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In this paper, we report contact properties of fully inkjet-printed organic thin-film transistors
(OTFTs) with various channel lengths and their improvement by introducing an organo-compatible
interlayer between the organic channel and inkjet-printed metallic contacts. To realize all-inkjet-
printed OTFTs, a highly conductive metal-organic precursor type silver ink, poly(4-vinylphenol),
chlorosilane-terminated polystyrene (PS) and 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS pen-
tacene) solutions were printed by using a commercial piezoelectric inkjet-printer for gate and
source/drain (S/D� electrodes, a gate dielectric layer, an interface engineering layer, and a semicon-
ductor layer, respectively. Especially, since the contact resistance more dominantly affects a carrier
injection property as channel length gets short, a short-channel length of 7 �m was formed by using
1 picoliter volume ink cartridge to investigate effects of the organo-compatible interlayer obviously.
To evaluate contact properties of the inkjet-printed short-channel OTFTs, transmission line method
and Y -function method analyses were used for various channel lengths and low drain-to-source
voltage (VDS) regime of −5 V, respectively. The contact properties between inkjet-printed silver S/D
electrodes and TIPS pentacene semiconductor were drastically enhanced showing contact resis-
tance lowered by an order of magnitude and a good linearity at low VDS regime after inserting an
end-functionalized PS layer.

Keywords: Organic Thin-Film Transistors, Inkjet Printing, Contact Resistance, Interface
Engineering.

1. INTRODUCTION
Printed organic thin-film transistors (OTFTs) have been
widely reported as emerging potential driving components
for flexible and large-area electronic applications due to
their ability to use low-temperature processing without
vacuum processes.1–6 Among large-scale solution print-
ing methods, a maskless drop-on-demand inkjet-printing
process allows a low-cost fabrication without the waste
of materials and contact-related contamination for real-
izing large-area electronics.4–6 However, owing to the
poor organic solvent and thermal resistance of the printed
organic semiconductors, bottom-contact structures have
been typically adopted instead of top-contact ones.1�3–6

∗Authors to whom correspondence should be addressed.

Therefore, printing of organic semiconductors onto bottom
source and drain (S/D) electrodes and gate dielectrics
results in a high contact resistance as well as unfavorable
crystal structures of �-conjugated semiconductors during
drying of solvents near S/D electrodes, yielding poor elec-
trical performance, even if the devices are fully dedicated
and aligned, compared to vacuum-processed systems.7�8

Moreover, as demand for short-channel OTFTs has been
significantly increased for improvement of on-state current
and maximum operating frequency in highly integrated
systems,9–11 contact properties between organic semicon-
ductors and inorganic S/D electrodes should be addressed
because contact resistance is one of the most critical
factors for electrical characteristics of OTFTs by domi-
nantly affecting a carrier injection property as the channel
the length gets short.12–14
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In this paper, we report enhanced contact properties of
fully inkjet-printed short-channel OTFTs by introducing
a chlorosilane-terminated polystyrene interlayer (PS-brush
interlayer) between the S/D electrodes and semicon-
ductor layers. The end-functionalized PS layer allows
not only the better contact properties by introducing an
organo-compatible interface on the contacts, but uniformly
deposited printed organic semiconductor layers by provid-
ing a smooth and sufficiently hydrophobic surface.15 The
contact properties were analyzed by using both transmis-
sion line method (TLM) and Y -function method (YFM).

2. EXPERIMENTAL DETAILS
Figure 1(a) illustrates procedure of fabricating all-inkjet-
printed OTFTs with various channel lengths in order to
examine the contact resistance between the S/D electrodes
and organic semiconductor layer using TLM. Onto the
cleaned substrate, a metal-organic precursor type silver ink
(Jet-001T, Hisense Electronics Corp.) was inkjet-printed
to form a gate electrode, and then sintered at 150 �C for
30 min. The width and height of the gate electrode were
610 �m and 200 nm, respectively. For a gate dielectric
layer, a poly(4-vinylphenol) (PVP) solution composed of
10 wt.% of PVP powder and 2 wt.% of poly(melamine-
co-formaldehyde) as a cross-linking agent dissolved in

Figure 1. (a) Fabrication procedure of all-inkjet-printed OTFTs with
various channel lengths. Optical images of the OTFTs (b) without and
(c) with the PS-brush interlayer. Channel length normalized transfer
curves of the OTFTs (d) without and (e) with a PS-brush interlayer.

propylene glycol methyl ether acetate was inkjet-printed
in 2 passes. A ramped curing condition for the PVP
dielectric layer was used to eliminate the formation of
pin holes, and to allow a smoother surface.6 For short-
channel length and narrow S/D electrodes formation, noz-
zles with a small diameter of 9 �m that can eject 1 pL
volume of ink droplets were used. Note that 2-pass-printed
S/D electrodes were used to deliver better conductivity
and surface properties. To introduce an organo-compatible
PS-brush interlayer, a 0.4 wt.% dimethylchlorosilane-
terminated PS (PS-Si(CH3�2Cl, Mn = 8 kDa, Polymer
Source Inc.) solution dissolved in toluene was also
inkjet-printed onto both the S/D electrodes and chan-
nel region, followed by being annealed at 100 �C
for 1 h to deliver a chemically-stable monolayer cou-
pled with the hydroxyl groups (–OH) on the dielectric.
After annealing, the non-coupled residue was rinsed with
toluene. Finally, for the formation of semiconductor layer,
a 1 wt.% 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS
pentacene) (EM-index Corp.) solution dissolved in toluene
was inkjet-printed onto the channel and contact region, and
then dried at room temperature in ambient air. All lay-
ers in the device were inkjet-printed using a piezoelectric
inkjet printer (DMP-2831, Dimatix Corp.). All measure-
ments were performed at room temperature in ambient air.

3. RESULTS AND DISCUSSION
To achieve good contact properties between solution-
processed organic semiconductor layers and inorganic con-
tacts, surface energy matching between the gate dielectric
layers and S/D electrodes should be guaranteed to form
well-crystallized semiconductor layers near the channel-
contact boundary. The chemically-coupled PS-brush layer
allowed an organo-compatible surface on the inkjet-printed
Ag electrodes providing a sufficient hydrophobic surface
to produce highly ordered crystal structures of TIPS pen-
tacene. Also, the interlayer delivered an excellent wetting
property of TIPS pentacene semiconductor ink on both the
gate dielectric layer and the S/D electrodes in a single-
step, resulting in uniformly deposited �-conjugated semi-
conductor layers without discontinuous crystals (Figs. 1(b
and c)). Figures 1(d and e) show the channel length nor-
malized transfer curves of the OTFTs without and with
the PS-brush interlayer, respectively. Because the con-
tact resistance dominantly affects electrical performances
of short-channel OTFTs, the length-normalized drain-to-
source current (IDS) was lowered as the channel length
of the OTFTs shortened. This phenomenon also could be
observed from the output characteristics of the OTFTs hav-
ing a channel length of 7 �m (Figs. 2(a and b)) compar-
ing with those of the OTFTs having a channel length of
107 �m (Figs. 2(c and d)). Although short-channel OTFTs
still show more obvious S-shape at low drain-to-source
voltage (VDS) regime than those with a longer channel
length, carrier injection properties of the OTFTs with the
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Figure 2. (a–b) Output curves of the OTFT having a channel length of
7 �m: (a) without (b) with the PS-brush interlayer. (c–d) Output curves of
the OTFTs having a channel length of 107 �m: (c) without and (d) with
the PS-brush interlayer.

PS-brush layer were drastically improved by enhancing the
wetting and contact properties of TIPS pentacene near the
contacts.
For further investigation of effects of the PS-brush

interlayer to the inkjet-printed OTFTs, the contact resis-
tances were extracted by employing two kinds of anal-
yses: TLM and YFM. From the electrical characteristics
of the OTFTs with various channel lengths, the contact
resistances between the S/D electrodes and semiconduc-
tor layer were extracted using TLM. Because the on-state
resistance (Ron� of the OTFTs is the sum of the channel
resistance (Rch� and the contact resistance (Rc), Ron can be
expressed as following equation:16�17

Ron = Rch+Rc

= 1
WCins�FE�VGS−VTH−VDS/2�

L+Rc (1)

where L, W , Cins, �FE, VGS and VTH denote a chan-
nel length, a channel width, capacitance per unit area of
the gate insulator, a field-effect mobility, a gate-to-source
voltage, and a threshold voltage, respectively. From the
Eq. (1), Rc can be assumed as Ron when the channel length
is equal to 0 because Rch is proportional to the channel
length. From the relationship of Ron and the channel length
in Figures 3(a and b), the contact resistance of the OTFTs
drastically reduced from 28.2 M� (=1.72 M� · cm) to
3.47 M� (=0.211 M� ·cm) after introducing the PS-brush
interlayer. The contact resistance of the OTFTs without
the PS-brush interlayer is consistent with the previously
reported result.8�18 Also, the logarithmic plot of the output
characteristics as shown in Figure 3(c) supports enhanced
carrier injection properties after introducing the PS-brush
layer due to the lower contact resistance showing a better
linearity at low VDS regime.
The contact resistances were also extracted using YFM

which is known as useful method to extract a mobility, a

Figure 3. TLM results for the OTFTs (a) before and (b) after introduc-
ing the PS-brush interlayer. (c) The IDS–VDS relationship of short-channel
OTFTs with and without the PS-brush interlayer in a logarithmic scale
(� value closed to 1 means a good linearity).

threshold voltage, and a contact resistance.19–22 Y -function
can be expressed as following equation:

Y = IDS√
gm

(2)

where gm denotes the transconductance. Assuming that
VDS is much smaller than VGS–VTH, IDS can be approxi-
mated as:22

IDS = �0Cins

W

L
�VGS−VTH��VDS− IDSRc� (3)

where �0 denotes a low field mobility. From the Eqs. (2)
and (3), Y -function can be expressed as:

Y =
√
�0CinsVDS

W

L
�VGS−VTH� (4)

Therefore, from the Y -function–VGS graph in
Figures 4(a and b), �0 and VTH can be extracted from the
slope and the x-intercept, respectively.
After then, the contact resistance can be calculated from

the following equation:

Rc=Ron−Rch=
∣∣∣∣VDS

IDS

∣∣∣∣−
∣∣∣∣ 1
�0Cins�W/L��VGS−VTH�

∣∣∣∣ (5)

Substituting �0 and VTH to the acquired values from
YFM, the contact resistances could be calculated. The

Figure 4. Y -function—VGS graphs of the OTFTs with various channel
lengths (a) without and (b) with the PS-brush interlayer.
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Table I. Summary for electrical properties of the OTFTs without and with the PS-brush interlayer.

Rc extracted by Rc extracted by
�FE [cm2 ·V−1 · s−1] On/off ratio TLM [M� ·cm] YFM [M� ·cm] Nmax

SS [cm−2 ·eV−1]

w/o PS-brush 0.00816 1�08×104 1.72 1.65 1�74×1012

w/ PS-brush 0.125 3�73×104 0.211 0.277 6�93×1011

contact resistances without and with the PS-brush inter-
layer were 27.1 M� (=1.65 M� · cm) to 4.54 M�

(=0.277 M� ·cm) which are consistent with the extracted
contact resistances by TLM. Electrical characteristics of
the short-channel OTFTs including the contact resistances
extracted from both the TLM and YFM are summarized
in Table I. From the extracted contact resistance values,
it could be concluded that the PS-brush interlayer deliv-
ered improved contact properties between the metallic con-
tacts and organic semiconductor layer resulting in one
order of magnitude reduced contact resistance. The rate of
this improvement is comparable with those of the previ-
ously reported results.23–25 Also, a facile printing method
allowed a low-cost, easy and fast processing on large-area
platforms.

4. CONCLUSION
In this paper, enhanced contact properties by conducting
organo-compatible interface engineering between silver
S/D electrodes and TIPS pentacene organic semiconduc-
tor layers for all-inkjet-printed OTFTs with a bottom-
contact configuration were reported. The contact properties
between the S/D electrodes and organic semiconductors
were fully investigated by using both TLM at various car-
rier concentrations and YFM at various channel lengths,
and the contact resistances extracted by two methods were
well-agreed. By introducing the organo-compatible PS-
brush interlayer, the contact resistance was reduced by
an order of magnitude showing a better carrier injection
property. Based on these results, we believe this inter-
face engineering approach can be an attractive candidate
to solve contact-related issues for realizing low-cost and
highly integrated inkjet-printed short-channel OTFTs and
their applications.
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