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Abstract Polymer-ITO (PI) nanocomposite templates
with various ITO concentrations have been fabricated by
electrospinning. These templates look like a mat with
tangled nanofibers, and are optically transparent (85-90%)
in the visible region of the solar spectrum (400-700 nm).
The electronic properties of those transparent films were
studied. The highest conductivity achieved is 1.04 x
10°S cm™'. The promising optoelectronic properties
present the great promise of PI nanocomposites to be the
top layer of the next generation flexible photo devices, like
solar cells and light emitting diodes (LED).

Introduction

Transparent conductive oxides (TCO) are widely used
transparent conducting coating for optoelectronic devices
such as flat panel displays, solar cells, and touch screens
[1, 2]. Also, it is an essential material for the automotive,
train, and aircraft industries. Therefore, the numerous
research programs [3—7] are going on to develop TCO. Over
the years of research, among the different TCO materials,
viz. aluminum-doped zinc oxide (AZO, ZnO:Al), fluorine-
doped tin oxide (FTO, SnO,:F), antimony-doped tin oxide
(ATO), and indium tin oxide (ITO), ITO with In:Sn = 9:1
(at.%) seem to be the most favorable due to their remarkable
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combination of high transparency in the visible region, high
infrared reflectivity, and high conductivity. However, those
ceramic TCO films are brittle, which is a mechanical limi-
tation for their use in the flexible optoelectronic devices.
Again, we could find the demanding use of plastic opto-
electronic devices because of their ease of processing,
mechanical flexibility, and promise for low-cost fabrication
of large areas [1, 2]. Therefore, we need to take the chal-
lenge for finding out the substitute of commonly used TCO
films.

For that particular task, a new class of nanostructured
materials, e.g., polymer—carbon nanotubes (CNT), nano-
composite (NC), polymer—TCO nanocomposite, etc. were
invented and studied by the different research groups
[8-14]. These nanocomposites are composed of a contin-
uous transparent polymer matrix homogeneously dispersed
with nano-sized semiconductor particles. In fact, polymer
matrix acts as a binder of the nanoparticles. The degree of
uniform dispersion as well as the volume fraction of
semiconductor nanoparticles control the optoelectronic
properties of the nanocomposites. Clayton et al. [9] studied
the optical transparency of poly(methyl methacrylate)/sin-
gle-walled carbon nanotube (PMMA/SWNT) composite.
Glatkowski and his research group [10] presented SWNT
composite coating with optical transparency of 90% and
electrical resistivity of 200 /L] synthesized by simple wet
coating processes. Like polymer—-CNT nanocomposite,
polymer-ITO nanocomposite is a promising alternate
choice of TCO, too. Puetz etal. [13] investigated
3-methacryloxy propyltrimethoxysilane (MPTS)-ITO nano-
composites. The sheath resistances of UV-cured transparent
MPTS-ITO NCs are in the range of 1-2 kQ that makes an
interest to apply the nanocomposites in the optoelectronic
devices. The electrical and mechanical properties of trans-
parent polyvinylpyrrolidone (PVP)-ITO nanocomposites
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studied by Carotenuto et al. [14] are also encouraging for the
technological applications.

In the present work, the customization of the properties
of polymer—ITO nanocomposite has been studied. To serve
the purpose, polyethylene oxide (PEO)-ITO nanocompos-
ite templates were fabricated by electrospinning. The
morphologies of PEO-ITO NCs were manipulated in a
wide range. The morphological transformation has an
effect on the optoelectronic properties of the templates. As
a result, we obtained PI nanocomposite films with the
extensive varieties of optoelectronic properties.

Experiments
Preparation of PI nanocomposite templates

Polymer—ITO nanocomposite templates were synthesized
by electrospinning. The solutions used in the electros-
pinning experiments were prepared by using 400,000
molecular weight PEO (M,,: 400,000, Scientific Polymer
Products) and ITO nanopowder (~40 nm) (Inframat®
Advanced Materials™). Actually, ITO nanopowder
(~40 nm) is a combination of In,O5; and SnO, in a ratio
of 90:10. PEO was dissolved in the stable suspension of
ITO in HPLC grade water. PEO concentration was always
8 wt% in water. ITO concentration was varied. Suspen-
sions were prepared with ITO concentrations of 10, 20,
30, and 40% of the mass of dissolved PEO. After mag-
netic stirring for 6 h, the PEO-ITO solutions were loaded
into a 50 ml plastic syringe equipped with an 18-gauge
stainless steel needle (Popper & Sons, Inc.). A voltage of
9 kV was applied to the needle by a power supply
(ES30P-5W, Gamma High Voltage Research, Ormond
Beach, FL), while a syringe pump (KDS-200, Stoelting,
Wood Dale, IL) fed the PEO-ITO solution at a constant
rate of 0.3 mL/h. The PEO-ITO nanocomposite templates
of different thicknesses were collected on various sub-
strates, including aluminum foils, silicon wafers, glass
slides, and lacy carbon-coated copper grids for different
sorts of characterizations at a distance of 5 in. from the
tip of the needle.

Characterizations

Transmission electron microscopy (TEM, JEM 2010F) was
used to study the architectures of PI nanocomposite tem-
plates. The compositions and microstructures of templates
were analyzed by different techniques: bright field (BF),
high-angle annular dark field (HAADF), and energy dis-
persive X-ray spectroscopy (EDXS) of TEM. The morphol-
ogies of nanocomposite templates were determined by X-ray

diffraction (XRD) measurements. XRD patterns were
recorded on a Rigaku D-Max B horizontal diffractometer
(Cu Ko radiation), and analyzed by JADE software [15]. To
study the optical characteristics of PI template films, the
coated glass substrates were subjected to the optical trans-
mittance and reflectance measurements in the wavelength
range of 200—1,000 nm by using UV—Vis—NIR Perkin Elmer
spectrophotometer. A bare glass substrate was used as the
optical reference. The conductivities of PI template thin
films were measured using a four-point probe in an
environmental test chamber.

Results and discussion
Structural studies

Figure 1 shows a typical TEM image of the PEO-ITO
nanocomposite template. It is Z-contrast imaging [16],
generated by HAADF scanning transmission electron
microscopy (STEM). The PEO-PI nanocomposite template
looks like a mat with tangled nanofibers. The average
diameter of nanofibers is ~40 nm. The high-resolution
HAADF images could help to distinguish the PEO-PI
templates having different ITO concentrations due to their
Z-contrast imaging capability. As for evidence, two high-
resolution HAADF images of PEO-ITO templates having
ITO concentrations of (a) 10% and (b) 40% have been
displayed in Fig. 2. In Fig. 2b, the template looks like ITO

Fig. 1 Z-contrast imaging, generated by high-angle annular dark
field (HAADF) scanning transmission electron microscopy (STEM)
of PEO-PI nanocomposite template with ITO concentration of 30%
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dominating, and ITO nanoparticles are seemed to be sorted
in a network. On the other hand, blurry template in Fig. 2a
indicates the predominating presence of polymer rather
than inorganic nanoparticles. To support the fact, the
compositions of two nanocomposite templates have been
analyzed by EDXS. Fig. 2c, d display the energy dispersive
X-ray spectra of PEO-PI templates with 10 and 40% ITO,
respectively. The relative concentration of carbon is higher
in the PEO-PI template with 10% ITO than that in the
other template. It confirms the dominating presence of PEO
over ITO nanoparticles in the PEO-PI template with 10%
ITO.

Like the TEM study, the XRD patterns as well provide
us with the morphological information of different PEO—PI
templates. In Fig. 3, the XRD patterns of four PEO-PI
templates with 10, 20, 30, and 40% ITO have been dis-
played. Figure 3 also includes the standard XRD peak
positions of PEO, In,O5 and SnO,. Curve 1, which cor-
responds to PEO-PI template with 10% ITO, shows
crystalline peaks of PEO as well as In,O3. Here it should be
mentioned that there is no evidence of the SnO, peaks in
any of the curves. This could be caused by the small
amount of SnO, in the ITO film. Presence of SnO, can be
confirmed to study the Energy Dispersive X-ray spectra of
PEO-PI templates (Fig. 2). With the increase in ITO
concentration, diffraction peaks of PEO gradually disap-
pear. These are barely present in the XRD pattern of PEO—
PI template with 40% ITO (curve 4).

@ Springer

Optoelectronic properties

So far, the morphological studies show that we can easily
tailor the concentration of ITO nanoparticles in the PEO—
ITO templates. It is expected that the PI nanocomposites
with different concentrations of ITO would have different
optical and electrical properties. Figure 4 demonstrates the
optical properties of the PEO-PI template films having the
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Fig. 3 XRD patterns of PEO-PI nanocomposite films with ITO
concentrations of 10, 20, 30, and 40%
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Fig. 4 Transmission spectra of PEO-PI nanocomposite films with
ITO concentrations of 10, 20, 30, and 40%

same thickness of 150 nm. It is observed in the figure that
the average transmission of PEO-PI template films in the
visible region (400-700 nm) of solar spectrum is about
85-90%. The optical transmission above 550 nm hardly
changes with the ITO concentration. The drop of optical
transmission with the ITO concentration is relatively
higher in the wavelength range of 250-500 nm. It varies
from 5 to 10% at different wavelengths. This particular fall
of optical transmission can be explained easily. The optical
absorption edge of PEO is at ~260 nm [17, 18], and PEO
is ~90% transparent in the UV-Vis—NIR region. On the
other hand, ITO has the optical band edge at ~ 340 nm
[18-21], and obviously its optical transmission starts to
drop at ~400 nm, though its optical transparency in the
visible region is like PEO. Consequently, the optical
transmittance of the PEO-PI nanocomposite in the wave-
length range of 250-500 nm lessens depending on the
concentration of ITO. However, it is fascinating to mention
that whatever the ITO concentration is, PEO-PI nano-
composites are transparent in the visible region, and that is
crucial for its application in the optoelectronic devices.

The promising optical properties have encouraged for
examining the electronic transport properties of PEO-PI
nanocomposite templates. Conductivity (o) is plotted
against the ITO concentration in Fig. 5. It is exponentially
increased with ITO concentration. At the ITO concentra-
tion of 40% conductivity of the PEO—PI nanocomposite is
1.04 x 10> S cm™" while the reported conductivities of
transparent ITO thin films range from 1.00 x 10° to
6.00 x 10> S ecm™' [20-23]. Hence, it seems that PEO-
ITO nanocomposite thin films could be the good alterna-
tive of ITO films as transparent electrodes. Furthermore,
the conductivity of PEO-ITO nanocomposites can be
customized according to the requirement.
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Fig. 5 Variations of conductivity and activation energy with ITO
concentration

To find out the carrier transport mechanism of PI
nanocomposite, the temperature dependence of conduc-
tivity was carried out within the range of 300400 K for
different samples. The activation energies for different
PEO-PI nanocomposites were calculated from these
conductivity versus temperature plots. Activation energy
(®) decreases exponentially with the ITO concentration,
as observed in Fig. 5. In fact, with the increase in ITO
concentration, average separation between neighboring
ITO particles in the PEO-PI nanocomposites reduces
(Fig. 2), as a consequence @ decreases, and conductivity
enhances. Those facts suggest that the governing charge
carrier transport mechanism in the PI nanocomposites is
hopping conduction. We could find similar charge trans-
port mechanism in “Coulomb glasses (metal-oxide
composites).” Charge carriers in such systems are ran-
domly localized in space. The long-range Coulomb
interactions exist among the carriers. In the regime of
strong Coulomb interaction the localization length of
electron is much smaller than the distance between the
localized states and the charge transfer is carried out by
means of the tunnel hops of electrons from one center to
another [24]. The activation energy for tunneling can be
expressed by [25]

where, r is the particle diameter, p is the separation
between the particles both expressed in nanometers, and &
is the dielectric constant of matrix. In our case, instead of
metal ITO particles are separated by the polymer tunnel-
ing. The current transport is considered by the tunneling
of the carriers between the neighboring ITO dots in the
PEO matrix. With the increase of ITO concentration,
distance between the neighboring ITO particles decreases,
activation energy lessens, and hence conductivity
increases.
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Conclusion

PEO-ITO nanocomposite templates were synthesized by
the electrospinning. The properties of nanocomposites with
various ITO concentrations have been studied. The struc-
tural studies show that the ITO particles of PEO-PI
nanocomposites are distributed in a tangled network. The
nanocomposites are optically transparent (85-90%) in the
visible region (400-700 nm) of the solar spectrum. The
variation of ITO concentration changes the electronic
conductivity of the transparent nanocomposites. The
highest conductivity achieved is 1.04 x 10°> S cm™! which
shows the promise of PI nanocomposites to be used in
place of ITO for the next generation photo devices.
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