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In this study, we prepared organic solar cells based on poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-Ce;-
butyric acid methyl ester (PCBM) with electrochemically deposited nano polyaniline (PANI) buffer layers
(either PANI - 0.1 M or PANI - 0.3 M) as hole transporting layers and compared their performances with those
of solar cells lacking the buffer layer (ie., bare ITO) or featuring buffer layers of poly(3,4-ethylenedioxythio-
phene):polystyrenesulfonate (PEDOT:PSS) or PEDOT:PSS-covered PANI. The power conversion efficiency of the
device featuring PANI/PEDOT:PSS as the buffer layer (2.76%) was greater than those of devices featuring bare
ITO (0.75%) or the PANI - 0.1 M (1.33%), PANI - 0.3 M (1.78%), or PEDOT:PSS (2.30%) layers. We suspect that the
increased conductivity of the PANI/PEDOT:PSS composite, caused by interactions between the PANI nitrogen
atoms and the functional groups of PSS, led to additional doping of PANIL This primary doping effect by PSS
toward PANI lowered the series resistance of the PANI/PEDOT:PSS buffer layer and, thereby, increased the
photocurrent of the device. As a result, electrochemically deposited PANI buffer layers, with or without PEDOT:
PSS, appear to be promising hole transporting layers for organic electronic devices that require different
candidate materials (other than PEDOT:PSS conductors) and/or different processing conditions (other than

spin-coating).

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Although poly(3,4-ethylenedioxythiophene):polystyrenesulfonate
(PEDOT:PSS) is insoluble in organic solvents, it is often employed as
a transparent hole-transporting material in organic cells because of its
high conductivity, simple processing, and suitable work function [1].
The use of PEDOT:PSS has several limitations: it degrades under UV
illumination, it introduces water into the devices' active layer, and it
retains a degree of acidity that can damage indium tin oxide (ITO) at
high temperatures, thereby affecting the long-term stability of its
devices [2]. Therefore, several highly conductive materials, including
carbon nanotubes (CNTs) [3], polyhexylthiophene [4], and polyaniline
(PANI) [5-7], have been studied as possible replacements for PEDOT:
PSS as the hole injection or transporting layer.

Doping PEDOT with PSS allows it to become soluble in aqueous
media, thereby facilitating its deposition onto ITO surfaces through
spin-coating—the most common method employed in the fabrication
of organic devices. Even though spin-coating is an inexpensive, rapid,
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and simple means of depositing liquid materials, it can waste a lot of
material, making it less attractive for manufacturing processes.

Several methods for the deposition of hole transporting (e.g.,
PEDOT:PSS, polyaniline (PANI)] and active layers—including inkjet
printing [8], spray deposition [9], roll-to-roll gravure printing [10],
brush painting [11], and screen printing [12]—have been devel-
oped to enhance the manufacturing process with the goal of mass
production of organic electronics. The presence of PANI-coated ITO
electrodes can decrease the operating voltage, increase the elec-
troluminescence quantum efficiency, and improved device relia-
bility of organic light emitting diodes (OLED) because they can
lower the hole-injection barrier between the anode and the hole-
transporting emissive layer [13-21]. Notably, the performance of
ITO/PANI-based devices can be similar to that of corresponding
ITO/PEDOT:PSS-based devices [20-22].

Recently, electrochemical polymerization was reported as an
alternative means of depositing conductive polymers onto ITO
surfaces for organic device applications [23-25]. Zhau et al. [23]
electrochemically deposited PEDOT:PSS onto an ITO surface during
the formation of a device having the configuration ITO/PEDOT:PSS/
ZnO:MDMO-PPV/Al and obtained a power conversion efficiency
(n) of 0.33% under AM 1.5 illumination. Mello et al. [24] used
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electrochemical polymerization to deposit sulfonated PANI
(SPANI) and then prepared a device having the structure
TO/SPANI/poly(3-methylthiophene)/Al that exhibited a value of 7
of 0.8% under monochromatic irradiation (A=580 nm; 0.8 W/m?).
Qu et al. [25] electrodeposited PANI as the anode buffer layer
(thickness: 120 nm) in the device structure ITO/PANI/MDMO-PPV:
PCBM/ZnO/Al and obtained a power conversion efficiency of 0.65%.

Although electrochemically deposited PANI films are promising
materials for use in organic optoelectronics, the effects of the
morphologies of these films on the photovoltaic performance of poly
(3-hexylthiophene) (P3HT)/[6,6]-phenyl-Cg;-butyric acid methyl ester
(PCBM)-based organic solar cells (OSCs) have seldom been reported.
It is well established [25-26] that the surface morphology of a film of
an organic material can help or hinder the transport of carriers across
various interfaces. In a previous report [26], we demonstrated that a
tube-like PANI nanomaterial increased the photovoltaic performance
of P3HT:PCBM-based devices when it acted as a hole-transport layer
(HTL) between PEDOT:PSS and P3HT:PCBM layers; in other words, the
morphology of the hole-transporting material played a key role
affecting the photovoltaic properties of that device.

In this study, we prepared OSCs featuring HTLs with various
surface morphologies—bare ITO, ITO presenting an electrochemi-
cally deposited PANI thin film, and a PANI - 0.3 M thin film spin-
coated with PEDOT:PSS—and compared their photovoltaic proper-
ties [open-circuit voltage (V,.); series resistance (Rs); short-circuit
current density (Jsc); #] with respect to their different surface
morphologies.

2. Experimental

Aniline (ANI) was doubly distilled prior to use and stored at
5°C. Electrochemical experiments are performed in a three-
electrode cell; patterned ITO glass, a platinum wire, and Ag/AgCl

functioned as the working electrode, counter electrode, and
reference electrode, respectively. Cyclic voltammetry (CV) was
performed using an AUTO-LAB apparatus. The PANI - 0.1 M and
PANI - 0.3 M films were obtained after electro-polymerization of
aqueous solutions containing 0.1 and 0.3 M ANI monomer, respec-
tively, and 1 M H,SOy,4, applying a sequential linear potential scan
rate of 0.01V/s between —0.2 and +0.9V versus the Ag/AgCl
electrode. The PANI/PEDOT:PSS film was obtained by spin-coating
a PEDOT:PSS (AI 4083) solution onto the ITO/PANI - 0.3 M surface
and then drying at 150 °C for 20 min. Field emission scanning
electron microscopy (FE-SEM) images of water- or hexane-diluted
dispersions dried on cover glasses were recorded using a Hitachi
FE-2000 apparatus. The surface morphologies of the films were
characterized using a Ben-Yuan CSPM4000 scanning probe micro-
scope and an atomic force microscope operated in the tapping
mode. The film thickness was measured using a Dektak 6M stylus
profilometer. Optical spectra were recorded using a UV-vis spec-
trophotometer; the work functions of the films were measured
using a Riken Keiki AC-2 surface analyzer photoelectron spectro-
meter. The current density-voltage (J-V) characteristics were
measured using a Keithley 2400 source meter while illuminating
the devices with white light (100 mW/cm?) from a halogen lamp.
A single-crystalline silicon solar cell was used as a reference cell to
confirm the stability of the light source; the mismatch factor was
not taken into account.

3. Results and discussion
3.1. Surface morphologies of devices
Smooth surface morphologies are required for anodes used in

organic optoelectronic devices because “spikes” can cause break-
down and/or shorting, thereby affecting the performance [27].

Fig. 1. (a)-(c) SEM and (d)-(f) AFM images of (a, d) ITO, (b, e) PANI - 0.1 M, and (c, f) PANI - 0.3 M films.
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Fig. 1 displays the surface morphologies of the bare ITO and the
ITO surfaces presenting PANI - 0.1 M and PANI - 0.3 M films as
measured using scanning electron microscopy (SEM) and atomic
force microscopy (AFM); Table 1 summarizes the surface rough-
nesses of these samples. The roughness of the bare ITO was in the
range from O to 12 nm; it contained a few spikes that might result
in shorting of the device—thereby affecting its photovoltaic per-
formance—in the absence of a buffer layer. The nano PANI - 0.1 M
particles grew discontinuously and were dispersed on the ITO
surface; the roughness ranged between 9 and 94 nm. We obtained
these PANI - 0.1 M particles by carefully adjusting the concentra-
tion of the ANI monomer and the electrochemical deposition
potential, obtaining distinctive PANI nano films for use as HTLs.
We obtained continuous nano PANI films after increasing the
monomer concentration up to 0.3 M under otherwise identical
electrochemical deposition parameters. The films of nano PANI -
0.3 M particles grown continuously and dispersed on the ITO
surface had roughnesses between 5 and 35 nm. We suspected this
continuous PANI nano film would effectively decrease the “spike”
effect, relative to that obtained using the monomer concentration
of 0.1 M, when deposited onto the ITO surface; accordingly, the
lower roughness of this transporting layer surface would presum-
ably lead to higher optoelectronic performance.

The root-mean-square (RMS) roughnesses of these PANI-
modified ITO surfaces decreased upon increasing the PANI
concentration; for example, the RMS roughness of PANI - 0.3 M
(5.25 nm) was less than that of PANI - 0.1 M (9.76 nm). In addition,
the RMS roughness of the PEDOT:PSS-covered ITO/PANI - 0.3 M
film (ca. 3.10 nm) was less than those of the PANI - 0.1 M and PANI
- 03 M films deposited on the ITO surfaces. The maximum
roughness (Rmax) of the PANI - 03 M film decreased from
approximately 35 to 22 nm (Fig. 2) after its covering with a
PEDOT:PSS layer and then drying of the sample at 150 °C for
20 min. This behavior reflects the marked tendency of PEDOT:PSS

Table 1
Surface roughnesses of the samples used in this study.

Film RMS (nm) R, (nm) Rmax (nm)
ITO 1.8 2.21 12
PANI - 01 M 9.79 6.03 94
PANI - 0.3 M 525 3.68 35
PANI/PEDOT:PSS 3.10 2.36 22

layers to planarize ITO/PANI - 0.3 M surfaces, as summarized in
Table 1 and Fig. 2.

3.2. Transmittance of buffer layers

Fig. 3 presents the transmittance spectra of the various samples
tested in this study, as well as the UV-vis absorbance spectrum of
the P3HT film, in the range 300-800 nm. To allow reasonable
comparisons of the behavior of these films, we fixed the film
thickness of each sample to within the range 40-60 nm, the same
thickness of the layers used in the OSC devices.

The thickness of an HTL can affect the amount of incident light
reaching a photoactive polymer. The transmittances of our PANI
and PANI/PEDOT:PSS layers were greater than 80% in the wave-
length range 450-800 nm, comparable with that of the PEDOT:PSS
layer ( > 88%); thus, the PANI film appeared suitable for use as the
HTL layer in P3HT:PCBM-based OSC devices. In Fig. 3, the lower
transmittance of the PANI-based films in the range 350-450 nm
can be attributed to the 7—z transitions of PANI. We observed no
obvious differences in transmittance at 500-800 nm between the
PANI and PEDOT:PSS films. The transmittance of the PANI/PEDOT:
PSS film decreased slightly in the range 550-800 nm because the

Fig. 3. Transmittance spectra of the samples used in this study (left-hand y-axis)
and UV-vis absorbance spectrum of the P3HT film (right-hand y-axis), both in the
range of 300-800 nm.

Fig. 2. AFM image of the ITO/PANI surface covered with PEDOT:PSS.



Y.-K. Han et al. / Solar Energy Materials & Solar Cells 128 (2014) 198-203 201

thickness of the PEDOT:PSS-covered PANI film was greater than
that of the single PANI layer. Because the thickness of the
electrochemically deposited PANI nano films could be tuned by
varying the monomer concentration, these films are promising
materials for use in applications that require high transparency.

The work function (¢y,) is the minimum energy required to
remove an electron from the surface of a material; it is strongly
affected by the morphology and/or surface reactions (e.g., oxida-
tion) of a surface. Measuring the value of ¢,, after electrochemical
deposition of a PANI film can provide valuable information
regarding the properties of a given film surface. The work function
of PANI is approximately 4.8 eV, within the range of the values
reported for plasma-treated ITO (4.5-5.11 eV) [28,29]. It has been
demonstrated that ITO in combination with a p-doped transport
layer provides a low voltage drop for hole injection. For this
reason, we expected the similar work function of PANI to ensure
efficient charge injection. The values of ¢,, of our tested samples of
ITO, PANI - 0.1 M, PANI - 0.3 M, and PANI/PEDOT:PSS were 4.8,
4.85, 4.9, and 4.9 eV, respectively. Because the PANI - 0.1 M film
featured nano PANI particles that were not continuously distrib-
uted on the ITO surface, the value of ¢,, was contributed in part by
the individual values for ITO and PANI. In Fig. 1(c), PANI - 0.3 M
appears as a continuous film on the ITO surface; accordingly, we
obtained a higher value of ¢, of 4.9 eV. We attribute the relatively
high value of ¢,, of the PANI/PEDOT:PSS film (4.9eV) to the
presence of the covering PEDOT:PSS film, which decreases the
roughness of the ITO/PANI surface and, thereby, decreased the
chance of current leakage from the spikes on the PANI surface,
leading to efficient electrical contact. Because the values of ¢,, of
these samples were all in the range of 4.8-4.9 eV, we can consider
them to have similar minimum energies required to remove an
electron from theirs surfaces, taking measurement errors into
account. Thus, regardless of whether the surface was PANI or
PEDOT:PSS, we suspected the nano PANI film would function as a
good hole extracting and transporting layer in P3HT-based OSC
devices.

Scheme 1 displays the energy levels of the compounds tested in
this study. The active layer absorbed photons to form excitons that
separated into free charge carriers at the p-n heterojunction
interfaces under the internal electric field. The holes would pass
through a well-defined contact surface between the interfaces;
efficient pathways would allow transportation of the free charge
carriers toward their respective electrodes, thereby decreasing the
degree of exciton recombination within the photoactive cell.

Scheme 1. Energy levels of the compounds used in this study.

3.3. Performance of OSCs

We analyzed the photovoltaic characteristics of the devices
based on the equivalent circuit; this approach has been used
frequently to describe the electric behavior of photovoltaic devices
[30]. The J-V characteristics can be described by the dark I-V curve
and fitted by the standard one-diode model

q(V —IRs)

q(V —IRs)
nkT +

I'=Io[exp( Ren

)—1] (1)

where [y is the saturation current, g is the magnitude of the
electronic charge, V is the applied voltage, n is the ideality factor, k
is Boltzmann's constant, T is the absolute temperature, Rs is the
series resistance, Rsy is the shunt resistance, and Ipy is the
photocurrent. The series resistance can be estimated from the
inverse slope at a positive voltage where the I-V curves become
linear; a lower series resistance will result in a higher current
flowing through a device. Fig. 4 presents the J-V curves of the
P3HT:PCBM-based solar cells featuring various buffer layers under
AM 1.5 solar illumination. Table 2 lists the values of Rs that we
obtained from the J-V curves of the devices; a significant decrease
in the value of Rs occurred when the device incorporated a buffer
layer modified with the PANI - 0.3 M/PEDOT:PSS layer. The series
resistance, which can be expressed as the sum of the bulk and
interfacial resistances, can reflect the ohmic loss in solar cells;
ohmic loss includes the resistances of the organic/electrode con-
tacts, the photoactive layer, and the electrodes as well as the
parasitic probe resistance [31]. We suspect that the three inter-
faces featuring the introduced PANIs (i.e., the ITO/PANI, PANI/
PEDOT:PSS, and PEDOT:PSS/active layer interfaces) provided series

Fig. 4. Current-voltage characteristics (AM 1.5 G, 100 mW/cm?) of the devices
prepared in this study.

Table 2
Characteristics of the photovoltaic cells measured under AM 1.5 G (100 mW/cm?)
solar illumination.

Buffer layer? Jsc (mAJcm?) Voc (V) FF(aw) 7 (%) Rs(Qcm?)

w/o Buffer layer 4.31 0.42 0.42 0.75 51.8
PANI - 0.1 M 5.11 0.51 0.51 133 415
PANI - 0.3 M 5.67 0.56 0.56 1.78 329
PEDOT:PSS 6.41 0.64 0.56 231 313
PANI - 0.3 M/PEDOT:PSS 7.03 0.64 0.61 276 251

¢ Device structure: ITO/buffer layer/P3HT:PCBM/AL.
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Scheme 2. Schematic representation of the primary doping effect between PSS and PANIL

resistances much lower in magnitude relative to that of the ITO/
PEDOT:PSS/active layer contact.

For bulk heterojunction devices, the value of V,. correlates
directly with the energy difference between the highest occupied
molecular orbital (HOMO) of the donor and the lowest unoccupied
molecular orbital (LUMO) of the acceptor. For P3HT:PCBM-based
devices, the energy difference between the HOMO and LUMO
levels of P3HT and PCBM is 0.6 eV. The values of V¢ of the PANI -
0.1 M and bare ITO solar cell devices were lower than those of the
devices featuring PEDOT:PSS or PANI - 0.3 M/PEDOT:PSS as the
buffer layer. We suspect that a large concentration of holes
aggregated at the anode because of poor interfacial contact
(i.e., at the ITO/P3HT:PCBM interface) for the bare-ITO device
and for the non-continuous nano PANI - 0.1 M layer containing
partially good (i.e., ITO/PANI and PANI/P3HT:PCBM interfaces) and
partially poor (i.e., ITO/P3HT) interfaces for carrier transport.

The P3HT:PCBM-based solar cell lacking the buffer layer (bare
ITO) exhibited the lowest power conversion efficiency among our
tested samples. Thus, the high injection barrier of ITO limited the
transfer of holes to the anode and, thereby, minimized the current;
this phenomenon can be improved by depositing a suitable HTL
(e.g., PEDOT:PSS) through spin-coating [32-35].

In this study, we electrochemically deposited PANI — 0.1 M and
PANI - 0.3 M layers (differing depending on the concentration of
the ANI monomer) onto the surface of ITO to act as transporting
layers that decreased the injection barrier of ITO, resulting in
power conversion efficiencies of 1.33 and 1.78%, respectively.
The solar cell performances—as measured by the fill factors (FF)
and values of Jsc and Voc—of the devices featuring the PANI layer
were greater than that of the device featuring bare ITO. Further-
more, the power conversion efficiency of the device incorporating
PANI - 0.3 M/PEDOT:PSS (1=2.76%) was higher than those incor-
porating buffer layers prepared from water- and organic solvent-
based PANI doped with polyacrylamide (17=2.5%) [25], ITO/elec-
tropolymerized PEDOT:PSS (#=0.33%) [24], a PANI layer prepared
with a well-controlled electrochemical deposition time (7=0.68%),
and ITO/CNT/PEDOT:PSS (n=1.74%) [36].

Our results indicate that the use of electrochemical deposition
as well as controlling the deposition concentration of the PANI
buffer layer is a promising method for the preparation of organic
devices. Furthermore, we used PEDOT:PSS to cover the PANI -
0.3 M film and planarize its rough surface, thereby decreasing the
probability of electrical shorts and lowering the hole injection
barrier. Indeed, the PANI/PEDOT:PSS solar cell exhibited superior
photovoltaic performance: a value of Voc of 0.64 V, a value of Jsc of
7.03 mA/cm?, an FF of 0.61, and a value of 7 of 2.76%. In contrast to
the device incorporating the bare ITO anode, the values of Jsc and
of the solar cells increased dramatically—by 63 and 268%, respec-
tively—for the device featuring the PANI/PEDOT:PSS-coated ITO

anode (in comparison, the corresponding device incorporating a
PEDOT:PSS—coated ITO anode improved these values by only 49
and 206%, respectively). As mentioned above, the optical trans-
mittance of the PANI/PEDOT:PSS layer was slightly lower than that
of the PEDOT:PSS layer in the wavelength range 350-999,500 nm;
this behavior would decrease the amount of incident light reach-
ing the photoactive polymer. Nevertheless, the photovoltaic per-
formance of the PANI/PEDOT:PSS solar cell was better than that of
the solar cells incorporating bare ITO and PEDOT:PSS. Accordingly,
we suspect that some of the excitons were swept to the well-
contacted, highly ordered nano PANI/PEDOT:PSS interfacial layer
under the influence of the built-in chemical and electric potentials,
leading to more-efficient extraction of photoinduced holes, pro-
viding conducting pathways to the buffer layer while minimizing
the degree of exciton recombination and resulting in a more-
efficient charge separation. The increase in the hole transporting
ability in the PANI/PEDOT:PSS layer was caused by interactions
between the PANI nitrogen atoms and the functional groups of
PSS, leading to additional doping of PANI (Scheme 2) and decreas-
ing the value of Rs of the interface between the PANI film and the
PEDOT:PSS buffer layer [37,38]. The enhanced hole collection can
be ascribed in part to geometrical field enhancement at the PANI/
PEDOT:PSS layer, similar to that observed in a previous study
when PANI was used as the interlayer [24-26]. The separated free
charge carriers proceeded toward their respective electrodes to
generate the electric current.

4. Conclusions

We have electrochemically deposited two nano PANI buffer
layers, PANI - 0.1 M and PANI - 0.3 M, as HTLs for P3HT/PCBM-
based OSCs and compared their performance with those of solar
cells prepared without a buffer layer (i.e., bare ITO) or with a
PEDOT:PSS layer or a PANI - 0.3 M/PEDOT:PSS layer. Among these
systems, the device incorporating PANI/PEDOT:PSS as the buffer
layer exhibited the best photovoltaic performance: a value of V¢
0f 0.64 V, a value of Js¢ of 7.03 mA/cm?, an FF of 0.61, and a value of
n of 2.76%. The ability to transport holes in the PANI - 0.3
M/PEDOT:PSS layer increased as a result of interactions between
the PANI nitrogen atoms and the functional groups of PSS, leading
to additional doping of the PANI film, a decrease in the value of Ry
of the interface between the PANI - 0.3 M film and the PEDOT:PSS
buffer layer, and, ultimately, an increase in the power conversion
efficiency. Furthermore, the combination of the electrochemical
deposition of nano PANI and the spin-coating of PEDOT:PSS as the
buffer layer appears to be a promising means of improving hole
transport in organic-based electronics. The optimization of these
devices is currently underway in our laboratory.
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