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Organic thin-film transistors (OTFTs) have attracted great interest
as low-cost alternatives to their silicon counterparts for large-area,
flexible, and ultralow-cost electronics.1 Most research efforts in this
area over the past decade have been primarily devoted to liquid
processable semiconductors,2 while studies of conductive materials
for printing equally important electrical conductors are of relative
recent nature.3-5 Printable materials which possess sufficiently high
electrical conductivities and energetic compatibility with semicon-
ductors are required for printing low-cost OTFT circuits. Earlier
works on printable conductive materials have largely focused on
doped conjugated polymers such as polyanilines,5a polypyroles,5b

PEDOT,5c etc. which are not suited for these applications due to
low electrical conductivity and poor electrical/thermal stabilities.
Recently, gold nanoparticle dispersions have been utilized in
printing highly conductive elements,3 which function satisfactorily
as electrodes in OTFTs. However, the high cost of gold has
overshadowed the attributes of this otherwise appealing approach
for low-cost electronic applications.

Not surprisingly, silver nanoparticles have received increasing
attention as potentially much lower-cost alternatives,4 but for OTFTs
using p-type semiconductors, such as regioregular polythiophenes,
silver electrodes are energetically incompatible. Our studies showed
that polythiophene-based OTFTs with silver source/drain electrodes,
both from vacuum deposition and silver nanoparticles, afforded
significantly lower field-effect transistor (FET) mobilities.4a This
was a consequence of inefficient charge carrier injection caused
by contact resistance often observed in OTFTs, which led to
adversely impacted FET performance.6 Several attempts to modify
electrode surface chemistry via for example alkanethiol self-
assembled monolayers (SAMs) to enable better charge injection
have met with varying degrees of success.6c,d

In this communication, we describe a novel approach to resolving
the energetic mismatch of silver electrode with regioregular
polythiophene semiconductors via in situ modification of their
interfacial properties to enable ohmic contact formation. The ability
to use silver to satisfy all the conductor needs for polythiophene-
based OTFT circuits is particularly important because (1) regio-
regular polythiophenes are currently one of the most promising
classes of solution-processed semiconductors for OTFTs, and (2)
it would be far more cost-effective and desirable if only one type
of printable conductor is used throughout.

The rationale for this approach was based on the following
considerations: (1) our recent results showed that some stabilizers
or their thermally transformed entities remained on the surface of
annealed silver nanoparticle films since the latter exhibited larger
advancing water contact angles than those from vacuum deposition;
(2) regioregular polythiophene OTFTs with PEDOT/PSS-coated
copper source/drain electrodes provided significantly higher mobil-
ity than those with untreated copper electrodes (see Supporting
Information); and (3) if the stabilizer of silver nanoparticles had

the ability to dope polythiophenes in much the same manner as
PSS to PEDOT, then the annealed silver electrodes from these silver
nanoparticles would be rendered energetically compatible with
polythiophene semiconductors. Since carboxylic acids can readily
dope polythiophenes and increase their conductivity, the carboxylic
acid-stabilized silver nanoparticles such as those stabilized with
oleic acid would represent ideal precursors for this purpose.

Oleic acid-stabilized silver nanoparticles were previously pre-
pared in low yields via a high-temperature synthesis.7 We developed
a more efficient synthesis using an organic hydrazine to convert
silver trifluoroacetate to oleic acid-stabilized silver nanoparticles
under mild reaction conditions. Specifically, the preparation
involved addition of 0.55 mol equiv of phenylhydrazine into a
solution of 1 mol equiv of silver trifluoroacetate containing 7.5
mol equiv of oleic acid in THF, followed by reaction at 60°C for
20 min (Scheme 1). A follow-up simple workup yielded silver
nanoparticles in about 60% yield. These silver nanoparticles were
easily dispersible in common organic solvents such as hexane,
toluene, THF, etc. The TEM image showed that they were almost
monodispersed with a mean particle size of∼6 nm (Figure 1a).
This narrow particle size distribution would be expected to enable
facile self-assembly of these particles into close packing when
printed, thus greatly facilitating their coalescence into a continuous
conductive film.

To demonstrate formation of an electrically conductive elem-
ent, the silver nanoparticles were first dispersed in cyclohexane at
(5-10 wt %) and spun cast on a glass slide into a reddish brown
thin film. When the latter was heated in air at 200°C for about 30
min, a shining silver mirrorlike surface was formed. SEM image
showed a continuous silver layer of coalesced silver particles with
an average particle size of 50-100 nm (Figure 1b). X-ray diffraction
displayed diffraction peaks at 2θ ) 38.1, 44.2, 64.34, and 77.39°,
which were identical to those of a vacuum-deposited silver film.8

Scheme 1

Figure 1. (a) TEM image of oleic acid stabilized silver nanoparticle; (b)
SEM image of silver nanoparticles thin film after annealing.
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The conductivity of the resulting silver thin film was in the range
of 2-4 × 104 S cm-1, comparable to that of vacuum-deposited
silver film with similar thickness (4-6 × 104 S cm-1). The annealed
silver film exhibited a water contact angle of 112°, indicative of a
highly hydrophobic surface in contrast to that from vacuum
deposition showing a contact angle of 54°. The contact angle of
annealed silver film remained unchanged even after extensive
washings with organic solvents such as hexane, toluene, and
2-propanol. These results suggested the presence of a layer of oleic
acid or its chemically transformed derivative on the surface of
annealed silver nanoparticle film. This is also supported by previous
studies on annealing of gold nanoparticles, showing occurrence of
stabilizers on the surface of enlarged gold particles.9

A series of bottom-contact OTFTs were fabricated on an n-doped
silicon wafer with an octyltrichlorosilane-modified SiO2 dielectric
layer using a spun-cast poly(3,3′′′-didodecyl-quarterthiophene)
semiconductor (PQT-12),2a,b and silver source/drain electrodes
printed from the present silver nanoparticles (see Supporting
Information). For comparison, OTFTs with silver electrodes from
printed oleylamine-stabilized silver nanoparticles and vacuum
deposition were also prepared. With large channel lengths, such as
about 90µm, no contact resistance was observed in all three types
of OTFTs even though significant differences in field-effect mobility
were noted. The devices with electrodes printed from oleic acid-
stabilized silver nanoparticles gave mobility of 0.12 cm2 V-1 s-1

and on/off ratio of 107, which are identical to those of OTFTs with
vacuum-deposited gold electrodes. In sharp contrast, the devices
with silver electrodes fabricated by vacuum deposition or from
oleylamine-stabilized silver nanoparticles gave a much lower
mobility of 0.03-0.05 cm2 V-1 s-1 and on/off ratio of 106.

Using smaller channel lengths of∼20 µm, contact resistance
arising from energetic mismatch could be directly observed in the
output curves of OTFTs with silver electrodes from both vacuum
deposition and oleylamine-stabilized silver nanoparticles. A char-
acteristic S-shaped curve typifying of presence of contact resistance
was evident in the linear regimes of the output curves of these
devices (Figure 2b). On the other hand, the OTFTs with silver
electrodes printed from oleic acid-stabilized silver nanoparticles
exhibited ideal ohmic contact characteristics: a linear current-
voltage relationship at source-drain voltage< gate voltage. These
devices also displayed better saturation behaviors and much higher
saturated currents.

The pronounced differences in performance of these OTFTs can
be understood on the energetic considerations of these materials:

silver has a work function of∼4.3 eV which is significantly
different from the HOMOs of regioregular polythiophenes
(∼4.9-5.2 eV) such as PQT-12. The pairing of normal silver
electrode with PQT-12 would lead to a charge injection barrier,
thus causing the observed lower carrier mobility. The presence of
oleic acid or its chemically transformed species on the surface of
electrodes fabricated from oleic acid-stabilized silver nanoparticles
effectively doped the PQT-12 semiconductor at the electrode/
semiconductor interface, enabling establishment of ohmic contact
and hence efficient charge carrier injection. On the other hand,
oleylamine or its chemically transformed derivative left on the
annealed oleylamine-stabilized silver nanoparticle electrodes was
incapable of doping the electron-rich regioregular polythiophene,
thus the occurrence of contact resistance.

In summary, we have demonstrated that carboxylic acid-stabilized
silver nanoparticles represent ideal printable precursors to highly
conductive elements for use in low-cost printed OTFT circuits. The
contact resistance typically observed with silver electrodes in
polythiophene OTFTs can be eliminated with the silver electrodes
printed from carboxylic acid-stabilized silver nanoparticles.

Acknowledgment. Partial financial support of this work is
provided by the National Institute of Standards and Technology
through an Advanced Technology Grant (70NANB0H3033).

Supporting Information Available: Instrumentation, silver nano-
particle synthesis, device fabrication. This material is available free of
charge via the Internet at http://pubs.acs.org.

References

(1) (a) Katz, H.; Bao, Z.; Gilat, S.Acc. Chem. Res.2001, 34, 359-369. (b)
Dimitrakopoulos, C. D.; Malenfant, P. R. L.AdV. Mater. 2002, 14, 99-
117. (c) Crawford, G. P.Flexible flat panel display; Wiley: New York,
2005.

(2) (a) Ong, B. S.; Wu, Y.; Liu, P.; Gardner, S.J. Am. Chem. Soc. 2004,
126, 3378-3379. (b) Ong, B. S.; Wu, Y.; Liu, P.; Gardner, S.AdV. Mater.
2005, 17, 1141-1144. (c) Afzali, A.; Dimitrakopoulos, C. D.; Breen, T.
L. J. Am. Chem. Soc.2002, 124, 8812-8813. (d) Babel, A.; Jenekhe, S.
A. J. Am. Chem. Soc. 2003, 125, 13656-13657. (e) Bao, Z.; Dodabalapur,
A.; Lovinger, A. J.Appl. Phys. Lett. 1996, 69, 4108-4110. (f) Payne, M.
M.; Parkin, S. R.; Anthony, J. E.; Kuo, C.; Jackson, T. N.J. Am. Chem.
Soc. 2005, 127, 4986-4987.

(3) (a) Wu, Y.; Li, Y.; Ong, B.; Liu, P.; Gardner, S.; Chiang, B.AdV. Mater.
2005, 17, 184-187. (b) Huang, D.; Liao, F.; Molesa, S.; Redinger, D.;
SubramanianJ. Electrochem. Soc. 2003, 150, 412-417. (c) Bulthaup, C.
A.; Wilhelm. E. J.; Hubert, B. N.; Ridley, B. A.; Jacobson, J. M.Appl.
Phys. Lett. 2001, 79, 1525-1527.

(4) (a) Li. Y.; Wu, Y.; Ong, B. S.J. Am. Chem. Soc. 2005, 127, 3266-3267.
(b) Gray, C.; Wang, J.; Duthaler, G.; Ritenour, A.; Drzaic, P.Proc. SPIE
2001, 4466, 89-94.

(5) (a) Gelinck, G. H.; Geuns, T. C. T.; de Leeuw, D. M.Appl. Phys. Lett.
2000, 77, 1487-1489. (b) Drury, C. J.; Mutsaers, C. M. J.; Hart, C. M.;
Maters, M.; de Leeuw, D. M.Appl. Phys. Lett.1998, 73, 108-110. (c)
Sirringhaus, H.; Kawasem, T.; Friend, R. H.; Shimoda, T.; Inbasekaran,
M.; Wu, W.; Woo, E. P.Science2000, 290, 2123-2126. (d) Brandon, E.
J.; West, W.; Wesseling, E.Appl. Phys. Lett. 2003, 83, 3945-3947. (e)
Lefenfeld, M.; Blanchet, G.; Rogers, J. A.AdV. Mater. 2003, 15, 1188-
1191. (f) Tate, J.; Rogers, J. A.; Jones, C. D. W.; Li, W.; Bao, Z.; Murphy,
D. W.; Slusher, R. E.; Dodabalapur, A.; Katz, H. E.; Lovinger, A. J.
Langmuir2000, 16, 6054-6060.

(6) (a) Street, R. A.; Salleo, A.Appl. Phys. Lett. 2002, 81, 2887-2889. (b)
Blanchet, G. B.; Fincher, C. R.; Lefenfeld, M.; Rogers, J. A.Appl. Phys.
Lett. 2004, 84, 296-298. (c) Kymissis, I.; Dimitrakopoulos, C. D.;
Purushothaman, S.IEEE Transactions on Electron DeVices 2001, 48,
1060-1064. (d) Gundlach, D. J.; Jia, L.; Jackson, T. N.IEEE Electron.
DeV. Lett. 2001, 22, 571-573.

(7) Lin, X. Z.; Teng, X.; Yang, H.Langmuir2003, 19, 10081-10085.
(8) Powder Diffraction File, Search Manual (Hanawalt), Inorganic Phases,

JCPDS, International Centre for Diffraction Data: Swarthmore, PA, 1986,
p 854.

(9) Teranish, T.; Hasegawa, S.; Shimizu, T.; Miyake, M.AdV. Mater. 2001,
13, 1699-1701.

JA058725W

Figure 2. Plots of drain currentIDS vs source-drain voltageVDS as a function
of gate voltageVG for exemplary OTFTs with source/drain electrodes
fabricated from (a) oleic acid stabilized-Ag nanoparticles and (b) oleylamine
stabilized-Ag nanoparticles (or vacuum deposition). The channel length and
width are respectively18 and 1600µm.
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