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ABSTRACT: In this paper, we explore the use of two organic materials that have been touted for use as photovoltaic (PV)
materials: inherently conducting polymers (ICPs) and carbon nanotubes (CNTs). Due to these materials’ attractive features,
such as environmental stability and tunable electrical properties, our focus here is to evaluate the use of polyaniline (PANI) and
single wall carbon nanotube (SWNT) films in heterojunction diode devices. The devices are characterized by electron
microscopy (film morphology), current−voltage characteristics (photovoltaic behavior), and UV/visible/NIR spectroscopy (light
absorption). We have found that both PANI and SWNT can be utilized as photovoltaic materials in a simple bilayer
configuration with n-type Silicon: n-Si/PANI and n-Si/SWNT. It was our aim to determine how photovoltaic performance was
affected utilizing both PANI and SWNT layers in multilayer devices: n-Si/PANI/SWNT and n-Si/SWNT/PANI. The short-
circuit current density increased from 4.91 mA/cm2 (n-Si/PANI) to 12.41 mA/cm2 (n-Si/PANI/SWNT), while an increase in
power conversion efficiency by ∼91% was also observed. In the case of n-Si/SWNT/PANI and its corresponding device control
(n-Si/SWNT), the short-circuit current density was decreased by an order of magnitude. The characteristics of the device were
affected by the architecture and the findings have been attributed to the more effective transport of holes from the PANI to
SWNT and less effective transport of holes from PANI to SWNT in the respective multilayer devices.

KEYWORDS: carbon nanotubes, polyaniline, thin films, photovoltaic devices, hybrid solar cells

1. INTRODUCTION
Photovoltaic (PV) devices have been an area of major focus for
scientists in recent years. The impetus is the impending energy
crisis coupled with the fact that new materials for affordable
solar cell technologies are being discovered in numerous
laboratories. The basic photovoltaic cell consists of either a p−n
junction or Schottky junction (metal-semiconductor) and is
most commonly achieved using doped inorganic semi-
conductor materials, e.g., silicon and germanium.1 Recently,
carbon nanostructures and polymers have been utilized in p−n
junction and Schottky junction based solar cells.2−4 Novel
materials are continually being discovered for use in traditional
layered heterojunction diode devices and bulk heterojunction
organic PV devices. The necessity for cheaper routes to
renewable energy devices and an increase in device efficiencies
are two major forces in the area of PV research. Organic
materials have the potential to drive down the production costs
of solar cells due to ease of processing by using techniques such
as inkjet printing, spray deposition and spin-coating.5 Most of
the materials research focus for organic photovoltaics (OPV)
has been applied to either bulk heterojunction devices or dye-
sensitized solar cells (DSSC)6 whereas the use of graphitic
nanomaterials was proposed to enhance the stability, and the
electro-optical properties of the photoactive materials.7−9

In this report, we explore two organic materials that have
been touted for use as photovoltaic materials: inherently
conducting polymers (ICPs) and carbon nanotubes (CNTs).10

The ability to tune the electrical properties of ICPs and CNTs
provides a plethora of variables to study when incorporating

these materials into photovoltaic devices. Carbon nanotubes
exhibit a range of electronic properties based on the type of
nanotube (single-, double-, multiwall, etc.) with excellent
transport properties11−14 − hole mobilities have been reported
between 1 × 102 and 1 × 105 cm2/(V s) and conductivities as
high as 1 × 105 S/cm. However, the characteristics of CNTs are
not as easily tunable as the conducting polymers. For example
PANI can exhibit electrical conductivities15−17 over many
orders of magnitudes (up to 1,300 S/cm in doped samples) and
hole mobilities18,19 range from 1 × 10−3 to 1 × 10−1 cm2/(V s)
based on dopant type and amount, synthesis and processing
conditions, and oxidation state. Polyaniline (PANI) is an ICP
that is extensively utilized because of its facile synthesis,
environmental stability, and the aforementioned tunable
electrical properties.20 Polyaniline has been reported to
function as a hole transport layer in OPVs,21−23 as well as
charge generation and collection layer in p−n heterojunction
(PANI/n-Si) and Shottky junction (PANI/GaN) solar cells
with promising results.4,24,25 PANI is an excellent candidate for
low-cost photovoltaic material, because it can be processed into
solution,15,26,27 which allows for deposition by inkjet printing,
spray-deposition, spin-coating, etc. There is also a focus on
utilizing carbon-nanotubes in solar cells, including transparent
conducting electrodes and active layers.28,29 The high aspect
ratio and surface area of CNTs provide excellent charge
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collection and transportation properties, allowing them to be
useful in many electronic applications.30,31

Our focus here is to evaluate for the very first time, to the
best of our knowledge, the use of PANI and single-walled
carbon nanotubes (SWNTs) in multilayer heterojunction
devices. The genesis of this work came about during discussions
regarding easily processable materials that could be integrated
on the top side of traditional PV devices (e.g., c-Si-, mc-Si-, and
a-Si-based solar cells). Once the characteristics of these simple
devices are understood, they can be utilized in more complex
structures, such as multijunction cells. For these initial studies,
we have investigated the effects of layering both PANI and
SWNT films onto n-type Si in two different geometries: (i) n-
type silicon substrate has been coated with a layer of PANI
followed by deposition of SWNT films (n-Si/PANI/SWNT),
(ii) n-type silicon substrate has been coated with SWNT films
and then covered by a layer of PANI film (n-Si/SWNT/PANI).
For comparison, two separate devices with a single layer of
either PANI or SWNT (n-Si/PANI and n-Si/SWNT) have also
been fabricated and characterized. Special attention was
provided during fabrication of all the devices, to keep the
SWNT film and PANI film deposition conditions same
throughout the device fabrication process, so as to achieve
approximately the same film thickness for all the devices. We
have evaluated the devices by scanning electron microscopy
(film morphology), current−voltage characteristics (photo-
voltaic behavior), and UV/visible/NIR spectroscopy (light
transmission). While the power conversion efficiencies of the
single layered PV devices (n-Si/PANI and n-Si/SWNT) are
modest, an almost 2-fold increase in power conversion
efficiency is achieved for the device structure n-Si/PANI/
SWNT. Such kind of novel approaches could result in the
development of organic photovoltaic devices with novel
configurations and would result in enhanced optical conversion
capabilities.

2. EXPERIMENTAL DETAILS
2.1. Materials. Aniline was obtained from Fisher Scientific and

doubly distilled prior to use. 10-Camphorsulfonic Acid (98%, Aldrich),
m-cresol (99+%, Aldrich), dimethylformamide (DMF) (anhydrous,
Aldrich), concentrated hydrofluoric acid (47−51%, Fisher Scientific),
hydrogen peroxide (35%, Fisher Scientific), concentrated NH4OH
(28−30%, Aldrich), and KBr (99+% FTIR grade, Aldrich) were used
as received. Single-walled carbon nanotubes were purchased from
Southwest Nanotechnologies and used as received. Silicon wafers were
purchased from WRS Materials and were treated with aqueous
peroxide/hydroxide (1:1:5, 35% H2O2:conc NH4OH:deionized water)
to remove any organic contaminants, followed by dilute HF (1:30,
conc. HF:deionized water) to remove the native SiO2 prior to
deposition of SWNT and PANI films.
2.2. Synthesis and Processing of Polyaniline. Polyaniline

(PANI) was synthesized by the MacDiarmid method.32 Specifically, a
1 mL aliquot of aniline was added to 25 mL of 1 M HCl in a jacketed
beaker and stirred with a magnetic stir-bar. The solution was then
cooled to between 0 and 2 °C using ice water recirculated with a
pump. The reaction was allowed to proceed overnight, and the solid
polyaniline precipitate (emeraldine salt) was isolated by vacuum
filtration through a Whatman 4 filter paper. The solids were then
washed with deionized water.
To obtain the emeraldine base form of PANI for solution

processing, we initially washed the wetcake with 1 M NH4OH and
then stirred in 0.1 M NH4OH overnight to complete the dedoping
process. The solids were isolated by vacuum filtration through a
Whatman 4 filter paper. The solid wetcake (emeraldine base) was
washed with deionized water until the filtrate was at neutral pH. The
samples were dried overnight under vacuum.

Doped polyaniline solutions were prepared by mixing 0.064 g
emeraldine base with 0.069 g camphorsulfonic acid as a dopant and 6.3
g m-cresol as a solvent. This mixture was stirred vigorously overnight,
and the solids were centrifuged out. The supernatant solution was then
used in the fabrication of our devices. PANI devices were spin-coated
at 600 rpm and the solvent evaporated in a vacuum oven at ∼80 °C.

2.3. Preparation of SWNT Films. The SWNTs were first
dispersed in DMF (10 mg/mL) by using bath sonication technique for
a total of 12 h in four 3 h intervals, and the solids were centrifuged out.
The remaining supernatant solution was then removed and sonicated
for another 6 h and was used for device fabrication. The devices were
prepared by spraying SWNTs dispersion in DMF by airbrush
deposition technique at 150 °C. Glass slides were placed side by
side with the silicon substrates, and SWNTs were sprayed
simultaneously on both substrates in order to achieve similar SWNT
film thickness. The SWNT film deposited on glass substrate was
employed for optical transparency measurements.

2.4. Fabrication of Photovoltaic Devices. We have investigated
a new type of solar cell with device architecture similar to previous
work performed on n-Si/SWNTs heterojunction solar cells.9 In this
work, we used polyaniline (PANI), which is a p-type inherently
conducting polymer, as a hole conducting material in n-Si/PANI
heterojunction solar cells. The four different solar cell device
configurations are summarized below:

(1) PANI film spin-coated (approximate thickness 115 nm
from SEM analysis, 81% transparent at 550 nm) over n-
type silicon. Device Structure: n-Si/PANI

(2) SWNTs film (approximate thickness 100 nm from SEM
analysis, 51% transparent at 550 nm wavelength)
deposited by airbrush deposition technique over n-type
silicon. Device Structure: n-Si/SWNTs

(3) PANI film spin-coated over n-type silicon followed by
deposition of SWNT film by airbrush technique. Device
Structure: n-Si/PANI/SWNTs.

(4) SWNT film deposited over n-type silicon and followed
by spin-coating with PANI film. Device Structure: n-Si/
SWNT/PANI.

2.5. Characterization Techniques. 2.5.1. Scanning Electron
Microscopy (SEM). Scanning electron micrograph images were taken
by using a JEOL 7000F SEM in the secondary electron mode under an
accelerating voltage of 15.0 kV and current of 74 μA. The samples
were imaged without any special surface treatment. Images were taken
from the top and side views for all the samples.

2.5.2. Structural Characterization (Infrared and Raman Spec-
troscopy). Infrared and Raman spectroscopy were employed to
evaluate the polyaniline and carbon nanotubes, respectively, used in
the fabrication of PV devices. A Nicolet MAGNA 550 FTIR was used
to analyze the synthesized polyaniline prior to solution processing. A
few milligrams of powdered PANI samples were combined with KBr
and ground in a mortar and pestle. The mixture was then pressed into
a pellet and the IR transmission was measured between 4000 and 400
cm−1.

Raman scattering study of the SWNTs in powder form was
performed at room temperature using a Horiba Jobin Yvon LabRam
HR800 equipped with a charge-coupled detector, a spectrometer with
a grating of 600 lines/mm and a He−Ne laser (633 nm) as excitation
source. The laser beam intensity measured at the sample was kept at 2
mW. The microscope focused the incident beam to a spot size of
<0.01 mm2, and the backscattered light was collected 180° from the
direction of incidence. Raman shifts were calibrated with a silicon
wafer at a peak of 521 cm−1.

2.5.3. Optical Spectroscopy. A Shimadzu UV-3600 UV/visible/
NIR spectrometer with three detectors was used for transmission
measurements from 250 to 1300 nm at 1 nm intervals and medium
scan rate. Scans were performed on thin films of nanotubes and
polyaniline on glass substrate prepared under identical conditions to
the films prepared on n-Si substrate.
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2.5.4. Current−Voltage Studies of PV cells. The current−voltage
(IV) characteristics of solar cell devices (active areas of devices were
approximately 0.01 cm2) were tested under dark and illuminated
conditions (AM 1.5, 100mW/cm2) using a class-B small area solar
simulator (PV Measurements Inc.) and Keithley 2400 Sourcemeter.
Current−voltage scans were performed from −1 V to +1 V with a step
of 4 mV using a Labview program.

3. RESULTS AND DISCUSSION
3.1. Electron Microscopy. Electron microscopy was

employed to evaluate the films’ thickness and their
morphologies. Figure 1 shows the four device schematics and
SEM top view and side view images of the four device
architectures. Each view of the layers provides different

morphological information. The two materials under inves-
tigation have different film-forming properties as evidenced by
the SEM images of the pristine SWNT and PANI on n-Si
substrate. The spin-coated polyaniline solutions result in films
that are very uniform and are in intimate contact with the
silicon substrate. The airbrushed nanotubes are not ideal “films”
as such because of their porous nature, and may limit the ability
to form a uniform junction across the silicon substrate.
The side view gives a unique look into the layered structure

of the devices, and the most dramatic image is that of the n-Si/
SWNT/PANI device (Figure 1d). This image gives a better
indication of the morphology of SWNT than the image of n-Si/
SWNTs alone since the PANI provides some contrast with the

Figure 1. Device schematics (left) and scanning electron micrographs (right) for (a) n-Si/PANI, (b) n-Si/SWNTs, (c) n-Si/PANI/SWNTs, and (d)
n-Si/SWNT/PANI devices.

Figure 2. (a) FTIR spectra of the emeraldine base form of polyaniline, inset shows tetrameric unit of polyaniline; and (b) Raman spectrum of
SWNT powder sample.
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SWNTs. The PANI diffuses between the SWNT film pores and
results in better interface between PANI and SWNTs. Figure
1d with side view of n-Si/SWNT/PANI device does not
provide true thickness of PANI film. The PANI film was
observed to bulge under the electron beam. Therefore, this
particular image shown here was not used to estimate thickness
of PANI film.
3.2. Structural Characterization. The materials used for

device fabrication were analyzed by structural spectroscopy:
Infrared and Raman spectroscopy. Polyaniline exhibits several
prominent features when probed by infrared (IR) spectroscopy
providing insight into degree of oxidation. The two most
prominent IR-bands are at 1497 and 1590 cm−1 and stretching
modes associated with the benzenoid and quinoid structural
units (see inset of Figure 2a), respectively. The intensity of the
two bands is a measure of the polymer oxidation state; the
slightly larger intensity of the 1500 cm−1 band is indicative of
polyaniline in the emeraldine (half-oxidized) form and is similar
to spectra in the literature.33,34 Other noticeable bands appear
at ∼3400 cm−1 (N−H stretch), 1378 (C−C stretch + C−H
bend), 1303 cm−1 (C−H bend), 1219 cm−1 (C−N stretch +
ring deformation), 1164 cm−1 (C−H bend), and 829 cm−1

(para-disubstituted benzene).33

Raman spectroscopy is a very useful technique to character-
ize and study the structural features of carbon nanotubes. The
Raman spectrum in Figure 2b of a powder SWNT sample
shows three main bands, radial breathing mode (RBM), D-
band and G-band. The RBM, in the range 100−500 cm−1, is the
characteristic Raman scattering of single-walled carbon
naotubes. These peaks originate due to vibration and stretching
of SWNTs along the diameters under laser excitation. The
diameter of SWNTs can be closely estimated by using the
formula below35

ω = α +−
d

a(cm )
(nm)RBM

1

where ωRBM is the wavenumber, d is diameter, and α = 234
cm−1 and a =10 are constants.
The G-band observed at 1588 cm−1 is attributed to the in-

plane stretching mode of ordered crystalline graphite like
structures. It originates from the splitting of the E2g in graphite-
like materials and is a characteristic mode of SWNTs. The D-
band observed at 1298 cm−1 is assigned to the disorder and
defects in carbon structures. The ratio (G/D) of the area under
G and D band estimates the crystallinity of SWNTs. A high G/
D ratio means low defect sites, less impurities and better
crystalline quality of SWNTs.8,36

3.3. Optical Transmission. Ultraviolet−visible−near-infra-
red (UV−vis−NIR) spectroscopy was performed in order to
determine the transparency of individual PANI and SWNTs
films. In preparing our solar cells, every attempt was made to
keep the SWNTs film thickness the same for all the devices;
this is also true for PANI films. Figure 3 shows representative
UV−vis−NIR spectra of the PANI and SWNTs films. The
results show that each material has its own specific absorption
bands.
Through most of the visible region (400−700 nm), PANI

has greater than 50% transparency with a maximum
(approximately 82%) and minimum (approximately 31%)
transmission at 520 nm and 444 nm, respectively. The
electronic transition at 444 nm is due to the polaron−π*
excitation of electrons. The continuous increase in spectral
absorbance >600 nm is indicative of the electrically conductive,

doped, form of PANI (emeraldine salt) and is generally referred
to as a free carrier tail (Drude absorption).17 The transparency
in the visible region for the SWNT films lies between 40% and
60% with 51% transparency as measured at 550 nm. The
spectra convey that PANI films provide better light trans-
mission in the visible region than the SWNTs film. In the
device where SWNTs are utilized as a hole collection layer (n-
Si/PANI/SWNT), the less transparent SWNT film blocks
approximately 50% of the radiation from reaching the n-Si/
PANI heterojunction, thus decreasing the open-circuit voltage
(as shown in Table 1) while at the same time providing an

efficient pathway for free charges to be collected at the
electrodes.

3.4. Illuminated and Dark Current−Voltage Charac-
teristics. This research work has been focused on utilizing air-
stable, p-type materials like PANI and SWNTs in hybrid solar
cells. This report combines the two approaches to fabricate
devices utilizing both materials, where the final architecture
results in a multilayered device. These multilayer devices are
compared with single layered heterojunctions. Previous reports
have demonstrated the charge generation capacities of PANI-
and SWNT-silicon based solar cells.9,37,38 This report focus
mainly on the charge generation versus the efficient charge
collection and transportation of charges to the electrodes.
Figure 4 displays a representative photovoltaic response of one
of the fabricated device (n-Si/PANI/SWNT). The current−
voltage (I−V) characteristics of solar cell devices were tested
under dark and illuminated conditions (AM 1.5, 100mW/cm2)
using a Keithley 2400 Sourcemeter.
The solar cell device performance figure of merits, open-

circuit voltage (Voc), short-circuit current density (Jsc), fill factor
(FF), and power conversion efficiency (η) are summarized in
Table 1 for all the devices. The n-Si/PANI/SWNT device

Figure 3. UV−visible−NIR transmission spectra of SWNT (solid line)
and PANI film (dashed line).

Table 1. Summary of Device Characteristics (maximum
values are bold)

sample name VOC (V) JSC (mA/cm2) FF efficiency (%)

n-Si/PANI 0.354 4.91 0.185 0.322
n-Si/SWNT 0.193 4.24 0.255 0.209
n-Si/PANI/SWNT 0.189 12.41 0.262 0.614
n-Si/SWNT/PANI 0.194 0.67 0.154 0.0201
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shows much higher short-circuit current density when
compared to the other devices and also the highest efficiency.
When the solar cells are illuminated, the photoexcited charge
carriers dissociate into free electrons and holes at the n-Si/
PANI heterojunction. When the photoexcited free charge
carriers are close to the pn-junction (n-Si and PANI in this
case), free electrons are transported through n-Si to the
cathode, and the holes are swept away from the junction
through the PANI layer. Owing to the p-type nature of
SWNTs, they can act as efficient hole collectors. The SWNT
film deposited over PANI collects the charges from the PANI
film and transports them to the anode because of their high
charge transportation capabilities.
In our studies, we found that comparative analysis of single-

layer and multilayer devices are quite intriguing. In the n-Si/
PANI device, we have observed a high open-circuit voltage
(0.354 V), which is due to the reason that PANI film creates a
uniform and homogeneous heterojunction with n-Si, with little
blockage of the incoming light in the visible region of the
spectrum. Therefore, PANI film deposited over n-Si can extract
holes effectively from the junction, but the device also exhibits
low fill factor (0.185) because of poor charge transportation
through PANI film. On the other hand, n-Si/SWNT device
shows low open-circuit voltage (0.193 V), likey due to the
blockage of incoming light (approximately 50% transparent
throughout the visible region). It is well-known in photoelectric
materials39,40 and reported by many groups that light intensity
plays an important role in the observed open-circuit voltage of a
photovoltaic device.41−43 This device shows better fill-factor
(0.255) and similar short-circuit current densities (4.24 mA/
cm2) compared to that of n-Si/PANI device. Even though the
open circuit voltage is low due to the blockage of incoming
radiation, a larger percentage of holes (compared to PANI) are
effectively transported through the SWNT film because of high
charge collection and transportation properties of SWNTs.
Next, we have tried to incorporate the PANI and SWNTs films
in multilayer heterojunction design over n-Si substrate.
The ability of PANI in creating uniform and homogeneous

heterojunction over n-Si substrate and, charge collection and
transportation properties of SWNTs were the two driving
forces in developing the multilayer heterojunction solar cells.
Two multilayer heterojunction device architectures were
fabricated and analyzed; n-Si/PANI/SWNT and n-Si/
SWNT/PANI. As summarized in Table 1, incorporating

SWNT film over PANI has more than doubled the short-
circuit current density, from 4.91 mA/cm2 for n-Si/PANI
device to 12.41 mA/cm2 for n-Si/PANI/SWNTs device. The
SWNT film provides a semitransparent conducting “mat” over
the whole device area through which charges are collected and
transported to the anode, thereby increasing the current
density, fill factor and hence power conversion efficiency. While
the SWNT film on top of PANI increases the efficiency of the
device, the open circuit voltage decreases by almost half (0.354
to 0.189 V), because of the reduction of light reaching the n-Si/
PANI junction. For the devices n-Si/SWNT and n-Si/SWNT/
PANI, the SWNTs film creates a p-n junction with n-Si.
Because the PANI film is relatively transparent in the visible
region and no change in open circuit voltage was observed,
however, the current density drops an order of magnitude for
n-Si/SWNT/PANI device. This observation leads to the
finding that holes were unable to transport from SWNTs to
PANI as efficiently as from PANI to SWNTs. Therefore, PANI
as a top layer reduces the short-circuit current density due to
poor transportation of holes from SWNTs to PANI in the n-Si/
SWNT/PANI device. In our opinion, by comparing the short
circuit current densities obtained in n-Si/PANI/SWNT and n-
Si/SWNT/PANI architectures, an efficient hole transportation
occurs from PANI to SWNTs but not in reverse direction,
likely because of the band alignment and hole mobilites of these
two materials.
In summary, out of all the device architectures reported here,

n-Si/PANI/SWNT is the most efficient device architecture.
Even though the open-circuit voltage of this device decreased
by ∼47% due to blockage of light by the SWNT film, the short-
circuit current density increased by ∼150%, fill factor by ∼42%,
and power conversion efficiency by ∼91%. This increase is due
to the formation of uniform heterojuction between PANI and
n-Si, coupled with the proficient exchange of charges (holes)
from PANI to the SWNT “mat” and subsequent transportation
to the anode that results in the highest performing solar cell
device architecture that is studied here.

4. CONCLUSIONS
In this report, we have demonstrated that both PANI and
SWNTs are viable materials for PV devices and the efficiency of
a PV device can be improved by utilizing both the materials.
The n-Si/PANI device exhibits the highest open-circuit voltage
(0.354 V) as compared to the n-Si/SWNT device. The superior
VOC is due to the uniform PANI film being more transparent
throughout the visible region of the solar spectrum, whereas the
SWNT film prevents about 50% of the light from reaching the
heterojunction. In multilayer heterojunction devices, when
SWNTs are utilized as a top layer over PANI (i.e., n-Si/PANI/
SWNT device), the overall efficiency of the solar cell increases
because the SWNTs serve as an effective hole collection
“network” on top of the device. The device architecture n-Si/
SWNT/PANI shows very low photovoltaic response due to the
decreased current density and stems from less efficient hole
transport from SWNT to PANI film. The best device
architecture studied in this report is n-Si/PANI/SWNT. The
performance of this device can be further optimized by varying
the PANI and SWNT film thickness, so that a balance of
electrical properties of PANI and SWNT along with SWNT
transparency is achieved resulting in higher efficiency. The
tunable electrical properties of both PANI and SWNT through
doping should thus lead to unique device structures in future
studies.

Figure 4. Representative illuminated and dark current−voltage
characteristic trace (device structure shown is n-Si/PANI/SWNTs).
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