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The fabrication of printed electronic circuits using solution-based electroconductive materials at low temperature is
essential for the realization of modern printed electronics including transistors, photovoltaic cells, and light-emitting
devices. Despite the progress in the field of semiconductor solution materials, reliable electrodes are always fabricated
by a vacuum deposition process resulting in only partially solution-processed devices. In this paper, we show that planar
phthalocyanine-conjugated Au nanoparticles (NPs) significantly improve the interparticle-carrier-transport properties. The
deposition of a solution of the Au NPs under ambient conditions results in an electroconductive metallic thin film without
further post-treatment. Maximum conductivity reaches >6600 S cm™! and the conductivity remains unchanged for at least
1 year under ambient conditions. The all-solution-processed organic field-effect transistor (OFET) fabricated under
ambient conditions exhibits mobility values as high as 2 cm? V~!s™!, the value of which is comparable to OFET devices

having vacuum-deposited Au electrodes.

Electrodes are necessary in all types of electric devices such
as transistors, photovoltaic cells, and light-emitting devices.
These devices are commonly fabricated by employing expen-
sive vacuum deposition processes. A promising alternative that
is cheaper and faster for fabricating devices is wet printing
using material from specially designed solutions.! Many
examples of solution processes for transistors,>™'? photovoltaic
cells,'"! and light-emitting devices'> have been reported.
However, in order to achieve high efficiency and reliable
devices, vacuum-processed metals and conductive metal oxide
electrodes must be used, thereby producing only partially
solution-processed devices. To realize the fabrication of all-
solution-processed devices, electrodes must be fabricated at
relatively low temperatures from a solution, and the resultant
electrode must fulfill three requirements: they must have (1)
good contacts, i.e., low resistance at the semiconductor—
electrode interface, (2) high electroconductivity, and (3) high
oxidation stability. In this study, we report that the Au
nanoparticles (NPs) possessing orbital hybridization between

the Au core and relatively large aromatic molecules meet these
three requirements, and consequently, produce reliable elec-
trodes that are comparable to vacuum-deposited Au electrodes.

For the fabrication of NP-based electrodes under ambient
conditions, surface ligands of inorganic NPs must meet two
requirements: they must (1) adhere firmly to the NP surface
for colloidal stabilization and (2) provide stable and facile
carrier transport between NPs. We found that orbital hybridi-
zation between 77 orbitals of aromatic molecules and inorganic
orbitals of the Au NPs improves the interparticle-carrier trans-
port. The molecular orbital structure of aromatic compounds is
altered when the m-conjugated plane of aromatic compounds
closely bonds while parallel to the metal surface,'*"> and
this interaction is referred to as a 7T-junction interaction. We
propose a generalized approach for the efficient interparticle-
carrier transport between inorganic NPs using large aro-
matic phthalocyanine (Hppc) derivatives as ligands. A planar
mr-conjugated organic Hppe ligand is capable of achieving a
strong 7T-junction interaction with minimal interparticle-steric
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repulsion. In addition, Hypc derivatives (including porphyrins)
are known to coordinate with various types of metal atoms,
including Au(0) atoms on Au NPs.'> Therefore, Hypc deriva-
tives are promising candidates as 7T-junction ligands.

Results and Discussion

Syntheses and Properties of Au NPs. We synthesized two
Hjype derivatives, 2,3,9,10,16,17,23,24-octakis[2-(dimethyl-
amino)ethylthio]phthalocyanine (OTAP) and 2,3,11,12,20,21,
29,30-octakis[2-(dimethylamino)ethylthio]naphthalocyanine
(OTAN). Eight substituted thioether groups elevate the highest
occupied molecular orbital (HOMO) level of the ligands to
provide the Hype ring with the ability to coordinate with Au
NPs. Terminal dimethylamino groups cause H,pc-coordinated
Au NPs to dissolve in aqueous solution under acidic condi-
tions. First, we synthesized OTAP and OTAN in two steps from
their corresponding halogenated phthalonitrile derivatives.
Then, we easily synthesized OTAP- and OTAN-protected Au
(OTAP-Au and OTAN-Au) NPs by a ligand-exchange reaction
using conventional citrate-capped Au NPs having a diameter
of 14.3 £ 2.2nm'%!7 (For details regarding these syntheses, see
the Supporting Information). The synthesized NPs showed
good solubility in water under acidic conditions and no
solubility under basic conditions, which indicate a successful
ligand exchange.

Figure 1 shows images of OTAP-Au and OTAN-Au NPs,
with sizes of 14.3 £ 2.3 and 14.4 &+ 2.3 nm, respectively. The
sizes of Au NPs remained unchanged during ligand exchange.
The completion of ligand exchange was confirmed by solu-
bility behavior, laser Raman spectroscopy, and wavelength-
dispersive X-ray spectroscopy (WDS). In particular, while
the seed citrate-capped Au NPs show no obvious Raman peak
from 600 to 1600 cm~', OTAP-Au and OTAN-Au NPs show
distinct peaks that are assigned to the Hjpc ring. These peaks
are in good agreement with those observed in Raman spec-
tra of OTAP and OTAN (Figure S1). The Au/sulfur atomic
ratios for OTAP and OTAN are 37.8 and 49.8, respectively,
as determined by WDS. Assuming that the occupied areas of
the molecules of OTAP and OTAN are 2.25 and 2.89 nm?,
respectively, 290 and 230 molecules of OTAP and OTAN,
respectively, can densely protect a 14.4-nm Au NP in a face-
coordination fashion (Figure 1d). Thus, the Au NP is covered
by 260 and 220 molecules of OTAP and OTAN, respectively,
which is in good agreement with the calculated number of Hypc
molecules on an Au NP.

Figures 2a and 2b show UV-vis spectra of aqueous solu-
tions of OTAP and OTAN ligands and those of OTAP-Au
and OTAN-Au NPs, respectively. The peak positions of
OTAP and OTAN Q bands are 664 and 734 nm, respectively.
The relatively narrower HOMO-lowest unoccupied molecular
orbital (LUMO) energy gap for OTAN results in a red-shifted
Q band. Upon coordination with Au NPs, the OTAP Q band
decreases significantly, and the OTAN Q band essentially
disappears. These drastic spectral changes clearly show the
strong 7T-junction interaction between H,pcs and Au NPs.!’
This interaction leads to hybridization between the 7 orbital of
the Hypc and the orbital of Au NPs. As a result, the 7 orbital
of the Hypc becomes metallic in nature and its continuous
band-like nature broadens the UV—vis spectra of Au NPs. The
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Figure 1. Chemical structures of OTAP and OTAN ligands.
TEM images of (a) citrate-protected (14.3 2.2 nm),
(b) OTAP-protected (14.3 £2.3nm), and (c) OTAN-
protected (14.4 £2.3nm) Au NPs (scale bar: 40nm).
(d) Schematic illustration of the face-coordination of
T-junction Hpypc—Au NPs.

disappearance of the Q band reflects the metallic nature of the
7 orbital of Hypc on Au NPs, and is similar to the spectra
of metallic NPs that have broad absorption from the UV to
infrared regions.'® Recently reported density functional theory
(DFT) calculations for the organic semiconductor pentacene on
an Au substrate gave similar results, suggesting orbital hybrid-
ization between pentacene and Au.'* Figure 2¢ shows energy
level diagrams for OTAP, OTAN, and Au. The HOMO levels
for OTAP and OTAN are 5.53 and 5.34 ¢V, respectively. The
relatively large conjugation area for OTAN can increase the
HOMO level to be close to the Fermi level of Au NPs, giving
rise to relatively strong 7T-junction interaction and stabilizing
the Au NPs.

Figure 3 shows various properties of OTAN-Au NPs and its
thin film. We found that an acidic aqueous formic acid solution
of OTAP-Au and OTAN-Au NPs could be used as a printable
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Figure 2. OTAP and OTAN spectra and energy levels:
(a) UV—-vis spectra of OTAP and OTAN ligands; (b) UV-
vis spectra of OTAP-Au and OTAN-Au NPs; (c) energy
levels of OTAP and OTAN ligands, showing the Fermi
level of Au.

electroconductive material without post-treatment. The purple
aqueous solutions of OTAP—Au and OTAN-Au NPs became
metallic gold in color after deposition and drying on the
substrate under ambient conditions (Figure 3a, see the movie
in the Supporting Information). OTAP-Au and OTAN-Au NP
thin films, dried at 55 °C for 10min to remove the remaining
solvent, exhibited electric conductivities of 1560 and 6600
Scm™!, respectively. To the best of our knowledge, the highest
conductivity reported to date for Au NP thin films was 1000
Scm~ 11920 Therefore, OTAN—Au NPs exhibit a conductivity
that is more than 5 times higher than that reported. OTAP-Au
and OTAN-Au NP thin films are extremely stable, and the
electroconductivity of the films remains unchanged for at least
two years under ambient conditions. As shown in Figure 2c,
the energy gap between HOMO of OTAN and Fermi level of
Au is smaller than that of OTAP and Au. This relatively small
energy gap leads the strong orbital hybridization between
OTAN and Au, which gives greater electric conductivity. The
temperature-dependent conductivity of the OTAN-Au NP thin
film exhibits a metallic nature, and the resistance decreases
with temperature (Figure 3b). The metallic electric junction of
the interparticle interface of the OTAN-Au NP thin film was
obtained only after drying the OTAN-Au NPs solution under
ambient conditions. And the conductivity of the OTAN-Au NP
thin film was restricted by the interface between the NPs. A
cross-sectional scanning electron microscopy (SEM) image of
an OTAN-Au NP thin film fabricated under ambient condition
shows the absence of cracks (Figure 3c). Usually, in order to
obtain a carrier-transportable NP thin film, annealing at high
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Figure 3. Properties of OTAN-Au NPs and NP thin film:
(a) Image of NP thin film dried under ambient conditions;
(b) plot of resistivity against temperature for OTAN-Au
NP thin film; (c) cross-sectional SEM image of NPs on a
glass substrate.

temperatures (over 150 °C) or washing processes involving the
use of chemical reagents such as hydrazine are required to
remove insulating ligands, thereby inducing direct interparticle
contact.”?!23 During such post-treatments, the reduction in the
surface-ligand volume always causes cracks on the resultant
NP thin film with highly concentrated carrier trap sites.?*
Because OTAP-Au and OTAN-Au NPs do not need such
post-treatments, their dried thin films are densely packed struc-
tures that are essential for the fabrication of reliable devices.
OFET Device Fabrication. The properties required for
electrodes in various types of devices are more stringent than
those required for interdevice wiring because an electrode at a
semiconductor interface must make good contact.”®> To dem-
onstrate the effectiveness of OTAN-Au NPs, we fabricated all-
solution-processed OFETs fabricated under ambient conditions,
which are good candidate switching devices for both flexible
and printable electronic circuits owing to the development of
many solution-processed organic semiconductors.’ The fabri-
cation of both polymer and small-molecule semiconductors
into stable OFETs by near-room-temperature processes have
been reported.® 2028 However, metal electrodes have not
yet been fabricated using simple solution techniques. On the
other hand, fabrication attempts have resulted in only partially
solution-processed devices. We prepared organic semiconduc-
tor layers of 2,7-dioctyl[1]benzothieno[3,2-b]benzothiophene
(C8-BTBT) using a crystallizing technique developed by one
of the authors to enable an easy fabrication of large-domain
crystalline films on an Si-SiO, substrate.”® We then painted a
solution of OTAN-Au NPs on the semiconductor film at room
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Figure 4. Full solution-fabricated OFET made using a
solution-deposited C8-BTBT semiconductor layer coated
with OTAN-Au NPs and used for electrodes: (a) Top
view; (b) schematic illustration; (c) output characteristics;
(d) transfer characteristics.

temperature to construct a top-contact, bottom-gate OFET.
Figure 4 shows different views and characteristics of the
constructed OFET. The channel length and width are 400 and
120 um, respectively (Figures 4a and 4b). The typical transistor
characteristics demonstrate clear FET performance with mobi-
lity values as high as 2cm?V~'s~! (Figures 4c and 4d). This
value is comparable to the previously reported value for the
mobility of devices having vacuum-deposited Au electrodes,
which ranged from 3.5 to 5cm?V~'s71.2® We note that the
structure and the channel dimensions are essentially same for
the previously reported solution-crystallized C8-BTBT OFETs
as compared with the present devices incorporating the 7-
junction Au NPs. Therefore, the results indicate general use-
fulness of painted OTAN—Au NPs that were fabricated using
a very simple room-temperature method described here. The
mechanism that causes a slightly smaller value of mobility in
the present devices is under investigation in order to further
increase the transistor performances. It can be suspected that
the present paining process results in slightly more resistive
metal-semiconductor contacts or that the vapors from the
water-based solvent induced shallow hole-trapping levels
attached to the surface of the C§8-BTBT channels.

Conclusion

We have demonstrated that Hppc-derivative-protected -
junction Au NPs can be fabricated into electroconductive
circuits and electrodes by room-temperature printing. The
HOMO level of Hypc is sufficiently close to the Fermi level
of Au, which is a requirement for inducing a strong interorbital
interaction between Hypc and the Au NP core, resulting in good
electroconductivity of the deposited Au NP thin film (>6600
Scm™!). An all-solution-processed OFETs fabricated under
ambient conditions has a mobility of 2cm?V~'s™!. Electro-
conductive 7-junction metal NPs are the only solution mate-
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rials that can produce high-performance OFETs that are com-
parable to conventional vacuum-deposited metal electrodes.

Experimental

Syntheses of OTAP- and OTAN-Au NPs. The aqueous
citrate-capped Au NPs (1 L, 2mM as Au atom) were prepared
according to the method described by Ji et al.'” An acidic
aqueous formic acid solution of OTAP (20mg) or OTAN
(20mg) was added to the solution. After stirring at room
temperature for 30min, an excess amount of aqueous tri-
methylamine was added. The resultant precipitate was centri-
fuged and washed with water and ethanol to give pure OTAP—
and OTAN-Au NPs.

Conductivity Measurement of OTAP- and OTAN-Au
NPs. A solution of OTAP-Au NPs was painted at room
temperature on a quartz substrate to draw conductive lines.
It was then dried at 55°C for 10min. The line width and
thickness were 1.04mm and 2.03 um, respectively, as mea-
sured with a surface profilometer (Dektak 3030). Line con-
ductivities were measured using the four-point probe method,
where a force current (10 mA) was applied to the line by a pair
of outside probes. To measure the resistance uniformity along
the gold line, the distance L between the interior terminals was
varied. The conductivities measured at three different positions
were 1571, 1528, and 1582Scm™!, with an average conduc-
tivity of 1560 S cm™!. Similarly, a solution of OTAN-Au NPs
was painted at room temperature on a quartz substrate to draw
conductive lines, and then dried at 55 °C for 10 min. The line
width and thickness were 1.04 mm and 0.905 um, respectively.
The average conductivity measured at four different posi-
tions was 6604Scm~!, and the maximum conductivity was
7012Scem™.
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Supporting Information

Syntheses of OTAP and OTAN ligands, laser Raman spectra,
4-probe conductivity measurement of OTAP— and OTAN-Au
thin film, and the movie of the double speed drying process of
OTAN-Au NPs. This material is available free of charge via
the Internet at http://www.csj.jp/journals/besj/.
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