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ITO-Free and Flexible Organic Photovoltaic Device Based
on High Transparent and Conductive Polyaniline/Carbon

Nanotube Thin Films

Rodrigo V. Salvatierra, Carlos E. Cava, Lucimara S. Roman, and Aldo J.G. Zarbin*

The synthesis and characterization of thin films of polyaniline/carbon nano-
tubes nanocomposites is reported, as well as their utilization as transparent
electrodes in ITO-free organic photovoltaic devices. These films are gener-
ated by interfacial synthesis, which provides them with the unique ability

to be deposited onto any substrate as transparent films, thus enabling the
production of flexible solar cells using substrates like PET. Very high carbon
nanotube loadings can be achieved using these films without significantly
affecting their transparency (=~80-90% transmittance at 550 nm). Sheet resist-
ances as low as 300 Q/[] are obtained using secondary polyaniline doping in
the presence of carbon nanotubes. These films present excellent mechanical
stability, exhibiting no lack in performance after 100 bend cycles. Flexible and
completely ITO-free organic photovoltaic devices are built using these films
as transparent electrodes, and high efficiencies (up to 2.27%) are achieved.

Combinations of these materials are also
the subject of active research.l®) Many of
these alternative materials are utilized in
attempts to achieve characteristics near
those of ITO in terms of conductivity
and transparency, but several other fac-
tors must also be considered such as the
roughness, substrate adhesion, porosity
and work function values.'7]

Although these alternative materials for
ITO replacement present specific issues,
they also exhibit new properties that are
not achievable with ITO. For example,
future optoelectronic devices (e.g., elec-
tronic paper, touch screens) must be flex-
ible and stretchable to improve the robust-
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1. Introduction

Transparent and conductive thin films represent an important
class of materials and are employed in a variety of technological
applications including solar energy harvesters and light-emitting
devices. Doped tin oxide films, among which indium-doped
tin oxide (ITO) is the most widely used and well known,
have been explored for nearly four decades and present excel-
lent conductivities (=10° S cm™) and transparencies (=90% at
550 nm).I"? The search for a substitute for ITO films is an active
research area due to the scarcity of indium, which in time will
increase the market value because pure materials will become
harder to find. Many materials are currently under investigation
including metallic silver nanowire films,3 evaporated metallic
grids, conjugated polymersP! and nanocarbon structures
such as carbon nanotubes (CNT5) or, more recently, graphene.
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ness and extend the functionality of the

devices. ITO, which is a ceramic material,

can fracture even at low strain levels (<4%)
and requires high temperatures and high vacuum systems in
the production process,?) but carbon nanotubes and graphene
films can be deposited over flexible and transparent substrates
such as PET under very mild conditions.

In addition to carbon nanostructures, some conducting poly-
mers as PEDOT:PSS (poly(3,4-ethylenedioxythiophene:poly(styr-
enesulfonate)) and polyaniline (PANI) have been deeply investi-
gated as ITO substitutes because of their conductivity, transpar-
ency and high work function values (>5 eV).¥l The conductivity
value of these materials is strongly dependent on the chemical
doping process. Doping in a conducting polymer is a complex
process that includes the generation of charged species along
the polymer backbone (solitons, polarons and bipolarons), as
well as conformational changes in the polymer chains. This
process results in highly delocalized charge carriers and thus
produces the maximum conductivity that has been achieved in
this class of materials.[”! Therefore, achieving high conductivity
requires chemical control of the synthesis and properly choice
of the so-called the primary (acids, oxidizing agents) and sec-
ondary dopants (solvents).[10-12

By optimizing the transparency and the conductivity of thin
films of PEDOT:PSS, high-efficiency, completely ITO-free light-
emitting devices and solar cells have been constructed.” !l
Applications of PANI, however, have generally been limited by
its poor solubility (which makes difficult its processability as thin
films). However, both the polymers PANI and PEDOT:PSS have
been compared in several published papers as active materials
for hole injection layers in solar cells, and more efficient devices
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have been constructed using PANT films than
PEDOT:PSS, due to the better work function

and chemical resistance of PANT.[8141%] CNT
Concerning the practical and widespread Disperion
use of these conducting polymers in optical 4 Apiline
devices and transparent electrodes, one of
(Toluene)

the major challenge is related to the environ-
mental stability, i.e., the ability to maintain
electrical properties in the presence of long-
term exposure to UV radiation and tempera-
ture fluctuations.M!% Producing nanocom-
posites of conjugated polymers through the
incorporation of carbon nanomaterials (e.g.,
CNTs and graphene) is a very interesting
solution, because these carbon nanomate-
rials exhibit improved conductivity (by several
orders of magnitude) and enhanced chemical
and thermal stability.'”] These properties
lead to devices with better performance, as
previously reported in devices such as solar
cells.l'819 Moreover, the preparation of CNTs/
conducting polymer nanocomposites can also
solve another problem related to the utiliza-
tion of CNTs and graphene thin films for ITO
replacement: the research into thin films of
these nanomaterials seems to be limited by
their high sheet resistances and low trans-
parencies, which are ultimately related to the
sample purity, assembly of the film, wetta-
bility, tube length, and the method of film pro-
duction. The bulk conductivities of these CNT
films can vary drastically (10-6000 S cm™), as the bulk conduc-
tivity does not reflect the conductivities of the individual compo-
nents (=200 000 S cm™).[!l This variation has been demonstrated
to be related to the high junction resistance (ca. 1000 Q) between
each individual nanotube. To overcome this limitation, oxidative
treatments and lengthy, expensive purification procedures have
been performed to improve the tube-tube contact and thus obtain
films with very low resistances.?” Ma and coworkers presented
an approach to minimize the contact resistance by incorporating
a thin layer of polyaniline derivative that acts as conductive glue
between tubes, resulting in a CNT-based sample that exhibited
increased conductivity and a reduced percolation threshold.?!]
Recently, we reported a suitable and simple interfacial
polymerization method for the synthesis of polyaniline/carbon
nanotube nanocomposites that were obtained directly as trans-
parent, homogeneous, and conductive thin films.?? This syn-
thetic route, that was further extended to graphene-based nano-
composites and neat carbon nanotubes films,?>?* produces
high-quality films with a really good conductivity. However, the
transparence (50-60%) was not adequate for the utilization as
transparent electrode. In this work, we present a huge improve-
ment on the quality, conductivity and transparence of these
CNTs/polyaniline nanocomposites thin films by: 1) decreasing
the diameter of the CNTs employed to prepare these materials,
and 2) submitting the PANL:CNT film to a secondary doping
process. The optimized film was subsequently used as a trans-
parent conductor (anode) in a flexible and ITO-free organic
photovoltaic (OPV) device, showing outstanding performances,
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Figure 1. a) Scheme of interfacial polymerization in the presence of a carbon nanotube dis-
persion; b) glass support being lifted and removing an interfacial film; c) nanocomposite film
(PANI:CNT) over glass substrate. The original color of the film in (b) and (c) is pale green.

superior to those of similar devices built with ITO as anode.
This is the first report on an OPV device using this kind of
nanocomposite as a transparent electrode.

2. Results and Discussion

2.1. Self-Assembled Thin Films of Carbon Nanotubes and Polyaniline

Self-assembled films of polyaniline and multiwalled carbon
nanotubes were produced by interfacial polymerization as
described in our previous paper.??l This synthesis technique
allows the carbon nanotubes to assemble at the liquid-liquid
interface and then participate in the polymerization reaction,
in which the monomer (aniline) and oxidant (ammonium
persulfate—APS) are separated into organic (oil) and aqueous
phases, respectively, as schematically shown in Figure 1a. As
a hybrid material, the interfacial film is highly flexible and
elastic. Figure 1b presents a picture of a glass substrate being
lifted and stretching the thin interfacial film (<100 nm). The
stabilization of particles at the liquid-liquid interfaces (oil/
water interfaces) and the astonishing mechanical resistance of
such thin films result from minimizing the free energy of the
system in the presence of the many interaction forces between
the particles and the two liquids; in this case, the free energy
is represented by the interfacial tension between toluene and
water (36 mN m™). The particles themselves in both solvents
can also interact through van der Waals, steric, and electrostatic
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o N Figure 2a). The film produced using the
E 340 CNT (10 nm) «@» smaller diameter nanotubes (Figure 2b) is
- $30 CNT (70 nm) thinner (=50 nm) and covers the entire sub-
(- % i strate. The dispersion in the diameter distri-
220 bution of the larger nanotubes is also three
= =
wll S times higher than that of the thinner nano-
= g 10 tubes, as shown in Figure 2.’ This discrep-
| S
S0 ancy may lead to poorer assembly of carbon
o 20 40 60 80 100 nanotubes at the liquid interface and thereby
Diameter /nm contribute to a nonuniform film. Thus,

small-diameter nanotubes and/or low dia-
meter dispersion are crucial to the production

2
: % 80 of high-quality films. Another critical factor
§ is the effect of the carbon nanotube size on
X 60 ——CNT (10 nm) the transparency of the films. As presented
SR CNT (70 nm) in the transmittance spectra in Figure 2d, the
§ 404 ' : larger multiwalled carbon nanotubes, which
&~ 7400 600 800  are composed of a higher number of con-
Wavelength /nm centric graphene sheets, lead to darker films.

Next, we describe the characterization of the
Figure 2. a) SEM images of PANI:CNT nanocomposite starting from CNTs of 70 nm diameter;  cathon nanotubes/polyaniline films produced
and b) SEM images of PANI:CNT nanocomposite starting from CNTs of 10 nm diameter;
c) histograms showing the diameter distribution of the two CNTs samples; d) transmittance
spectra of PANI:CNT films prepared from the two different CNT samples.

using the thinner carbon nanotubes.
Figure 3 presents a photograph of four dif-
ferent polyaniline films with different carbon

ML BIVAIL) 1D LUV IIIUDL VULIMULLEVT TUL (BICALL] 1D LUV 1UDL VULIUUL U VO J UL L v
forces, which can lead to highly ordered inter- - ies eenrconducte((1 ) :ralstudi?s uc
) 12526 o g : 1L
facial organization.>?°l Similar films can athesis, ¢ rization and a i
also be produced at the water-air interface nanoco . A dramati iC improy
(after toluene evaporation) at which an even nical, the| rical, op«thal anc

higher interfacial energy exists (75 mN m™).
However, films produced at this way (water/
air interface) exhibit reduced flexibility and
elasticity, evidencing the important role of the
liquid nature of the interface. By spreading Trrn)

this tri-phasic system (water/film/oil) over (”“”) (M
suitable substrates (quartz, PET, silicon, etc.), S
highly homogeneous and transparent films of
insoluble materials can be obtained, as can be
seen in Figure 1c.

To fully utilize the properties of these
hybrid thin films, the carbon nanotube
material must be chosen to optimize the
conductivity and transparency and to pre-
vent the creation of an inhomogeneous sur-
face. Figure 2a,b present scanning electron

of ﬁhme ocomposites is expected i

ir |comp i ividually. As
le applic in 1§

R TR L T TR R 1 fav thaoa matarinle far avamnla a

270

(e)
(d)
(c)

microscopy (SEM) images of two hybrid (a) “"'"(b)
thin films obtained using the same amount (b) D/\ Gn 2D

of multiwalled carbon nanotubes with dif- . Fj\.\(a)
ferent diameters (average values of 70 and d ' -

10 nm, respectively, as can be seen in the 300 600 900 1000 1500 3000
histogram present in Figure 2c). The average Wavelen gth /nm Raman Sh lﬁ‘ /Cm

lengths of these carbon nanotubes are close
to 2 and 1.5 um. The film produced using
the larger diameter nanotubes (Figure 2a)

Absorbance
Intensity /a.u.

[
o~
Lol

Figure 3. Digital photographs of the four interfacial films, deposited over glass substartes,
o . . before (1) and after (Il) the secondary doping of polyaniline. From left to right: PANI:CNT2,
is thicker (<190 nm) and exhibits a very inho-  paAN|.cNTS, PANI:CNT7, and PANI:CNTI0; 111) UV-vis and 1V) Raman spectra of the four
mogeneous tOPOgl'ath (noncovered regions different interfacial films: a) CNTS5, b) PANI:CNT2, c¢) PANI:CNTS, d) PANI:CNT7, and
of the glass substrate are clearly seen in the e) PANI:CNTIO0.
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nanotube loadings (see the Experimental Sec-
tion), before (Figure 31) and after (Figure 31I)
the secondary dopping (as will be discussed
further). A film containing only CNTs at
5.0 ug mL™! concentration (CNT5) was also
produced for comparison. The CNT content
is determined by adding the same volume of
dispersions of different CNT concentrations
into the same amount of aniline monomer at
the same oxidant ratio (see the Experimental
Section). An important factor that should be
mentioned is that neat polyaniline (at the
same concentration) could not be synthesized
without the presence of the carbon nano-
tubes, even after four days of reaction. As
previously observed by us and other authors,
the CNTs act as seeds for polymer growth
(heterogeneous nucleation), and their pres-
ence can be critical under specific conditions,
primarily under diluted conditions as utilized
in interfacial polymerization.[2228l

The presence of carbon nanotubes in
these green films (typically of an emeral-
dine salt color) is demonstrated by absorp-
tion and Raman spectroscopy, presented in
Figure 3IILIV, respectively.?”) The Raman
spectra of all films show, besides the typical
carbon nanotubes bands (D, G, and 2D), all
the bands associated to the polyaniline, emer-
aldine salt, confirming the occurrence of this
polymer in all samples.?’! The absorption
spectra of the films (Figure 3III) contains the
three primary electronic transitions of polyaniline-emeraldine
salt at approximately 350, 440, and =780 nm.3% The first band
is due the band gap of the polymer (=3.2 eV), and the other two
bands are assigned to polaronic/bipolaronic transitions cre-
ated inside the gap by the acidic doping. The band at =780 nm
is indeed attributed to a mixed state of localized polarons
and bipolarons whose population is regulated by several fac-
tors such as organization, chain conformation and doping
level.?l This band is increasingly red-shifted as the CNT con-
tent increases (from 770 to 780, 790, and 790 nm in the films
PANL:CNT2, PANIL:CNTS5, PANIL:CNT7, and PANI:CNT10,
respectively), thus confirming the presence of more extended
chains where close contact between the polymer and CNT
sidewalls exists. The CNT transition at approximately 270 nm
(Figure 3III) is also visible in each spectrum. The intensity of
this band is determined by the amount of CNT in the interfa-
cial film. The 270 nm band is associated to a localized 7+
transition and is present in the electronic spectra of all sp?
carbon species including single-walled and multiwalled carbon
nanotubes and graphene.?” The spectra demonstrate that
the absorbance increases as the CNT content in the films is
increased. However, a pure CNT interfacial film (CNT5) has
a higher absorbance than the corresponding films containing
polyaniline (PANIL:CNTS5), at least at wavelengths below
600 nm. This observation can be attributed to the expansion
of the CNT network as the films are filled with the polymer,
which grows around the CNT sidewalls.

Adv. Funct. Mater. 2013, 23, 1490-1499
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Figure 4. Topographic AFM images of the films a) PANI:CNT2, b) PANI:CNTS5, ¢) PANI:CNT7,
and d) PANI:CNT10.
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Figure S1 (Supporting Information) shows the SEM images
of the PANI:CNT films. The image of CNTS5 is also presented in
Figure S2. The images show that the films are flat carpets with
tubular structures lying in the plain of the film. As expected,
the amount of CNT in the films increases as their concentra-
tion of the dispersion increases. Isolated portions of polymer
or CNT structures are not observed anywhere within the films,
except in the case of the sample containing the highest concen-
tration of CNT (sample PANI:CNT10), in which isolated bun-
dles of CNTs have been observed.

Figure 4 present the atomic force microscopy (AFM) images
of the films. These images show very compact films in which
tubular structures connected to each other along the surface. A
few bright points are observed in the images and correspond to
points of increased height. These structures could be polymer
chains or CNTs that are vertically oriented. Despite the rough
nature of the surface, the morphology is very regular, which
will be shown to be very important to the study of these films
as conducting layers in OPV devices. The roughness of these
materials naturally arises from the hybrid nature of the films
and the fibrous growth of the polymer; thus, the roughness of
the films will depend on the CNT concentration and on the
grown mechanism of the polymer. Figure S3a (Supporting
Information) presents the dependence of the thickness and root
mean square (RMS) roughness of the films (obtained by AFM)
in function of the CNT concentration. The change in thick-
ness is proportional to the amount of CNT in the film, whereas

wileyonlinelibrary.com
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the roughness is not equally proportional. Rougher surfaces
(=30 nm) are observed at the extremes (highest and lowest CNT
concentrations, (PANI:CNT10 and PANI:CNT2). In the first
case, the roughness is associated to the bundled structures as
discussed before, whereas in the latter case, the polymerization
is less CNT-assisted (excess of polymer), and region containing
only polyaniline nanofibers (without the presence of CNTs)
may be formed. The PANI:CNTS5 film is the least rough film
(12 nm), and this value reflects the nature of the film observed
in SEM and AFM measurements.

The effects of CNTs on the transmittance at 550 nm and the
conductivity are presented in Figure S3b (Supporting Infor-
mation). As expected, the transmittance is decreased as the
CNT concentration of the film increases. However, increasing
the CNT concentration does not seem to directly increase the
overall bulk conductivity of the material. The highest conduc-
tivity of 22.1 S cm™! is found for the PANI:CNTS5 film, which
also exhibits a transmittance of 89.4% at 550 nm. The sheet
resistance of this film is 85 kQ/[J. The most conductive film is
also the least rough, with an average roughness of 12 nm. The
reason for the low conductivities of the high CNT-concentration
films is related to the interference between the CNTs in the
polymer formation process. Although CNTs can act as seeds for
the initial polymer growth, their influence in the polymeriza-
tion reaction should not be neglected. The ammonium persul-
fate (APS) used to oxidize the anilinium anion can also react
with CNTs. This effect is weak at low CNT concentrations, but
at higher concentrations (PANI:CNT7 and PANI:CNT10), the
presence of the CNTs can alter the aniline:APS molar ratio
(see the Experimental Section), also known as the K parameter.
This ratio is critical in the polymer formation process and can
dramatically affect the yield and, most importantly, the con-
ductivity.?®! This effect can be observed only in diluted reac-
tion regimes like that employed in interfacial polymerization.
Subsequent studies should investigate a correction to the oxi-
dant concentration proportional to the amount of added carbon
(carbon nanotubes or graphene). Thus far, we have seen that
very compact films can be formed and that the CNT concentra-
tion clearly influences the film properties. However, in applica-
tions, high transparency and surface regularity must be com-
bined with high conductivity; thus, we proceed with secondary
doping in the polyaniline aiming to increase the conductivity of
these films.

2.2. Highly Conductive PANI:CNT Films Over Flexible
Substrates

The secondary doping of polyaniline is a well-known process
that changes the chain conformation of polyaniline from a
compact coiled form to a more expanded form through the
proper choice of acids (primary dopant) and solvents (secondary
dopant).’ The most well-studied system is polyaniline doped
with camphorsulfonic acid (CSA) and casted from or exposed to
meta-cresol solvent. The expansion of the chains creates a more
conjugated system and thus a more conductive polyaniline that
can achieve metallic behavior.>*! Thus, we performed the syn-
thesis of PANI:CNT films with polyaniline doped with CSA,
and exposed them to meta-cresol vapors (see the Experimental

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. 1) UV-vis absorption spectra of PANI:CNT films at different
concentrations before (full lines) and after (dashed lines) exposure to
meta-cresol vapors: a) PANI:CNT2, b) PANI:CNTS5, c) PANI:CNT7, and
d) PANI:CNT10; I1) red shift of the localized polaron transition after the
exposition to meta-cresol vapors as a function of the CNT content.

Section). Figure 51 presents the absorption spectra of all PANI/
CSA:CNT films before and after exposure to meta-cresol vapors.
When we de-doped the PANI:CNT films and redope with cam-
phorsulfonic acid (before the secondary doping), the same
films show less pronounced red-shifts, when compared to the
sulfuric acid doped samples (spectra presented in Figure 3III).
We believe that the de-doping process lead to the shrinkage of
PANI chains, even in the presence of relatively rigid CNT, and
further doping with a large organic acid (CSA) do not recover
the extended chains of PANI, which is observed only after the
secondary doping. In all spectra of the secondary doped samples
(Figure SI) we observe a large red-shift in the localized polaronic
transition band, as well as a decrease in its intensity due to the
secondary doping. As a result, the films lose their green color
(as showed earlier in the picture of Figure 3II). This red-shift is
also observed in CSA-doped polyaniline exposed to meta-cresol
vapors and is accompanied by an increase in the intensity of the

Adv. Funct. Mater. 2013, 23, 1490-1499
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Figure 6. a) Sheet resistance vs transmittance at 550 nm for the four
PANI:CNT films before (square) and after (open triangles) the meta-
cresol exposure; b) the normalized sheet resistance of PANI:CNT5 film
deposited over PET after 100 bending cycles (circles) and stretching
(triangles).

free carrier transition in the near infrared (see Figure S5), indi-
cating the creation of additional delocalized charge carriers due
to the transition from the coil-like conformation to the expanded
coil-like conformation. However, the red-shift decreases propor-
tionally to the increases in the CNT content (as can be seen in
Figure 51I), which suggests that the presence of CNTs produces
films that are more chemically resistant to vapor exposure. This
resistance arises because the CNTs create a physical barrier to
polymer chain extension, and a similar effect has been observed
with composites of structural polymers and CNTs.13¢37] The sec-
ondary doping has a huge effect on the conductivities of these
PANIL:CNT films, as can be observed in Figure 6a, that illustrate
the dependence of the sheet resistance and of the transmittance
at 550 nm of CSA-doped PANIL:CNT films before and after the
meta-cresol exposure. The sheet resistances of the PANL:CNT
films change in a complex way due to multiple effects such as
the chemical resistance to secondary doping induced by the
presence of CNTs, the CNT conductivity and the characteris-
tics of the polymer synthesized in the presence of CNTs. The
presence of the CNTs in these films is critical to achieving such
low resistances because the CNTs create a percolation network
throughout the film even though they also create a barrier
to the full extension of the polymer chain. An optimal sheet

Adv. Funct. Mater. 2013, 23, 1490-1499
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resistance of 295 Q/[1 with 89% transmittance at 550 nm is
attained by the PANL:CNTS5 film.

The interfacial film can also be deposited onto any substrate,
including PET or rubber substrates, which make these films
strong candidates for flexible, transparent electrodes. The con-
ductivity of the film PANT:CNT5 deposited over PET are kept
constant after a cycle of 100 bending these films (30 degrees),
as observed in Figure 6b. This property is not possible for metal
oxide (ITO)-based electrodes, as these materials are brittle.'! We
also show that the PET/PANI:CNTS5 electrode can be stretched
to at least 50% of their original dimensions without loss of con-
ductivity (Figure 6b). Polyaniline is known to exhibit improved
conductivity when stretched because of the longer conjugation
paths resulting from chain alignment in the stretching direc-
tion.® The results showed here demonstrate clearly that we
obtained transparent, flexible and stretchable electrodes. Elec-
trodes presenting all these characteristics together are very hard
to produce, and very few systems are currently under study for
use in future flexible and stretchable devices.’?! Thus, the next
step was verifying the viability of the application of this elec-
trode in a real device. The transparent electrodes obtained by
interfacial polymerization were then employed as ITO substi-
tutes in organic photovoltaic devices.

2.3. Photovoltaic Devices Using PANI:CNT Electrodes

Transparent electrodes for organic photovoltaic cells needs very
low sheet resistances combined with high transparencies, to
prevent a high series resistance while allowing the photons to
reach the active layer. In order to prepare the flexible OPCs, the
PANLCNT films were deposited over plastic (PET) substrates
and used as transparent electrodes. Figure 7 shows the scheme
of the device building, using a bilayer architecture composed
of F8T2 (poly[9,9-dioctyl-fluorene-cobithiophene]) and Cg, as
well as a picture of the device, showing its flexibility. For com-
parison, similar devices have been built using commercial
ITO and FTO electrodes, as well as electrodes composed of
neat-CNTs films (without polyaniline). The fluorene-thiophene
polymer employed (F8T2) as active layer was chosen due to its
good roughness, electronic energy that matches very well with
both electrodes, and because its well-known high efficiency in
bilayer architectures. !

The use of the PANI:CNT nanocomposite as transparent
electrodes presents other experimental advantages that impact
directly on the efficiency of the device. For example, there are
some reports on the preparation of flexible photovoltaic devices
constructed with PEDOT:PSS as electrodes, also deposited over
PET substrates. This deposition normally requires surfactant-
assisted dispersion (Zonyl) of the PEDOT:PSS, to achieve better
wettability on the PET substrates, which results in a lower con-
version efficiency due the contamination of the active layer by
the surfactant.?¥l In our devices the PEDOT:PSS films were
easily and uniformly spin-coated over a PET/PANIL:CNT elec-
trode without the use of any additional surfactant, attributed
to a better interaction between the PEDOT:PSS and the PET/
PANIL:CNT electrode. Contact angle measurements have shown
that the PEDOT:PSS solution has a better wettability with the
PANI:CNT electrode than with ITO (as can be seen in Figure S4,
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Figure 7. The configuration of the solar cell built over a PET/PANI:CNTS5 film, and the corre-
sponding chemical structures of the organic layers. The photographs show the PET/PANI:CNT:5

film (1) and the flexible solar cell (I1).

Supporting Information), which demonstrates a favorable inter-
action between the polymeric layers. Indeed, polyaniline has
proven to be much more robust than PEDOT:PSS in several
optoelectronic devices (OLED and OPVs), showing improved
chemical resistances and resistance against ultraviolet radia-
tion.l®l In our electrodes the presence of CNTs also provides a
beneficial contribution increasing the chemical resistance and
the stability against radiation.

Figure 8a shows the transmittance spectra of the PANI:CNTS5,
ITO, FTO (fluorine-doped tin oxide) and CNT films-based elec-
trodes, as well as the spectrum of neat F8T2 (spin-coated film).
Figure 8b shows the current density (J) versus the applied bias
(V) curves for photovoltaic devices built over the flexible trans-
parent electrodes based on PANI:CNT5 and neat CNT films, as
well as for similar devices built over commercial glass electrodes
covered with with ITO (=10-20 Q/OJ, T% = 97% at 550 nm) and
FTO (=5-20 Q/00J, T% = 80% at 550 nm). Table 1 shows some
experimental data collected from these devices. Strikingly,
the highest short-circuit currents (Jsc) were obtained for the
PANL:CNT- and CNT-based devices (6.85 and 4.87 mA cm?,
respectively), whereas the highest power-current efficiency
(PCE) was achieved by the device prepared from the PANI:CNT
film (2.27%). The reason for such high short-circuit currents is
believed to be related to a higher active area for exciton genera-
tion in ITO-free cells because these devices have a rough (but
regular) surface instead of the relatively flat surfaces of ITO and
FTO. This effect is evidenced by the values of Jsc. The similar
behavior (J-V characteristics) observed for these two metal
oxide films (ITO and FTO) emphasizes the distinct features
of the PANI:CNT film. Due the rough surface of the CNTs
covered with PANI, both the PEDOT:PSS and the active layer
(F8T2) also became rough, matching the surface morphology
of the PANI:CNTs. The same effect must occur with the neat
CNT film, but in this device the transmittance is lower and the
sheet resistance is higher. Therefore, the fill factor is the lowest
among all the studied device. These results were highly repro-
ducible in several similar devices studied.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Despite the great advantages of the
PANLCNT films, their properties do not
seem to affect other device characteristics.
The fill factors (FF),*!l which are ultimately
related to the series resistance of the device
(limited in these cases by the anode), are very
similar for devices built using ITO, FTO, and
PANI:CNT. The Vqc value of the PANL:CNT
device is also very similar to that observed for
ITO device. The Vo is related to the energy
difference between the HOMO (highest
occupied molecular orbital) level of the donor
polymer (F8T2) and the LUMO (lowest unoc-
cupied molecular orbital) level of the acceptor
(Ceo) and to the work functions of the elec-
trodes (PEDOT:PSS and Al). A lower value of

SOH Ve (0.52 V) was observed for the neat CNT-
based anode and could be related to its porous
nature, which can affect the PEDOT:PSS layer
to some extent. A highly conductive PEDOT
can lead to a current leak, which reduces the
Voc, as described elsewhere.*?]

It is often observed that ITO-free devices based on polymers
(like PEDOT:PSS) or carbon nanomaterials (CNT, graphene)

PEDOT PSS
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Figure 8. a) Transmittance spectra of different films (glass/ITO, glass/
FTO, PET/CNT and PET/PANI:CNT); b) current density (mA cm™) vs
voltage (V) for the different anodes used in the solar cells.
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Table 1. Experimental data extracted from the photovoltaic cells built
with different materials as the transparent anode (cell architecture:
anode/PEDOT:PSS/F8T2/Cyo/Al).

Anode Voc Jsc FF PCE

V] [mA cm™?] [%] [%]
Glass/ITO 0.74 3.51 45.9 1.20
Glass/FTO 0.83 3.95 4438 1.47
PET/CNT 0.52 4.87 328 0.83
PET/PANI:CNT 0.73 6.85 45.1 227

show relatively lower efficiency than the ITO-based similar
cells.?%] Nevertheless, our device presents one of the highest
efficiency values (2.27%) found in the literature until now
for ITO-free flexible solar cells. A non-exhaustive search in
the literature shows the best value of 2.8% efficiency for the
solar cell presented by Rowell and co-workers using modified
PEDOT:PSS films.”*3] Our results become exciting if we bear
in mind that a very simple synthetic procedure is employed to
obtain the interfacial films, as well as to build the solar cell (all
the manipulation was carried out at ambient conditions). With
respect to ITO-free and nonflexible solar cells (constructed over
rigid substrates like glass or quartz), it is possible to find even
higher values, for example, 4.13% for a cell based on a single-
wall CNT film.[*l All the efficiency values found in literature
must be carefully compared, as the solar cells are constructed
in very different ways and several aspects must be taken into
account, like thermal annealing, exposure to atmosphere,
moisture, and the presence of buffer layers. Moreover, it is
important to note that most ITO-free devices report the use
of bulk heterojunction solar cells with P3HT:PCBM (poly(3-
hexylthiophene):[6,6]-phenyl-Cqy;-butyric acid methylester) since
it is a well-known system and generally presents better efficien-
cies values than the bilayer counterpart.*#’] In this context,
the ITO-free bilayer solar cell presented in this work shows a
high efficiency in a unusual configuration. Finally, the polymer
F8T2 was never presented before as the active layer in an ITO-
free cell. This polymer has a peculiar liquid crystalline phase
property, thus contributing to a better efficiency in this bilayer
configuration.[*]

Finally, this work demonstrates the possibility of preparing
similar devices without the PEDOT:PSS layer. As the PANI and
PEDOT have similar work functions, in theory, the PANI could
act as both the transparent conductor and the hole transport
layer. Research in this direction is currently underway in our
laboratory.

3. Conclusions

We prepared highly conductive and transparent polyaniline/
carbon nanotube interfacial thin films, exhibiting a transmit-
tance of 89% at 550 nm and a sheet resistance of 295 Q/[J,
by choosing the appropriate characteristics of the CNTs and
optimizing the conductivity of the polyaniline through a sec-
ondary doping process. Besides the excellent transparency
and conductivity, the presence of CN'Ts improves the chemical

Adv. Funct. Mater. 2013, 23, 1490-1499
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resistance of the films. In addition, these films can be easily
deposited onto flexible and stretchable substrates, and have
shown good mechanical stability and maintenance of con-
ductivity and transparence after several cycles of bending
and stretching. Organic photovoltaic cells were built using
these interfacial films as transparent anodes in flexible ITO-
free devices, resulting in better efficiencies when compared
to ITO-based equivalent devices. The superior performance
has been attributed to the better interactions of the anode
to the PEDOT:PSS layer, as well as due to the higher short-
circuit current (Jsc) produced by the rough but regular surface
of the PANI:CNT films (which increases the active area of the
device). The results indicate that novel ITO-free optoelectronic
devices can be optimized with very high performance using
interfacial films of conjugated polymers and carbon nanomate-
rial species.

4. Experimental Section

Materials: Toluene (Carlo Erba), DMSO (dimethylsulfoxide—Carlo
Erba), H,SO, (sulfuric acid—Carlo Erba), Cgq (fullerene—SES Research),
poly(9,9-dioctylfluorene-alt-bithiopehene) (F8T2, M, > 20 000 g mol™';
Aldrich), (+)camphorsulfonic acid (HCSA, Merck), APS (ammonium
persulfate) were used as received. Aniline and meta-cresol were
bi-distilled before use. CNTs of 70 nm diameter (average length: 2 um)
were synthesized through a CVD method using ferrocene (CyoH,gFe)
as the metal precursor and carbon source, as previously described.*’!
CNTs of 9.5 nm diameter and an average length of 1.5 um were
purchased from Nanocyl. The relative frequency of CNTs were obtained
through TEM measurements. The samples were purified as described
elsewhere.[?2l PEDOT:PSS solutions (CLEVIOUS Al 4083) were filtered
through a syringe filter (0.45 um pore size) before use.

Synthesis of PANI:CNT Interfacial Films: 20.0 mL carbon nanotube
dispersions in toluene (Nanocyl) at concentrations of 2.5, 5.0, 7.5, and
10.0 ug mL™" were used. The dispersions were produced in an ultrasonic
bath (154 W, 37 Hz) for 1 h at 0 °C. A dispersion of 7.0 ug mL™" of
70 nm CNTs were used for comparison. 1.0 mg of APS was dissolved
in 20.0 mL of H,SO4 1.0 M inside of a 50 mL round bottom flask and
magnetically stirred at 3000 rpm. Aniline (1.5 uL) was added to 20.0 mL
of the toluene dispersion, and this dispersion was added to the aqueous
phase. After 12 h, a green film was observed at the liquid-liquid interface.
To remove oligomers, the organic and the aqueous phases were removed
and fresh toluene and acid solution (sulfuric acid 2 M) were added. This
process was repeated several times. The three-phase system (toluene/
film/water) was transferred into a beaker in which the substrate (PET,
quartz, or glass) was already placed. The substrates were then lifted in
the direction of the film, and the substrate/film was dried in air. The
different samples prepared in this work, as well as some experimental
details, are given in Table 2.

Secondary Doping of PANI:CNT Thin Films: The first step was the
preparation of nanocomposite films with the polyaniline deprotonated, in
the so-called emeraldine base (EB). The synthesis of the nanocomposite
films was carried out exactly as described before, but during the washing
process, the replacement of the aqueous phase is carried out with a
NH,4OH 1.0 M aqueous solution, followed by deionized water until the
films are equilibrated with pH = 7. The characteristic blue color of the
PANI emeraldine base was verified. The films were deposited in PET or
quartz for absorption measurements and left to dry under a dessicator
for 12 h. This step is necessary to obtain good adhesion of the film to
the substrate. After 12 h, the films were dipped for 12 h in an aqueous
solution of camphorsulfonic acid 0.1 M for reprotonation. A pale green
color was achieved. The films were then dried under an argon flow and
placed inside of a desiccator saturated by vapors of meta-cresol for five
days to obtain the secondary doping.
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Table 2. Experimental data for the preparation of the polyaniline:carbon
nanotube interfacial films.

Film Aniline CNTs CNTs:Aniline ratio
(L] [ng mL7] [w/w]

PANI:CNT2 1.5 2.5 1:33

PANI:CNTS5 1.5 5.0 1:16

PANI:CNT7 1.5 7.5 1

PANI:CNT10 1.5 10.0 1:8

CNT5 5.0

Construction of Photovoltaic Devices: the PANI:CNT films were
deposited onto patterned PET with evaporated gold. We used gold, but
any metal resistant to polyaniline acid could be used. After secondary
doping of the films on PET, 70 nm of PEDOT:PSS (with 5% DMSO) was
deposited by spin-coating at 6000 rpm. The films were left at 110 °C (in
vacuum) overnight to remove water residues and meta-cresol vapors.
F8T2 dissolved in chloroform (5 mg mL™) was then spin-coated at
3000 rpm to obtain a 30-nm-thick layer. The films were then annealed
at 100 °C in vacuum for 30 min. Subsequently, 30 nm of C¢y and 70 nm
of Al were thermally evaporated through a mask at a pressure below
107> mbar.

Characterization: A Shimadzu UV-2450 spectrophotometer was used to
obtain absorption spectra of the films deposited onto quartz substrates.
Four-point measurements were performed in a Jandel Universal Probe
with probes of radius 300 um separated by 1 mm. The scanning electron
microscopy (SEM) images were obtained directly from the films on glass
substrates using a Jeol JSM 6360 LV. A thin layer of gold was deposited
by sputtering the films prior to measuring. Topographic images of the
films on silicon were obtained using a Shimadzu SPM 9500)3 AFM in
dynamic mode. The thicknesses of the films were determined using a
Dektak 3 profilometer. The reported thickness is an average value of
ten measurements. Photovoltaic measurements were performed in a
Keithley picoamperimeter (model 6487) with power supply. The solar
simulation was performed by an AM 1.5 (air-mass) filter with power
illumination of 100 mW cm=2 from a 150 W Oriel xenon lamp. Contact
angle measurements were performed in a tensiometer Dataphysics,
model OCA 15+.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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