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ABSTRACT: We successfully fabricated high performance
bottom-contact organic field-effect transistors (OFETs) using
silver nanowire (AgNW) network electrodes by spray
deposition. The synthesized AgNWs have the dimensions of
40—80 nm in diameter and 30—80 um in length and are
randomly distributed and interconnected to form a 3D hollow
framework. The AgNWs networks, deposited by spray coating,
yield an average optical transmittance of up to 88% and a sheet
resistance as low as 10 ohm/sq. For using AgNWs as source/
drain electrodes of OFETs with a bottom-contact config-
uration, the large contact resistance at the AgNWs/organic

channel remains a critical issue for charge injection. To enhance charge injection, we fabricate semiconductor crystals on the
AgNW using an adsorbed residual poly(N-vinylpyrrolidone) layer. The resulting bottom-contact OFETs exhibit high mobility up
to 1.02 cm?/(V s) and are similar to that of the top-contact Au electrodes OFETSs with low contact resistance. A morphological
study shows that the pentacene crystals coalesced to form continuous morphology on the nanowires and are highly
interconnected with those on the channel. These features contribute to efficient charge injection and encourage the improvement
of the bottom-contact device performance. Furthermore, the large contact area of individual AgNWs spreading out to the
channel at the edge of the electrode also improves device performance.
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1. INTRODUCTION

Research on organic field-effect transistors (OFETs) has made
remarkable progress, such that OFET's are now being applied in
several established and/or emerging technologies, including
displays, smart cards, and sensors."> Nevertheless, there are still
several bottlenecks hindering the development of OFETs
suitable for use as the driving units of next-generation
electronic applications, which require high performance,
transparency, and mechanical flexibility, as well as cheap and
eco-friendly manufacturing processes. Moreover, the conduc-
tive materials used as the source, drain, and gate electrodes of
an OFET should fulfill additional requirements, including high
electrical conductivity and an appropriate energy match with
the organic semiconductor.’ Although metals such as gold,
aluminum, and silver have been widely employed in OFETs
due to their high conductivity,’> the high cost of vacuum
deposition to make thin films as well as the opaqueness of these
metals are an impediment to the future progress of OFETs.
For the above reasons, recent studies have focused on the
technology for the development of various solution-processed
conductive materials such as poly(3,4-ethylenedioxythio-
phene/polystyrenesulfonate) (PEDOT:PSS), carbon nano-
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tubes, graphene, metal grids, and metallic nanowires.>®

Among them, random silver nanowire (AgNW) networks
have been regarded as promising candidates to replace indium
tin oxide (ITO) because of their attractive electrical, thermal,
and optical properties.g_11 In contrast to common conductive
materials with a dense thin film structure, AQNW networks are
comprised of a three-dimensional (3D) hollow framework in
which individual nanowires are connected to each other to
establish an electrical pathway.”'® This structure allows the
AgNW network film to simultaneously exhibit transparency,
conductivity, and mechanical flexibility. However, if AgNW
networks are used as the source/drain electrodes in bottom-
contact OFETs, charge injection phenomena between the
hollow AgNW network electrode and the organic semi-
conductor layer will play a critical role in determining the
device performance. In general, the use of metal source/drain
electrodes in OFETs with a bottom-contact configuration has
frequently led to contact resistance arising from a carrier
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injection barrier”~ and/or structural mismatc at the
interface between the metal electrode and organic semi-
conductor. The contact resistance in bottom-contact OFET
has been regarded as one of the causes that degrade the device
performance of OFETs.

In this study, we fabricated the high performance bottom-
contact OFETs in which AgNW networks were used as the
source/drain electrodes. AQNW networks were easily deposited
on the 300 nm thick SiO,/Si substrate from a AgNW-dispersed
solution via normal spray coating at ambient condition.
Pentacene-based bottom-contact OFET's with AgNW networks
as the source/drain electrodes yielded a field-effect mobility
(Hppr) of up to 1.02 cm?/(V s), which is about 4 orders of
magnitude higher than those of the bottom-contact OFETSs
with vacuum-deposited Ag thin film electrodes and is
comparable to that of the top-contact OFETs with a vacuum-
deposited Au electrode that can establish an Ohmic contact at
the electrode/semiconductor interface. In addition, we
investigated in detail the mechanism of charge injection
between the AgNW networks and pentacene semiconductor
and thereby elucidated why AgNW networks enable pentacene
OFETs to achieve a high pipgr value in spite of the device
having a bottom-contact configuration.

2. EXPERIMENTAL SECTION

2.1. Materials and Sample Preparation. AgNWs were
synthesized by reducing silver nitrate with ethylene glycol (EG) in
the presence of ZnCl,, Fe(NO;);-H,0, and poly(N-vinylpyrrolidone)
(PVP). A 200 mL EG solution with PVP was vigorously stirred in a
500 mL three-neck round flask. After the PVP had dissolved, ZnCl,,
Fe(NO;);-H,0, and AgNO; were added. Then, the reaction was
carried out at 130 °C for 4 h. AgNWs were obtained after washing
with ethanol and DI water two or three times. The resulting AgNWs
had the dimensions of 40—80 nm in diameter and 30—80 um in
length. The 0.1 wt % of the prepared AgNWs was dispersed in
isopropyl alcohol (IPA).

2.2. Device Fabrication. Highly doped n-type (100) Si wafers
having thermally grown SiO, layers of 300 nm thickness were used as
the substrates. The dimethylchlorosilane-terminated polystyrene (PS-
Si(CH;),Cl, PS-brush) polymers used for the preparation of the
surface-modification layers were obtained from Polymer Source Inc.
PS-brush dissolved in toluene (Aldrich) was spin-coated onto SiO,
substrates to fabricate the surface-functionalized oxide dielectrics. The
resulting films were annealed at 120 °C for 60 min under a N,
atmosphere. To remove unreacted PS-brush residue, the annealed film
was rinsed with excess toluene and then sonicated in a toluene bath for
2 min. AGNW electrodes were deposited on the PS-brush-treated SiO,
substrate by spray coating with a AgNW solution (0.1 wt %) in
isopropyl alcohol (Aldrich) through a shadow mask. A SO nm thick
pentacene film was then deposited as the semiconductor layer via
organic molecular beam deposition (deposition rate = 0.1-0.2 A/s;
vacuum pressure = 107 Torr; substrate temperature = 25 °C).

2.3. Characterization. The AgNW films were characterized by an
atomic force microscope (AFM), sanning electron microscope (SEM),
ultraviolet photoemission spectroscopy (UPS), and X-ray photo-
electron spectroscopy (XPS). UPS and XPS were performed using the
4D beamline in the Pohang Accelerator Laboratory (PAL) in Korea.
The ® value was obtained using ® = h — E_ o + Epepm- The hv is the
incoming photon energy (90 V), and the —5 V bias was applied to
make a clear boundary in the E_ 4 region. The electrical parameters of
the pentacene-based OFETs were measured using a Keithley 4200
SCS in a N,-purged glovebox. pppr and Vy, were calculated in the
saturation regime (Vp = —40 V). The C; was measured using an
Agilent 4284 precision LCR meter. 2D-GIXD experiments were
performed on pentacene films at the 3C and 9A beamlines
(wavelength = 1.54 A) in the PAL.
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3. RESULTS AND DISCUSSION

The AgNW investigated here was synthesized by reducing
AgNO; with ethylene glycol (EG) in the presence of ZnCl,,
Fe(NO;);-H,0, and poly(N-vinylpyrrolidone) (PVP). ZnCl,
and PVP were used as a seeding salt and a c%pping agent for
anisotropic growth of AgNW, respectively.1 The resulting
AgNWs had the dimension of 40—80 nm in diameter and 30—
80 pm in length, respectively, yielding an aspect ratio of ca.
375—2000 (Figure 1). This aspect ratio is comparable to or

Figure 1. (a—b) SEM images of AgNWs deposited by spray coating.
(c—d) Magnified SEM images of AgNWs networks. The image was
taken by tilting the sample at an angle of 45°.

higher than those of previously reported AgNWs.“’w’17 In

general, the properties of conductive films consisting of a
random metal nanowire network or metal mesh are the result
of a trade-off between optical transmittance and electron
conduction.""'® Use of metallic nanowires with a high aspect
ratio enables electrical percolation at low density, thereby
affording high optical and electrical properties. To fabricate a
conductive film comprised of AgNW networks, a AgNW
solution dispersed in isopropyl alcohol (0.1 wt %) was
deposited on a PET substrate by commercial spray coating at
ambient conditions. As a result, an average optical trans-
mittance of 88% and a sheet resistance of 10 ohm/sq were
achieved for a ca. S00 nm thick AgNW network film (Figure 2).
The inset in Figure 2 shows a photograph of AgNW networks
film on PET substrate. It is clear from this image that the
AgNW network film shows a very high optical property.

To fabricate AgNW network source/drain electrodes for
bottom-contact OFETs, AgNWs were deposited on a SiO,/Si
substrate by spray coating through a shadow mask (Figure 3a).
Prior to the deposition of AgNWs, the SiO, dielectric surfaces
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Figure 2. Transmittance of spray coated AgNWs on PET substrate.
The inset shows digital camera image of a highly transparent AgNWs
on PET substrate.
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Figure 3. (a) Schematic diagram showing patterned AgNWs electrodes via spray coating through a shadow mask. The OM images of (b) patterned
AgNWs electrodes and (c) channel edge. The SEM images of (d) patterned AgNWs electrodes and (e) channel edge. The inset shows that the
magnified SEM image at the edge of the electrode. (f) The magnified SEM image of AgNWs networks. The image was taken by tilting the sample at

an angle of 45°.
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Figure 4. (a) Schematic diagram of top-contact and bottom-contact OFETs. (b) Transfer characteristics of bottom- and top-contact OFETs with
AgNWs (red), Ag (green), and Au (blue) electrodes, and (c) the corresponding parameters of yipgr and Vi, Output characteristics of OFETs with
(d) bottom-contact AgNWs, (e) Ag electrodes, and (f) top-contact Au electrodes, respectively.

were modified with dimethylchlorosilane-terminated polystyr-
ene (PS-Si(CH,),Cl, PS-brush) to improve the interfacial
properties, including the adhesion and semiconductor growth
behavior."” As shown in Figure 3b—e, the AgNW network
electrodes were distinctly patterned with a well-defined edge
and clear channel region (channel length and width of 150 and
1500 um, respectively). Higher magnification SEM images of
the AgNW network electrodes showed that the AgNWs were
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randomly distributed and connected to each other to form a 3D
hollow framework (Figure 1).

To assess the performance of the AgNW networks as OFET
electrodes, the AQNW networks were compared with Ag thin
film electrodes in bottom- or Au thin film electrodes in top-
contact OFETs. Vacuum-deposited pentacene was used as the
semiconductor, and the device structures are shown in Figure
4a. Figure 4b—f show the drain current—gate voltage (I—V)
transfer and drain current—drain voltage (Ip—Vp) output
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characteristics for the bottom-contact OFETs employing
AgNW networks and Ag thin films, as well as for the top-
contact device based on a Au thin film. The pppr and threshold
voltage (Vy,) were determined from plots of Ip'? versus Vg,
according to the standard saturation regime relation I, =
uperCGW(2L) ™ (Vg — Vy,)%, where C, is the capacitance of the
gate dielectric. The electrical parameters for each OFET are
summarized in Table 1. Ag thin-film-based bottom-contact

Table 1. Electrical Performances of Bottom-Contact (BC)
OFETs Employing AgNWs and Ag Thin Film, and Top-
Contact (TC) OFETs Employing Au Thin Film

AgNWs (BC) Ag (BC) Au (TC)
average flggr 0.82 9.6 x 107* 0.79
(em*/(V's))
Vi (V) —8.35 (£1.1) 541 (x12) —13.7 (+0.4)

OFETs showed poor electrical performance, with a pggp of
~107* cm?/(V s), whereas the average yppy of the top-contact
Au based OFET was 0.79 cm®/(V s). Remarkably, the AgNW-
based bottom-contact OFET yielded an average pppr of 0.82
cm?/(V s), with a maximum value of 1.02 cm?/(V s). Given
that the semiconductor layer on the channel region had a
similar crystalline morphology for each sample, the contact
resistance at the electrode/channel interface must be the factor
determining the pggr values of the devices.>***! Examination of
the output characteristics of the OFETs, which provide
information on contact resistance in the device, showed
nonlinear curves in the linear regime of the output curve at
Vp < V for the AgNW-based and Ag thin film-bottom-contact
OFETs (Figure 4d and e). In contrast, the Au top-contact
device exhibited a linear current—voltage (I—V) dependence in
the same output regime, indicating that charge injection at the
electrode/channel interface obeys Ohm’s law (Ohmic contact)
in this device (Figure 4f).>** The deviation from linearity of the
output curve at Vp, < Vj; for the bottom-contact OFET's can be
attributed to formation of a barrier to charge injection from the
electrode to the channel, generating contact resistance during
device operation (Schottky contact)**** (see Supporting
Information for details). These findings prompt the questions:
Why does the AgNW-based OFET exhibit several thousand
times higher pippr than the device with a Ag thin-film electrode,
even though both devices have a bottom-contact configuration?
And why does the AgNW-based OFET yield a piggr comparable
to that of the Au top-contact device in spite of the nonlinear I—
V dependence in its output curve (Figure 4).

In general, the Schottky contact in OFETs is attributed to
the difference in work function (®) or to a crystal structure
mismatch between the semiconductor film on the electrode and
the channel.* Therefore, it is necessary to correlate the charge
injection behavior with not only the electronic structure but
also the crystalline morphology at the pentacene/AgNW
interface. The @ values for the AQNW networks and Ag thin
film electrodes were determined from their ultraviolet photo-
emission spectroscopy (UPS) energy distribution curves
(Figure Sa). The as-cast AQNW sample yielded a @ value of
6.86 eV, which was quite different from that of the Ag thin film
(4.48 eV). In contrast, the @ value (4.50 eV) of the AgNW
sample after Ar-sputtering was similar to that of the Ag thin
film. Since the AgNW was grown one-dimensionally by the
selective adsorption of PVP polymer onto the {100} Ag crystal
plane, the @ value of the as-cast AgNW should be modified by
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Figure S. (a) UPS energy distribution curves for Ag thin-film, as-cast
AgNWs, and Ar-sputtered AGNWs. The left side shows the secondary
electron emission, and the right side shows a magnified view of the
region where the Ag Fermi edge. (b) XPS spectra of Ag 3d, C 1s, and
N 1s core level for AgNWs.

PVP which is adsorbed on the AgNW surface. The presence of
PVP residue on the AgNW is supported by the X-ray
photoelectron spectroscopy (XPS) data. As shown in Figure
Sb, C 1s and N 1s peaks corresponding to PVP were clearly
detected in addition to Ag 3d ones that are related to AgNW.
The insulating property of PVP adsorbed on the AgNW can
disturb charge carrier injection at the electrode/channel
interface (see Supporting Information). Therefore, additional
voltage is needed to overcome the charge injection barrier
induced by the PVP, which may explain the nonlinear I-V
dependence in the output curve of the AgNW-based OFETs.
However, it is well-known that the introduction of organic
molecules (including self-assembled monolayers®*** and
polymers>"*) onto a metal electrode can control the molecular
arrangement of an organic semiconductor layer deposited on
the metal substrate. The growth characteristics of organic
semiconductors, which mainly consist of 7-conjugated planar
acenes such as pentacene, will be influenced by comgeting
interactions between the molecules and the substrate.”*® For
example, since pure metal surfaces can strongly interact with 7-
conjugated systems, the molecules are adsorbed with their 7-
conjugation plane parallel to the surface (face-on structure). By
contrast, on a dielectric surface, the interaction between -
conjugated molecules is more dominant than the molecule—
substrate interaction, allowing the molecules to be normal to
the surface (edge-on structure), and this molecular orientation
coincides with the direction of charge transport.'”

To elucidate the effect of crystalline morphology at the
pentacene/AgNW interface on the charge carrier transport
behavior, we first investigated the growth of the semiconductor
layer on the pure metal and dielectric surfaces to define the
structural features at the two sides. Figure 6a and b show AFM
images of the pentacene films at the interface between the
channel region where a hydrophobic PS-brush layer is
chemisorbed on the SiO, dielectric and the Ag thin film
electrodes. As shown in Figure 6a and b, the pentacene films on
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Figure 6. (a—c) AFM topographies of pentacene on (a) PS-brush treated SiO, dielectric, (b) Ag thin film, and (c) AgNWs, respectively. (d—f) The
2D-GIXD patterns of S0 nm thick pentacene on (d) PS-brush treated SiO, dielectric, (e) Ag thin film, and (f) AgNWs, respectively.

Figure 7. (a—f) Magnified SEM images of pentacene on AgNW networks. (d—f) The images were taken by tilting the sample at an angle of 45°.

the Ag thin film showed small crystals with a grain size of 50—
100 nm, whereas large terrace-like pentacene crystals (~1 ym)
were formed in the channel region. Further information on the
molecular arrangements was obtained by examining the two-
dimensional grazing-incidence X-ray diffraction (2D-GIXD)
pattern of pentacene films grown on PS-brush surfaces and the
Ag (Figure 6d and e). The pentacene film on the PS-brush
channel, which has the same morphology on AgNW and Ag
thin film electrode devices, exhibited intense (00!) crystalline
reflections along the g, axis (out-of-plane), with a d-spacing of
15.3 A, as well as {1, +1}, {0,2}, and {1, +2} reflections along
the q,, axis (in-plane) corresponding to herringbone in-plane
molecular packing. These reflections are indicative of a pseudo-
orthorhombic thin-film crystalline phase. In particular, Bragg
rod reflections vertically aligned with respect to the gq,, axis
indicate that the pentacene film on the PS-brush channel had a
highly oriented multilayered herringbone structure. On the
other hand, the 2D GIXD patterns of the pentacene film grown
on the Ag thin film is consistent with the coexistence of several
crystalline phases (Figure 6e). In addition to thin-film phase
reflection peaks, the presence of a triclinic bulk phase is
indicated by (000)* reflections along the g, axis and curled
peaks along the g,, axis (marked by white arrows).
Furthermore, both out-of-plane and in-plane reflections show
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scattering patterns along the Debye ring, indicating that their
molecular orientations are more misaligned with respect to
their own original crystal direction. The structural inhomoge-
neities and misorientation in the semiconductor film limited
charge transport and then contributed to a degradation of the
performance of the OFETSs containing pentacene thin films.””

The morphology of the pentacene on the AgNW network
electrode is shown in Figure 6¢c. The lateral grain size of the
pentacene on the AgNW is confined to 60—120 nm due to the
diameter of the underlying nanowires; this grain size is
considerably less than that of the channel (~1 um) (see
Figures 6 and 7). Figure 7 shows the SEM images of pentacene
on AgNW networks. In the longitudinal direction, however,
pentacene grains grew along the nanowires and eventually
coalesced to form continuous pentacene morphology on the
nanowires (the SEM images in Figure 7a—c). The crystal
growth of pentacene is significantly affected by the underlying
surface. Thus, pentacene crystals grew continuously on an
absorbed PVP layer on AgNWs as shown in the SEM images of
Figure 7a—c. These results agree well with the 2D GIXD
results. Figure 6e and f show that the 2D GIXD patterns of the
pentacene film grown on AgNWs were quite different from
those on the pentacene grown on the Ag thin film. Although
some bulk phase peaks were observed, the pentacene crystals
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obviously contained large portions of surface-parallel molecular
packing consisting of (00!) reflections along the g, direction
and vertically aligned Bragg rod reflection along the g,, axis
(red arrows). This structural feature of the pentacene film on
the AgNW substrate can be attributed to the PVP layer
adsorbed on the surface. As mentioned above, organic layers
adsorbed on metal surfaces allow 7-conjugated molecules to be
grown with an edge-on orientation. Hence, the PVP layer on
the AgNW may enhance a surface-parallel z-conjugation
molecular arrangement of the pentacene film, even though a
greater density of crystalline defects is present compared to the
pentacene film on the channel.

Moreover, the pentacene crystals on the AgNW were highly
interconnected with those on the channel. The SEM images in
Figure 7d—f show a tilting view of pentacene morphology on
the AgNWs. Pentacene crystals covered the boundary of the
nanowire and channel region. Cross-sectional height profiles of
the AFM image of the pentacene morphology on AgNWs also
show the smooth edge of pentacene on AgNWs (Figure 8).

100 200 300 400
Width (nm)

Figure 8. AFM topographies (left) and AFM cross-sectional height
profiles (right) of pentacene on AgNWs.

These results indicate that the pentacene also grew at the
boundary connected with grains on nanowires and channel due
to the organic surface (PVP on nanowire and PS-brush on
channel). Thus, the interconnected pentacene layer guarantees
better charge injection and transfer from the AgNW network
electrode to the channel region. Furthermore, considering the
area of overlap at the electrode/channel interface where charge
injection takes place in the OFETs, the morphology of this
interface will be closely associated with the electrical properties
of the device. As shown in the inset of Figure 3e, individual
AgNWs tend to spread out to the channel at the edge of the
electrode. Unlike the Ag thin film electrode with the cross
section at the edge of the electrode, this morphological feature
would be expected to give rise to an increase in the contact area
between the electrode and channel compared to solid thin film
electrodes, which would make a significant contribution to
efficient charge injection in the device and hence to improved
electrical performance (Figure 9).

4. CONCLUSIONS

We successfully fabricated AgNW network electrodes via
ambient condition spray deposition for use in high performance
bottom-contact OFETs. The resulting AgNWs, which had the
dimensions of 40—80 nm in diameter and 30—80 ym in length,
were randomly distributed and interconnected to form a 3D
hollow framework. As a result, the AgNW network film yielded
an average optical transmittance of up to 88% and a sheet

Ag thin film
electrode

(@)] Aa s (b)

|_electrode

Figure 9. Schematic diagrams showing charge injection of OFETs with
(a) Ag thin film and (b) AgNWs electrodes.

resistance as low as 10 ohm/sq. In particular, the pentacene-
based bottom-contact OFET employing AgNW network
electrodes showed a pppr about 3 orders of magnitude higher
than that of the OFET with bottom-contact Ag thin film
electrodes, and similar to that of the top-contact Au-based
OFET. The characteristics of the various OFETs were
intimately associated with the crystalline morphology at the
channel/electrode interface, which affects charge carrier
transport. In particular, the improved molecular orientation of
the pentacene layer induced by adsorbing a PVP layer on the
AgNWs enhanced the OFET performance, as did the increased
contact area between the AgNWs and the pentacene layer.
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