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We report on the fabrication of organic thin-film transistors (OTFTs) with a reverse-offset-printed Ag metal source/drain (S/D)
electrode pattern. The printed electrodes had a channel length of less than 5 �m and resistivity of 3� 10�6 X cm. The OTFTs
were fabricated from regioregular poly(3-hexylthiophene) as the semiconductor and poly(methyl methacrylate) as the gate insula-
tor. The transfer and output characteristics of a top-gate OTFT with a channel length of 5 �m were evaluated. Here we discuss in
detail the technological challenges encountered with reverse offset printing and the failure modes.
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Organic thin-film transistors (OTFTs) have received consider-
able attention because of their mechanical flexibility, low weight,
and low-temperature fabrication process. With respect to device per-
formance, there is no obstacle to real practical application of
OTFTs. Organic electronic devices can be used in a wide range of
applications, ranging from organic light-emitting diodes (OLEDs)
for mobile phones and televisions to OTFTs for rollable displays,
wearable computers, and other portable devices such as electronic
paper. Other potential applications include solar-cell photovoltaics,
memory, sensors, radio frequency identification cards (RFIDs), and
batteries.1,2

Over the last several years, research has been increasingly con-
centrated on the development of processing methods for both func-
tional polymers and solution-based metal electrodes for electronic
devices. A great number of methods have been proposed for proc-
essing the material layers necessary for OTFT circuits, many of
which are borrowed from traditional printing technologies such as
offset, gravure, and flexographic printing, which are currently used
primarily in the production of newspapers, books, packaging, etc.
With respect to future mass production of organic electronics, a key
issue is to develop ways to rely solely on these mass-printing meth-
ods for successive deposition of the different layers.3,4

Using printing technologies for OTFT-based applications is an
exciting possibility because of the potentially high volume and low
cost of production. The current state-of-the-art technology in offset
and gravure printing can achieve resolutions on the order of 20 �m
with a layer thickness of less than 1 �m.3,4 However, most of the lit-
erature on the production of OTFTs is focused on inkjet or photoli-
thographic processes.5–7 Nevertheless, Makela et al.8 reported an
all-polymer transistor in which source/drain (S/D) electrodes are
printed by using flexographic printing. Furthermore, Zielke et al.9

fabricated OTFTs by using offset-printed S/D structures, and Hue-
bler et al.10 reported the first successful fabrication of an integrated
circuit solely by means of fast, continuous mass-printing technol-
ogy. However, the frequency of their seven-stage ring oscillator was
very low (�4 Hz). The low performance of their printed organic cir-
cuit stemmed from the coarse interdigitated S/D pattern of the
TFTs. Gravure-printed transistors have been demonstrated in the
past, but these were typically limited to very low performance levels
due to the poor line width and registration achieved in these proc-
esses.9,10 In OTFTs, the frequency is inversely proportional to the
square of the channel length.11 Thus, the switching speed of OTFTs
at high frequency will improve if the channel length L is reduced, as
shown in following equation, where Vdd is the driving voltage and �
is the carrier mobility (FMAX¼�Vdd/L2).

Recently, Moon et al.12 analyzed a new direct printing method
using Ag nanopowder ink for metal electrodes; this was a modified
version of conventional gravure offset printing. They first coated a
soft blanket roll with Ag ink and rolled it onto a glass cliché with
electrode patterns. This pickup (off-step) process removes any
unnecessary Ag ink outside of the electrode pattern. They then
transferred the remaining Ag ink on the blanket roll to the desired
glass substrate (set-step). This method is commonly called reverse
offset printing. Reverse offset printing is one of mass-production
printing methods that can achieve high resolution and complicate
shape pattern.

In this study, we investigated the feasibility of reverse offset
printing for structuring S/D areas and its applicability in the produc-
tion of complete top-gate OTFTs. In addition, routes for further de-
velopment were clarified by identifying the major technological
challenges encountered with reverse offset printing.

Experimental

Ag electrodes with channel lengths of 5 �m or less were fabri-
cated on glass substrates using a plate-to-plate reverse offset printer
(Narae NanoTech Corporation). Ag nano paste ink (39 wt % Ag,
viscosity: 1.5 cps, surface tension: 25.8 mN/m; Advanced Nano
Products Co. Ltd.,) was dispensed onto the surface of the blanket
roll by a syringe pump that can manipulate small amounts of Ag
ink. As the blanket was rolled over the cliché with various patterns
at a speed of 15 mm/s, unnecessary ink was removed from the blan-
ket and transferred onto the top of the cliché surface. The remaining
Ag ink, which was in the desired pattern on the blanket, was trans-
ferred onto 200� 200 mm glass substrates in the atmosphere. The
heat treatment for curing was carried out in the furnace at 450�C for
20 min in order to remove the various additives and solvent in the
printed Ag ink. The resistivity of the printed Ag electrodes was
calculated from the sheet resistance and thickness. Excellent fine
patterns with channel lengths of 5 �m were observed by optical mi-
croscopy. Regioregular poly(3-hexylthiophene) (rr-P3HT; concen-
tration: 20 mg/ml, regioregularity: 98%, MW¼ 27.3 k; Rieke Metal
Inc.,) was used as the active organic semiconductor material and
dissolved in p-xylene at 80�C for 30 min before being filtered via a
0.2 �m polytetrafluoroethylene (PTFE) syringe filter; it was then
spin-coated at 2000 rpm onto the printed Ag electrodes and then
cured at hotplate in N2 atmosphere at 100�C for 30 min. The thick-
ness of P3HT film after spinning and final curing were 60 and 50
nm, respectively. Poly(methyl methacrylate) (PMMA; MW: 120 k,
dielectric constant: 3.5; Sigma–Aldrich) was used as a gate insula-
tor. The PMMA (120 mg/ml) was dissolved in n-butyl acetate at
80�C for more than 2 h, spin-coated at 2000 rpm and then cured atz E-mail: kjb0706@etri.re.kr; bkju@Korea.ac.kr
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hotplate in N2 atmosphere at 100�C for 30 min. The thickness of
PMMA after spinning and final curing were 1350 and 1200 nm,
respectively. In order to solve electrical short due to high roughness
of printed Ag electrode, thick gate insulator was used. The capaci-
tance of PMMA gate dielectric was 2.6 nF/cm2. Finally, for the gate
electrode, an Al metal film of thickness 100 nm was deposited by
thermal evaporation through a metal shadow mask. The OTFT char-
acteristics were measured by using a semiconductor parameter ana-
lyzer (4200-SCS, Keithley Instruments Inc.).

Results and Discussion

Figure 1 shows a schematic diagram of the reverse offset printing
process and our device structure. Our devices consisted of four
layers: the reverse-offset-printed Ag S/D electrodes, spin-coated rr-
P3HT organic semiconductor, spin-coated PMMA gate dielectric,
and vacuum-evaporated Al gate electrode. Figure 2 shows the line
and space pattern of the reverse-offset-printed Ag electrodes. The
minimum line width was 15 �m, and the minimum space between
lines was 3 �m, as shown in Fig. 2. The printed minimum line width
and space between lines depended on the line width and space
dimensions of the cliché printing plate. These were the limit dimen-
sions imposed by our glass cliché fabricated through a wet etching
process. To prepare the cliché printing plate, Cr hard masking pat-
terns on a glass substrate were fabricated by phototolithography.
The glass was then wet-etched by using an HF etchant. Line widths
of less than 15 �m and line spaces of less than 3 �m could not be
fabricated because of the isotropic etching property of wet etching.
A cliché fabricated by dry etching or laser drilling may be needed
for resolution patterns higher than those used in this study. How-
ever, there is a tradeoff between a high resolution pattern and fabri-
cation cost of the cliché. Moon et al.12 already reported a line width
of 8 �m and space width between lines of 3 �m using reverse offset
printing. Toppan13 also reported a space width of less than 3 �m
between lines using offset-based printing technology.

Figure 3 shows the transmitted optical image of an S/D electrode
fabricated by reverse offset printing. As mentioned before, even
though the minimum space width between lines was 3 �m, some of
the patterns with 3 �m were electrically shorted by incomplete ink
transfer and overflowing of Ag ink during the curing process. The
channel width and length commonly used for the fabricated OTFT
were 40 and 5 �m, respectively; the thickness of the electrode was
400 6 20 nm. There was no pattern failure for S/D patterns with
these dimensions. The resistivity of the Ag electrode annealed at
450�C for 20 min was 3� 10�6 X cm. This is comparable to that of
the AlNd or MoW electrodes commonly used in the Liquid Crystal

Display (LCD) industry. High-temperature annealing conditions
were chosen considering the adhesion and resistivity of Ag electro-
des for S/D purposes.

The electrical characteristics of the OTFT were analyzed in the
dark at atmosphere. Figure 4 shows the transfer and output charac-
teristics of the OTFT with reverse-offset-printed S/D electrodes.
The OTFT had saturation mobility (�sat) of 4.6� 10�3 cm2/Vs,
threshold voltage (Vth) of �6.4 V, subthreshold swing (SS) of �24
V/decade, and on/off ratio of about 103.

The OTFTs with various channel width/length (W/L) of 40/20
�m, 40/10 �m, 40/5 �m, and 40/3 �m were fabricated and their
characteristics were evaluated. The mobility values were
2.4� 10�2, 1.7� 10�2, 4.6� 10�3, and 3.0� 10�3 cm2/Vs, respec-
tively. As the channel length was decreased, mobility was also
decreased revealing serious contact resistance of short channel TFT.
In order to compare between the conduction of deposited electrode
and that of printed one, we fabricated the OTFTs with deposited
Au 20 nm/Cr 3 nm electrode. The mobility of OTFT with deposited
Au/Cr electrode as a reference was l order higher than that with
reverse-offset-printed Ag electrode; �sat for deposited Au/Cr elec-
trode was 0.12 cm2/Vs and �sat for reverse-offset-printed Ag
electrode was 0.017 cm2/Vs. We also checked the comparison
between reverse-offset-printed and evaporated Ag electrode. Surpris-
ingly, the OTFT with reverse-offset-printed Ag electrode showed
higher mobility than that with evaporated Ag one in spite of higher
roughness of printed electrode.

Au is one of the conductive metals commonly used as S/D elec-
trode for OTFT because its work function (5.1 eV for pristine Au)
closely matches the highest occupied molecular orbital (HOMO)
level of P3HT (4.9 eV).14 However, the high cost of Au has been
an obstacle to low-cost electronic applications. Ag electrode which
has work function of 4.3 eV is energetically incompatible with
P3HT.15 The evaluated work function of our reverse-offset-printed
Ag electrode by Kelvin probe method was 4.9 eV. Loo et al.15

reported that as Ag oxidizes, its work function increases from 4.3 to

Figure 1. (Color online) Schematic diagrams of (a) reverse offset printing
and (b) device structure of OTFT with the S/D electrode printed by reverse
offset printing.

Figure 2. (Color online) (a) Various line and spacing patterns fabricated by
reverse offset printing and (b) minimum spacing between lines of 3 �m.

Figure 3. (Color online) S/D pattern with W/L¼ 40/5 �m fabricated by
reverse offset printing. This pattern was used for the S/D electrode of OTFT.
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5.0 eV and its oxidized form is conductive. Because the curing treat-
ment of reverse-offset-printed Ag was carried out in furnace at 450�C
for 20 min under low vacuum of 10�2 Torr, the surface of printed Ag
was slightly oxidized, which was confirmed by X-ray photoelectron
spectroscopy. Slight oxidation of Ag electrode increased its work
function and resolved the energetic mismatch of Ag electrode with
P3HT.

We believe that the reason for the relatively low performance of
the short channel OTFT with the reverse-offset-printed S/D elec-
trode—particularly, its low mobility—was the high roughness and
contact resistance of Ag S/D electrode. A smooth surface on the
printed areas is desirable for continuity with the subsequent layers
deposited on top. This is especially the case for top-gate OTFT
designs, where all other active layers have to be deposited on top of
the S/D pattern. In our experiment, the root mean square roughness
(Rrms) of the printed Ag electrode tended to increase with the grain
growth. In particular, Rrms was less than 10 nm in the as-printed
specimen and more than 80 nm for that annealed at 450�C for 20
min. In order to both fabricate Ag S/D patterns on a plastic substrate
and reduce roughness, the curing temperature must be lowered.
Recently, we also confirmed the effect of self-assembled mono-
layers (SAMs) on the contact resistance of Ag electrodes to increase
device performance; this will be reported on separately.

Even though reverse offset printing is attractive due to its high
throughput, high resolution, and ability to print very tiny and com-
plicated shape patterns, it has several process problems. First, there
is a high amount of waste ink, so the process cost is high. Further-
more, a roll-to-roll process is not easy due to the removal of ink on
the blanket and cliché. Figure 5 shows the common failure images
obtained during the reverse offset printing process. The metal Ag
pattern was removed for the large pad pattern shown in Fig. 5a. We
believe that the reason for this failure can be attributed to the depth
of cliché pattern. If the depth of the cliché pattern is insufficient, the
blanket roll can be attached to the bottom of the cliché when the
blanket roll is attached onto the cliché surface; therefore, our desired
Ag pattern can remain within the valley of the cliché pattern. Cli-
chés with deep valleys are needed to prevent this type of failure.
The metal Ag patterns shown in Figs. 2, 3, and 5a were fabricated

using the wet etched glass cliché with the depth of 5 �m. Recently,
we confirmed that the inductively coupled plasma dry etched Si cli-
ché with the depth of 30 �m was appropriate for printing of
500� 500 �m large area Ag pad pattern.

Other types of failure commonly encountered during reverse off-
set printing are shown in Fig. 5b. Ag electrodes are easily discon-
nected due to exaggerated grain growth from the high curing tem-
perature used for reverse offset printing of Ag ink. This is another
reason why we have to reduce the curing temperature of Ag ink.
The Ag ink for reverse offset printing is composed of Ag nano parti-
cle, surfactant, solvent, and inorganic additive like glass frit for ad-
hesion between glass substrate and Ag ink. Adhesion additive and
glass substrate reacts at high temperature (>450�C), which gives
enough adhesion properties. Organic adhesion additive such as ep-
oxy can replace inorganic adhesion additive for low temperature
annealing.

Conclusion

We demonstrated Ag metal electrodes patterned with line widths
of 15 �m and spacing of 3 �m between lines using reverse offset
printing. A resistivity of 3� 10�6 X cm was obtained after thermal
treatment. This is a promising result for mass-printed devices
because reverse offset printing has many advantages such as high
throughput and its ability to produce fine and intricate patterns. To
our knowledge, this was the first trial to use reverse offset printing
for the S/D electrodes of OTFT. The results show that OTFTs with
acceptable characteristics can be obtained with S/D structures
printed by reverse offset printing. The performance of the OTFT
with 5-�m Ag S/D patterns was not satisfactory due to the high
roughness and high contact resistance between rr-P3HT and the Ag
S/D electrodes. Numerous printing techniques have been shown to
realize simple devices or circuits. Reverse offset printing is one can-
didate for printing patterns, especially those that are high-resolution
and complicated. This technique still has several process problems.
Further study on process optimization, including ink, is needed for
mass-printed devices.
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