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Transparent organic field-effect transistors with polymeric source
and drain electrodes fabricated by inkjet printing
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Transparent organic field-effect transistors based on pentacene were fabricated on indium tin
oxide (ITO)-coated glass using ITO as the gate electrode, Al,O; grown by atomic layer
deposition as the gate insulator, and an inkjet-printed conducting polymer poly(3,4-
ethylenedioxythiophene):poly(4-styrenesulphonate) as the source and drain electrodes. The
transistors combine an overall high transmittance (84% in the channel and 78% through source/drain
electrodes) in the visible region, a field-effect mobility value of 0.3 cm?/V s, a threshold voltage of
—0.2 V, a subthreshold slope of 0.9 V/decade, and an on/off current ratio of 10°. © 2008 American

Institute of Physics. [DOI: 10.1063/1.2940232]

Organic field-effect transistors (OFETs) have recently
gained great interest as building blocks for electronic appli-
cations that require low-cost, large-area, and potentially flex-
ible form—factors. Some examples of these applications are
radio-frequency identification tags,1 drivers for electronic
paper,2 and driving circuits for flat panel displays.3 When
processed into thin films, organic electronic materials can be
used to build transparent transistors, benefiting from their
weak absorbance in the visible spectrum. Invisible electronic
circuits based on transparent transistors are potentially im-
portant for the applications requiring transparency, such as
bendable heads-up display devices, see-through structural
health monitors, and sensors.*® In backlit display devices,
for example, transparent active-matrix circuits can increase
the aperture ratio and operation lifetime.

Most transparent thin-film transistors (TFTs) use thin-
film inorganic oxides as semiconducting and conducting
1aye1rs.9_12 Although a mobility higher than 120 cm?/V s has
been achieved from these oxides,' their mechanical proper-
ties are not compatible with flexible electronic devices. In
addition to oxide-based TFTs, transistors based on single-
wall carbon nanotubes (SWNTs) as both conductors and
semiconductors also show great transparency.lz’13 However,
the on/off current ratio of these transistors is usually very
low and varies with channel length.lz_'5 Semitransparent
OFETs using pentacene as channel materials were reported
with an overall transmittance of 25%-30%.'° The low trans-
mittance was due to a high absorption from NiO, used for
the source (S) and drain (D) electrodes. Recent work also
demonstrated transparent pentacene-based OFETs with
SWNTs as electrodes patterned by transfer printing.17 How-
ever, unlike conductive polymers, SWNTs cannot be directly
printed by inkjet printing, by screen printing, or by thermal
laser printing. Conductive polymers, such as highly doped
polyaniline and poly(3,4-ethylenedioxythiophene):poly(4-
styrenesulphonate) (PEDOT:PSS), are attractive as transpar-
ent electrodes due to their ability to be processed from solu-
tion easily using standard printing techniques.

“ Author to whom correspondence should be addressed. Tel.: 404-385-5163.
FAX: 404-385-5162. Electronic mail: kippelen @ gatech.edu.

0003-6951/2008/92(24)/243307/3/$23.00

92, 243307-1

In this letter, we report the fabrication of high-
performance transparent OFETs based on pentacene using
PEDOT:PSS patterned by inkjet printing as the source and
drain electrodes. A 200 nm thick film of Al,O5 was grown on
indium tin oxide (ITO)-coated glass substrate (also serving
as the gate) by atomic layer deposition (ALD), a technology
that provides thin, high-quality films even on rough surfaces,
as the gate dielectric material.'®

Transistors were fabricated on ITO-coated glass sub-
strates (Colorado Concept Coatings, 60 )/sq.), and ITO
served as a gate electrode. A 200 nm thick Al,O; film,
served as a gate insulator, was deposited at 100 °C using a
Savannah100 ALD system from Cambridge Nanotech Inc.
With a dielectric constant of 7.5*0.2 at 1 kHz, the Al,O4
gate insulator yields a high capacitance density with a value
of 32.7 nF/cm?. Despite a large root-mean-square (rms)
roughness of 1.2 nm from the ITO-coated glass substrate, the
leakage current density of Al,O; at an applied field of
2 MV/cm was less than 100 nA/cm? when measured over a
contact area of 0.016 cm?. The detailed growth conditions
and characterization of Al,O5 gate insulators have been pub-
lished elsewhere.'®

Transparent OFETs were fabricated using a top-contact
geometry, as illustrated in Fig. 1. Before the deposition of
pentacene, ITO-coated glass substrates with Al,O5 gate insu-
lators were dipped into a 5 mM toluene solution of octade-
cyltrichlorosilane (OTS) in a N,-filled glove box for 24 h to
grow a uniform self-assembled monolayer on the Al,O4
layer. Then, a 50 nm thick layer of pentacene (Aldrich)
purified by gradient zone sublimation was deposited at
a vacuum level of 2X 1078 Torr at a deposition rate of
0.3 A/s, as measured by a quartz crystal monitor. The sub-

Source Drain

Pentacene
Al203

Gate
(ITO)

Source/Drain: Au/Al or PEDOT:PSS

FIG. 1. (Color online) Schematic diagram of the OFET device geometry
fabricated on ITO-coated glass substrates.
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FIG. 2. (Color online) Left axis: optical transmission spectra through both
the channel and the PEDOT:PSS source/drain electrodes of the transparent
pentacene OFETs on ITO-coated glass; right axis: photopic response of the
human eye. Inset: optical image of several arrays of transistors with printed
PEDOT:PSS electrodes positioned above some printed text on paper to il-
lustrate the degree of optical transparency.

strates were held at room temperature during deposition. Af-
ter the pentacene deposition, some substrates were exposed
to air and source/drain electrodes were fabricated by inkjet-
printing PEDOT:PSS. The rest substrates were kept in the
deposition chamber and a 40 nm thick Au film (capped with
a 100 nm thick Al film) were deposited through a shadow
mask to define source and drain electrodes on these control
samples.

PEDOT:PSS (Baytron F HC, conductivity >150 S/cm)
was printed in air using a DMP-2831 inkjet printer from
Dimatix™. To improve its conductivity and surface wetting
properties,19 PEDOT:PSS was mixed with dimethyl sulfox-
ide (DMSO) (10:1 by volume), followed by sonication for
10 min. The addition of DMSO also helped in preventing
nozzle clogging problems. A drop spacing of 20 um was
chosen to provide a good droplet overlap while minimizing
droplet flow and aggregation. The nozzle was heated to
30 °C to maintain a consistent temperature with the substrate
held at room temperature. The drop frequency was adjusted
to 5 kHz to yield optimized drying speed and drop spacing.
After printing of the electrodes, the samples were transferred
into a N,-filled box where electrical testing was carried out.

A Cary 5e UV-visible-near infrared spectra photometer
was used to measure the optical transmission spectra through
both the channel and the PEDOT:PSS source/drain elec-
trodes of the transparent pentacene OFETs in the visible re-
gion between 400 and 750 nm (see Fig. 2). A piece of ITO-
coated glass with ITO removed by wet etching was used as a
reference sample. The transmission spectrum through the
channel area reflects the optical loss and interference from
the pentacene film, the OTS-treated Al,O5 and the ITO film,
as seen in Fig. 1. The spectrum through the contact area also
includes the effect from the additional layer of PEDOT:PSS
used as electrodes. The 200 nm thick Al,O5 gate insulator
layer and the PEDOT:PSS electrodes (~90-120 nm) are
both highly transparent (transmittance >80%) in the visible
spectral region. The absorption of the device in the visible
region is mostly from the 50 nm thick pentacene films, and it
occurs in the red region at 668 nm. However, the maximum
absorption from pentacene at 668 nm has negligible influ-
ence on human vision, as shown in Fig. 2. The transmittance,
averaged in the visible region from 400 to 750 nm, is 84%
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FIG. 3. (Color online) Comparison of output characteristics (a) and transfer
characteristics (b) of pentacene OFETs (W=2000 um, L=200 xm) with
PEDOT:PSS and Au as source and drain electrodes. Inset: AFM image of
pentacene on OTS treated Al,O5 deposited on ITO-coated glass.

through the channel region and is slightly decreased to 78%
in the area of source/drain electrodes with the additional
layer of PEDOT:PSS, demonstrating the high transparency
of PEDOT:PSS electrodes. Transmittance could be further
increased with thinner pentacene layers. The inset in Fig. 2
shows an image of several arrays of printed PEDOT:PSS
electrodes on glass positioned above a reference background
image to illustrate the level of optical transparency.

Figure 3 compares the output [Fig. 3(a)] and transfer
characteristics [Fig. 3(b)] of pentacene OFETs with printed
PEDOT:PSS and evaporated Au as source/drain electrodes,
respectively. The two types of devices had an identical ge-
ometry with a channel length L=200 m and a channel width
W=2000 um. The electrical measurements of the pentacene
OFETs were performed in a N,-filled glovebox (O,,H,0
<0.1 ppm) using an Agilent E5272A source/monitor unit.
The inset in Fig. 3(b) shows a typical atomic force micros-
copy (AFM) image (2X2 um?) of the pentacene films on
OTS-treated Al,O; with well-ordered crystalline domains
and an average grain size of 0.2—0.5 um. The values of the
mobility and those of the threshold voltage Vr in the satura-
tion regime with drain-source voltage Vpg of =20 V were
extracted using a metal-oxide-semiconductor FET square-
law model. Also extracted from the transfer characteristics
were subthreshold slopes S, turn-on voltages Vg, and on/off
current ratios I, The electrical parameters are summa-
rized and compared in Table 1.

As we described earlier, the device with PEDOT:PSS
was exposed to ambient condition for printing and also
exposed to the water and other chemicals present in the
PEDOT:PSS solution. The effect of the possible contamina-
tion during processing of the PEDOT:PSS electrodes is re-
flected in the transfer characteristic with a smaller value of
the turn-on voltage (Vyo=-2.5 V), a reduced value of the
threshold voltage (V4=-0.2 V), and a larger subthreshold
slope (§=0.9 V/decade) compared to those obtained from

TABLE 1. Summary of the electrical parameters for pentacene OFETs
(W=2000 um, L=200 wm) with different source/drain (S/D) electrodes. u
for field-effect mobility, Vy for threshold voltage, Vi, for turn-on voltage, S
for subthreshold slope, and I, for on/off current ratio.

S/D P Vio Vi s

electrodes (cm?/V's) (V) (V) (V/decade) Lonioft
PEDOT:PSS 0.30 -2.5 -0.2 0.9 1X10°
Au 0.32 0.0 -5.5 0.6 1x10°

Downloaded 13 Dec 2012 to 130.207.50.228. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



243307-3 Zhang et al.

devices with a pristine pentacene film and Au electrodes
(Vio=0, V;==5.5V and $=0.6 V/decade). These effects
have been attributed to the creation of acceptorlike states in
the pentacene film after exposure to oxygen and moisture.*’
This also explains the increased off-state current which leads
to a slightly lower on/off ratio (10°) with PEDOT:PSS elec-
trodes.

It has been observed that moisture also has an influence
on the Au/pentacene interface and cause a decreased mobility
during device operation.zo’21 However, with PEDOT:PSS as
S/D electrodes in our work, the pentacene OFET shows a
comparable mobility u=0.3 cm?/V s and even a higher on-
current /,,=18 pA in comparison with devices with Au elec-
trodes (u=0.32 cm?/V s, I,,=11 wA). This can be attributed
to the smaller injection barrier (0.25 eV) at the PEDOT:PSS/
pentacene interface compared with that at the Au/pentacene
interface (0.85 eV) despite the very similar work functions
(5 eV) of the two electrodes.”

In conclusion, transparent OFETs have been fabricated
using inkjet-printed PEDOT:PSS as top source and drain
electrodes and ALD-deposited Al,O5 as the gate insulator.
With a high averaged transmittance (84% in the channel and
78% through source/drain electrodes) in the visible region,
these OFETs also exhibit a performance similar or slightly
better than that of reference OFETs with Au electrodes.
PEDOT:PSS has an excellent transparency and solution pro-
cessibility, and its conductivity can be further improved by
chemical doping. Al,O5 deposited at 100 °C by ALD has
great dielectric properties even on substrates with a large
roughness, which will become especially critical for most
flexible substrates of interest.
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the STC Program of the National Science Foundation under
Agreement No. DMR-0120967, by the Office of Naval Re-
search. This work was performed in part at the Microelec-
tronics Research Center at Georgia Institute of Technology, a
member of the National Nanotechnology Infrastructure
Network, which is supported by NSF (Grant No. ECS-03-
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