two-step reaction, including the esterifi cation of 4-hydroxylbenzophene 
with methacryloyl chloride, and the free-radical polymerization of MBP 
and METAC. In the fi rst step, 4-hydroxybenzophenone (5.5 g, 28 mmol, 
Sigma–Aldrich) and triethylamine (5 mL, 36 mmol, Sigma–Aldrich) 
were dissolved into anhydrous dichloride methane (200 mL), and then 
the solution of methacryloyl chloride (4 mL, 42 mmol, Sigma–Aldrich) 
in anhydrous dichloride methane was slowly added into the mixture 
solution above dropwise at 0 °C. After reaction for 24 h, the mixture 
was sequentially washed with diluted hydrochloride acid (10 wt%) and 
saturated sodium hydrocarbonate for three times. Next, the solution 
was dried by anhydrous sodium sulfate, and the solvent was removed 
under reduced pressure by a rotary evaporator. Finally, the white needle-
like MBP monomer was obtained by recrystallization of the raw product 
from hexane with ≈85% yield. In the second reaction, as-synthesized 
MBP (4.2 g, 16 mmol) and dried METAC (13.3 g, 64 mmol, Sigma–
Aldrich) were added into 2-methoxylethanol (100 mL, Sigma–Aldrich). 
The solution was bubbled with argon gas for about 30 min to remove 
dissolved oxygen gas. And then, initiator, 2,2′-azobis-isobutyronitrile 
(0.14 g, 0.85 mmol, Sigma–Aldrich), was added, and the whole solution 
was heated to 65 °C for about 24 h. After that, the white solid polymer 
was precipitated with acetone. Finally, purifi ed P(MBP- co -METAC) was 
obtained by repeated precipitation from ethanol into acetone. 

  Fabrication of Copolymer Thin Films and Patterns on Flexible Substrates : 
Various substrates, including PET, PI, PS, cotton fabric, and papers, were 
fi rst cleaned by ethanol and dried in oven. Then, the ethanol solution 
of P(MBP- co -METAC) (1 wt%) was spin-coated on cleaned substrates at 
the speed of 3000 rpm for about 60 s. After blowing with hot air for 
a few seconds or leaving in the air for a few minutes to get rid of the 
residue solvent, the samples were exposed to UV light (e.g., Spectroline 
MODEL SB-100PA/F) for about 15 min, at the distance of 2 cm with 
the energy density of ≈20 mW cm −2  at 365 nm. For the fabrication of 
polymer patterns by photolithography, a photomask was placed on top 
of the spin-coated polymer layer before exposing the sample to UV light. 

 For the fabrication of patterns by soft lithography molding, a clean 
PDMS stamp was pressed onto the PET substrate. Then, a few droplets 
of P(MBP- co -METAC) in ethanol (2 wt%) were placed at the edge of the 
stamp. Due to capillary force, the solution easily fi lled into the channels. 
After that, the copolymer in the PDMS channels was cured under UV 
light for 25 min, and the stamps were peeled off from the substrates. 

 For the fabrication of patterns by inkjet printing, P(MBP- co -METAC) 
was fi rst dissolved into 2-methoxylethanol (0.5 wt%) and fi ltered with a 
syringe fi lter (≈450 nm). And then, the copolymer solution was injected 
into ink cartridges for printing. All of the digital images were designed by 
CorelDraw X5 and printed by a commercialized printer (Canon PIXMA 
iP4980). After printing, the polymer patterns were dried by hot air and 
irradiated as same as the spin-coated fi lms above. 

 For fabricating patterns by screen printing, PEG (40 g) and DI water 
(10 mL) were heated at 80 °C for about 5 h, and then 2-methoxyethanol 
solution of P(MBP- co -METAC) (5 mL, 10 wt%) was quickly added into 
the hot aqueous solution of PEG. A homogenous polymer gel was 
obtained by vigorous stirring and slow cooling. As to the catalyst ink, 
it was prepared by adding (NH 4 ) 2 PdCl 4  (23 mg) into the hot aqueous 
solution of PEG (PEG:DI water = 5 g:2.3 g). The polymer gel was 
selectively printed onto cotton fabric through a silk screen, and the 
catalyst ink was screen-printed onto the same areas sequentially. Next, 
the patterns were exposed to UV-light for about 25 min and rinsed by 
water to remove the exceed P(MBP- co -METAC) and catalyst precursors. 

  Electroless Deposition of Metals : The UV-reacted copolymer thin 
fi lms and patterns were sequentially immersed into aqueous solution 
of (NH 4 ) 2 PdCl 4  (5 mM L −1 , Sigma–Aldrich) for 10 min and electroless 

plating bath of copper (≈5 min), nickel (≈15 min), or silver (≈10 min) at 
room temperature, respectively. Finally, the corresponding metal fi lms 
or patterns on various substrates were obtained by washing with water 
and drying. The plating bath of copper contained a 1:1 mixture of freshly 
prepared solutions A and B. Solution A contained NaOH (12 g L −1 , Uni-
Chem), CuSO 4 ⋅5H 2 O (13 g L −1 , Uni-Chem), and potassium sodium 
tartrate (29 g L −1 , Uni-Chem) in DI water. Solution B was an HCHO 
(9.5 mL L −1 , Uni-Chem) aqueous solution. The plating bath of nickel 
contained NiSO 4 ⋅5H 2 O (40 g L −1 , Uni-Chem), sodium citrate (20 g L −1 , 
Uni-Chem), lactic acid (10 g L −1 , Uni-Chem), and dimethylamine borane 
(DMAB) (1 g L −1 , Sigma–Aldrich) in DI water. A nickel stock solution of 
all components except the DMAB reductant was prepared in advance. 
And the DMAB aqueous solution was prepared separately. The ELD 
plating solution was prepared by mixing the nickel and reductant stocks 
with a ratio of 4:1 v/v and adjusting the pH = 8 with ammonia. 

  Fabrication of Ammonia Sensors : The sensors were fabricated on PET 
substrates according to the literature. [ 44 ]  First, the conducting material 
of reduced graphene oxide and polyaniline in ethanol was dropped 
onto printed electrodes and dried in air. Then, sensor was put into a 
home-made box for measuring the changes of resistance with changing 
the concentration of ammonia gas in the box. Ammonia gas was 
generated by adding the ammonia solution (70% in water) into solid 
sodium hydroxide, and injected into the box by vacuum. The volume 
of ammonia gas was calculated by ideal gas law ( PV  =  nRT ), where the 
values of  R  and  T  were 8.314 J K −1  mol −1  and 298 K, respectively.  V  was 
the volume of whole box, and  n  was the ammonia amount in moles and 
can be calculated from the used ammonia solution (a 100% conversion 
ammonia from solution to gas). On the basis of these, the value of ppm, 
i.e., volume ratio of  P  to  P  0  was obtained in which the value of  P  0  was 
1.0 × 10 5  Pa. A Keithley 2400 source meter was used to measure the 
current–voltage ( I – V ) characteristics of the ammonia sensors and the 
applied potential was about 2.0 V. 

  Fabrication of Organic Solar Cells : The Cu electrodes were fabricated 
on PET substrates by inkjet printing described above and were annealed 
at 120 °C for 30 min in a nitrogen-fi lled glove box to remove the water 
and other gaseous impurity induced from the air. They were then 
immersed in the acetic acid (99.8% purity, Sigma–Aldrich) at room 
temperature for 1 minute and dried with a nitrogen gas fl ow. PEI fi lms 
were made by spin coating from its 0.5 wt% 2-methoxyethanol solution 
on acid-treated Cu electrodes at 5000 rpm for 60 s in a nitrogen-fi lled 
glove box and annealed at 100 °C for 10 min. After that, the active layer 
was spin-coated on PEI at 800 rpm for 60 s in the glove box from the 
chlorobenzene solution of P3HT:PC 61 BM (10:8 in weight ratio) and 
annealed at 145 °C for 5 min. Finally, PEDOT:PSS solution (Clevios PH 
1000, Heraeus) doped with 5 wt% DMSO and 0.5 wt% surfactant (Zonyl 
FS-300) was spin-coated on the active layer as top electrode at 1000 rpm 
for 60 s, and then annealed at 130 °C for 20 min in the glove box to 
fi nish the device fabrication. The vacuum-deposited Cu based reference 
solar cell was fabricated by the same process, except that the Cu bottom 
electrode was replaced by 100 nm Cu deposited by thermal evaporation. 
A Keithley 2400 source meter was used to measure the current-density–
voltage ( J – V ) characteristics of the solar cells, and a 300 W Oriel solar 
simulator (91160, Newport, 100 mW cm −2 , equipped with AM1.5 fi lter) 
calibrated by a standard silicon solar cell was used as the light source. 

  Fabrication of Thin-Film Transistors : Top-gate structure of TFT is used 
in this work. The fl exible a-IGZO TFTs were fabricated on 125 µm-thick 
PET substrates. First, Cu source and drain electrodes (200 nm) were 
fabricated on PET by inkjet printing. Then, a 40 nm-thick a-IGZO 
semiconductor was deposited by DC sputtering and patterned by 
shadow mask. The Ar and O 2  fl ow rates were 48 and 2 sccm respectively 
with a working pressure of 0.42 Pa. The sputtering power was 100 W 
with a power density of 2 W cm −2 . The gate insulator consists of a 
thick layer of SiO 2  (500 nm) and a thin layer of PVP (20 nm). The SiO 2  
was fabricated using plasma-enhanced chemical vapor deposition 
(PECVD) at 150 °C. The reactive gas was a mixture of SiH 4  (100 sccm, 
diluted in N 2  with 10 vol%) and N 2 O (400 sccm). The RF power was 
30 W. The thin PVP layer was spin-coated on the PECVD SiO 2,  and 
sequentially heated at 110 °C for 3 min and 180 °C for 20 min. Finally, 
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the top-gate electrodes were fabricated on the top of PVP layers as same 
as the sources and drains above. The vacuum-deposited Cu-based 
reference TFT was fabricated by the same process, except that the Cu 
electrodes were replaced by Cu deposited by magnetron sputtering. The 
electrical performances of the fl exible a-IGZO TFTs were characterized 
by using Agilent B1500A semiconductor device parameter analyzer in 
the atmosphere and in dark environment. 

 The saturation mobility  µ  sat  was extracted from the square root of 
drain-current  I  DS  versus the gate-source voltage  V  GS  plot according to 
the standard drain-current equation in the saturation region: 

 
1
2

( )DS,sat sat G GS TH
2I C W

L
V Vμ= −

  (1)
 

   The threshold voltage  V  TH  was extracted from the linear extrapolation 
of the  I  DS  1/2 – V  GS  plot. The subthreshold swing (SS) was taken as the 
minimum value of ( log / )DS GS

1I V∂ ∂ −  in the subthreshold region. The 
on-current  I  on  was the drain-current  I  DS  at  V  GS  = 20 V. The off-current  I  off  
was the minimum  I  DS  at the off-state. 

  Instruments and Characterization : Optical images were recorded 
with a Nikon Eclipse 80i optical microscope (Nikon, Tokyo, Japan). 
AFM morphologies were measured by an XE-100 AFM (Park Systems, 
Suwon, South Korea) in noncontact mode under ambient conditions. 
The energy dispersive spectra were collected by an energy dispersive 
spectroscope (JEOL Model JSM-6490 & Oxford INCA Energy 250). XPS 
analysis were carried with X-ray photoelectron spectrometer (SKL-12, 
Leybold Heraeus). The UV–vis spectra were collected using a UV–vis 
spectrometer (PerkinElmer Lambda 18). The  1 H-NMR spectra were 
recorded on a 300 MHz NMR spectrometer (Bruker DPX). The contact 
angles were measured by an Easy Drop System (DO 4010, GmbH, 
Germany). The sheet resistance was measured by a 4-point probe 
system (RTS-9, 4 PROBES TECH).  
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