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Composites for a photo-active layer in an organic photovoltaic device are fabricated using
homogeneously dispersed carbon nanotubes (CNTs) in a polymer:fullerene bulk-heterojunc-
tion matrix. CNTs are functionalized by alkyl-amide groups for high dispersion in organic
media and by homogeneously mixing them with the polymer and fullerene in solution. In
a Fourier transform infrared spectrometry analysis, the formation of functional groups is
confirmed. Scanning electron microscopy images indicate the high dispersion of the CNTs.
These composites show considerable improvement of their optical and electrical properties
due to effects of the wideband photo-absorption and high charge carrier mobility of the
CNTs. These effects were investigated by ultraviolet-visible spectroscopy and by the fabrica-
tion of an organic thin film transistor. An organic solar cell was fabricated from these com-
posites as a photo-active layer, showing a remarkable 40% (3.2-4.4%) increase of the power
conversion efficiency compared to an organic solar cell using a photo-active layer without

CNTs.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Organic photovoltaic (OPV) materials promise the production
of low-cost and large-area devices on flexible substrates [1,2].
However, the main drawback is the low power conversion effi-
ciency (PCE). The main reason for the low PCE is the extremely
short exciton diffusion length (~10 nm) in organic materials as
compared to highly ordered inorganic materials [3]. Excitons
generated only within the short distance between donor-ac-
cepter interfaces dissociate into free electrons and holes that
contribute to photovoltaic generation without exciton decay.
Recently, bulk-heterojunction (BH]J) structures were employed
to multiply the number of dissociation sites by increasing the
interface area [4,5]. The increased area increases the opportu-
nity for excitons to dissociate into charge carriers, which re-
sults in better PCE. However, the transport length of the
charge carriers toward each electrode is limited by the low elec-
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tron and hole mobilities (<10 * cm? V' s) of the organic mate-
rials [5].

The introduction of one-dimensional (1D) nanostructures
such as carbon nanotubes (CNTs) not only provides charge car-
riers with highly conductive pathways with high carrier mobil-
ity, but also offers a broad absorption band that is expanded
into the near-infrared range due to the small energy band gap
of the CNTs [6-8]. Furthermore, due to the spatial separation
of the charges across the donor-acceptor interface, photoexci-
tation of the polymer easily gives rise to carriers with other car-
bon materials such as CNT, graphene and fullerene [9-11].
Despite these advantages, OPV with CNTs incorporated in their
photoactive layers have demonstrated significantly poorer effi-
ciency than those without CNTs [12,13]. The key step to im-
prove the performance of OPV through CNT mixing is the
uniform blending of CNTs and photoactive polymers or fuller-
enes [14]. Chaudhary et al. reported a device with CNTs
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embedded in the photoactive layer [15]. However, it shows low
performance due to a reduction in its JSC value because the
non-homogeneously dispersed CNTs cause a disruption of
the optimized morphology of the active layer (e.g., nanoscale
phase separation of the donor and the acceptor) [4,5]. More-
over, the agglomerated CNTs act as recombination sites for
charge carriers [16].

In this work, we propose a new means of dispersing CNT
homogeneously in a polymer:fullerene bulk-heterojunction
matrix (CNT/polymer:fullerene composites). Functionaliza-
tion of CNTs with an alkyl-amide group enhances the hydro-
phobicity and steric hindrance between the CNTs. Through
these effects, the functionalized CNTs become well dispersed
in organic solvents and can be mixed homogeneously with
semiconducting polymer, poly 3-hexylthiophene (P3HT) and
a fullerene derivative, [6,6]-phenyl C61 butyric acid methyl es-
ter (PCBM) in a solution without a sonication process.

The removal of sonication is important to minimize the
breakage of the polymer chains and the degradation of the
optoelectronic properties. The effect of this functionalization
on the dispersibility is characterized by Fourier transform
infrared spectroscopy (FT-IR) and scanning electron micros-
copy (SEM). The FT-IR and SEM results reveal that our method
improves the dispersibility of CNTs and the morphology of
the active layer. CNT/polymer:fullerene composites showed
a large improvement of their optical and electrical properties,
including their charge carrier mobility (u, from —2.01 x 10~ to
—4.64 x 10~* cm?/Vs). The fabrication and characterization of
the OPV material with functionalized CNTs in the active layer
show that the device performance improved by 30% (3.2-4.4%)
in terms of the PCE as compared to an organic solar cell with-
out CNTs due to the effects of the wideband photo-absorption
and high charge carrier mobility, as mentioned above. These
effects are investigated by ultraviolet-visible (UV-Vis) spec-
troscopy and by the fabrication of an organic thin film transis-
tor (OTFT).

2. Experimental section

2.1. Functionalization of carbon nanotubes

HiPco single wall carbon nanotubes (SWCNTs) supplied by Uni-
dym, Inc. with diameters of 0.8-1.2 nm were purified by oxida-
tion and HCl treatment. The CNTs were oxidized in air at 225 °C
for 18 h to remove the amorphous carbon and were then soni-
cated for 1 h in conc. HCI to extract any metal impurities from
the SWNTs. Five milligram of purified SWNTs were sonicated
for 1 h with a mixed solution of HNOs/H,SO, at a ratio of 1:3
for carboxylate functionalization. After the functionalization
of the SWNTs via the carboxylate group (carboxylate CNT),
100 mg of SWNTs were stirred in 20 ml of SOCl, containing
1 ml of dimethylformamide (DMF) at 70 °C for 24 h. After cen-
trifugation, the brown-colored supernatant was decanted
and the remaining solid was washed with anhydrous tetrahy-
drofuran (THF). After centrifugation, the pale yellow superna-
tant was decanted. The remaining solid was dried at room
temperature under a vacuum. A mixture of the resulting CNTs
and 2 g of ODA (melting point, 55-57 °C) was heated at 90-
100 °C for 96 h. After cooling to room temperature, the excess

ODA was removed by washing with ethanol four times (5-
10 min of sonication at 40 KHz). The remaining solid was dis-
solved in dichloromethane, and after filtration, the black fil-
trate was dried on a rotary evaporator. The resulting black
solid was dried at room temperature under a vacuum.

2.1.1. Fabrication of CNT/P3HT:PCBM composites

These CNTs functionalized alkyl-amide group (alkyl-amide
CNT) were diluted 1 mg for 10 ml in chlorobenzene by 1hr of
sonication. The P3HT, supplied by Rieke Metals, and PCBM
supplied by Sigma Aldrich were dissolved and stirred in
1 ml if chlorobenzene for 12 h each. Alkyl-amide CNT versus
P3HTof 0, 0.1, 0.2, and 0.3 wt.% were mixed in solution states.
With the CNTSs, 0.3 wt.% of P3HT in chlorobenzene is the max-
imum concentration that could be obtained to achieve a
homogeneous solution. An increase of this concentration
generally led to precipitation of the CNTs.

2.2. Fabrication CNT/P3HT:PCBM
composites

of OPV using

Indium Tin Oxide (ITO)-coated glass, supplied by Samsung
Corning Co., Ltd., was cleaned with 2-propanol and a mixture
of NH; and H,0,. An O, plasma treatment was then
conducted to improve the wetting between the ITO and
the poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) (solid content: 2.2-2.6 wt.% in H,0), which was
purchased from Sigma Aldrich. The solutions were spin
coated on ITO at 1000rpm for 1min and then baked at
120 °C for 10 min. The P3HT and PCBM were dissolved and
stirred in 1 ml of chlorobenzene for 12h each. The alkyl-
amide CNTs were mixed with a blend of P3HT and PCBM
which was made by the mixing of two solutions for 12 h (ratio
of P3HT:PCBM = 1:0.8). The blend of CNTs, P3HT and PCBM
was spin-coated on the PEDOT:PSS at 300 rpm for 1 min in a
glove box filled with N, gas. An Al electrode was thermally
evaporated in a vacuum at a pressure of 107 torr. Finally,
the device was directly placed on a digital hot plate at 150°
for 5 min.

2.3.  Characterizations of the functionalized CNT, CNT/
P3HT:PCBM composites and OPV using CNT/P3HT:PCBM
composites

Microstructural observation of the functionalized CNTs and
CNT/P3HT:PCBM was carried out via scanning electron micros-
copy (Hitachi S-480). Before the observation of the microstruc-
ture, an Ar plasma treatment of CNT/P3HT:PCBM was
conducted using a plasma cleaner (Aaron Ribner Plasmatic
Systems, Inc.). The FT-IR and UV-Vis spectroscopy used in this
work were done using a FT-IR spectrometer from Jasco (FT/IR-
4100) and a UV-Vis spectrometer from Simadzu (UV-3101 PC).
The organic thin-film transistors (OTFTs) were fabricated using
the bottom gate configuration on highly doped n-type Silicon
(Si) substrates with a gate electrode with thermally grown sili-
con oxide of 300 nm (SiO,) as a dielectric layer. The substrate
was cleaned carefully and hexamethyldisilazane (HMDS) was
spin-coated at 7500 rpm for 35 s under a N, atmosphere inside
a glove box. Alkyl-amide CNTs at various concentrations (0.1,
0.2, 0.3 wt.% with respect to P3HT) were sonicated for 30 min
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Fig. 1 - Schematics of the functionalization of CNTs by the alkyl-amide functional group for a homogeneous dispersion in
organic solvent and the devices fabricated in this work: (a) energy-level diagram of a CNT/P3HT:PCBM BH]J solar cell showing
the charge generation and transfer between the two organic components to the electrodes (b).

and added to the P3HT:PCBM solution in chloroform. The chloroform solution with an average thickness 50 nm under a
solution was spin-coated at 2000 rpm fir 60 s from a 0.5 wt.% N, atmosphere inside a glove box. A gold (Au) layer (thickness:
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50 nm) was thermally evaporated onto the top of the semicon-
ductor through a designed shadow mask in a vacuum chamber
for the source and drain electrodes (channel width,
W = 1500 pm, channel length, L = 100 pm).

The photovoltaic properties of the OPV were characterized
under 1-sun strength using a xenon lamp with an AM 1.5 glo-
bal filter. A silicon reference solar cell certified by the National
Renewable Energy Laboratory (NREL) was used to calibrate the
light and confirm the measurement conditions. Current-volt-
age (I-V) measurements were performed using an electro-
chemical analyzer by Ivium CompactStat. In both OPV and
OTFT characterizations, the entire test is repeated for the four
devices for each set of fabrication conditions.

3. Results and discussion

Fig. 1 shows a schematic illustration of a conventional
P3HT:PCBM bulk-heterojunction cell with functionalized
CNTs (Fig. 1a) and an energy level diagram (Fig. 1b) along with
the general procedure of incorporating the CNTs into an ac-
tive layer. The use of single-wall carbon nanotubes (SWCNTs)
promotes charge-selectively properties due to the semicon-
ducting band gap structures, as indicated in Fig. 1b [17].
CNTs have intense cohesiveness due to the strong van der
Waals force between the CNTs caused by their large mass-to-
surface ratio originating from their nanoscale size and high
aspect ratio [18,19]. Thus, the surface functionalization of
CNTs is an important step in the introduction of CNTs into
polymer:fullerene BH] composites. The functionalization of
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Fig. 2 - Photograph and SEM images of functionalized CNTs
by carboxylate (a) and alkyl-amide (b) dispersion in
chlorobenzene after 3 days, (c) FT-IR results of the
functionalized CNTs (scale bar is 1 pm).

CNTs is identified by FT-IR analysis, as shown in Fig. 2c. The
FT-IR spectrum of pristine CNTs does not show any peaks cor-
responding to functional groups on the surface of the CNTs.
However, after functionalization, peaks at v = 1680-1720 cm?
(C=0 stretch) appear in the FT-IR results (Fig. 2c). These peaks
come from carboxylate groups that are covalently functional-
ized on the CNTs (carboxylate CNT) by a substitution process
that occurs during the acid treatment [20].

Due to the attached carboxylate groups (-COOH), the elec-
trostatic repulsive force between the CNTs overcomes the
van der Waals’ force to form a stable suspension within the sol-
vent. For this reason, carboxylate CNT indicates an excellent
incohesive property in a hydrophilic solution but not in a
hydrophobic solution [21,22]. To improve the high incohesive
property in a hydrophobic solution such as chlorobenzene,
we functionalized CNTs with an alkyl-amide group (alkyl-
amide CNT) via a condensation process between carboxylate
and amide groups. The solid obstacle effect of the alkyl-amide
group on the CNTs makes them disperse uniformly in an or-
ganic solvent. FT-IR peaks at 2845 and 2917 cm™* relevant to
the C-H stretch by the alkyl chain in the CNTs prove the suc-
cessful functionalization of alkyl-amide CNTs.

The stable homogeneous dispersion of alkyl-amide CNTs
remained intact without any precipitation after 3 weeks
(Fig. 2b inset), whereas the carboxylate CNT did not (Fig. 2a in-
set). SEM images of spin-coated carboxylate and alkyl-amide
CNT dissolved in chloroform, followed by drying on a Si wafer,
are shown in Fig. 2a and b, respectively. The carboxylate CNTs
remain highly bundled and agglomerated as in the solvent,
while the alkyl-amide CNTs exhibit a highly homogeneous dis-
persion. These results demonstrate that the functionalization
of CNTs by an alkyl-amide group is an effective method to dis-
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Fig. 3 - SEM image of alkyl-amide CNT/P3HT:PCBM
composites and a high-magnification image after Ar-
plasma etching (a). I-V curves of OPV using alkyl-amide.
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perse CNTs in a hydrophobic media. The alkyl-amide CNT
could be mixed homogeneously with a polymer:fullerene in a
solution state.

The homogenous dispersion of CNTs is accomplished
throughout the thickness of spin-coated CNT/P3HT:PCBM
composite film. The properties of the organic solar cell fabri-
cated from these homogeneously dispersed CNT composites
as a photoactive layer shows 40% increase of the power con-
version efficiency (PCE) compared to an organic solar cell
without CNT (3.2-4.4%). The SEM images in Fig. 3a show the
inner microstructures of the composite film, where the al-
kyl-amide CNT is incorporated into the polymer:fullerene
matrix.

The film underwent an Ar plasma treatment of 1 min to ex-
pose the inner layer of the composite film. Fig. 3b shows a plot
of the I-V characteristics under AM 1.5 simulated solar radia-
tion as a reference using a P3HT:PCBM solar cell and with a
CNT/P3HT:PCBM composite solar cell. The photovoltaic
parameters are given in Table 1. It is clear that the solar cell
using the CNT/P3HT:PCBM composites increases the PCE more,
from 3.2% to 4.4%, compared to the reference solar cell using
P3HT:PCBM (without CNT) as the CNT concentration increased.
The open circuit voltage (Voc) decreases slightly due to the
small energy level variation of the active layer when CNTs were
used in the P3BHT:PCBM. The results show that the PCE increase
mainly originates from the increase of the short circuit current
(Jsc, from 10.5 to 14.6 mA/cm?). The increase in the photocur-
rent caused by the incorporated CNTs was likely due to two ma-
jor factors. The first is the increase of the absorbed photons,
and the second is increase of the charge carrier mobility.

Fig. 4a shows the normalized UV-Vis absorption spectros-
copy of the diluted solutions of alkyl-amide CNT/P3HT:PCBM
composites in chlorobenzene. The concentration of the CNT
is very low in the solution (0-0.2 wt.%). Therefore, the charac-
teristics of the Van Hove singularity absorption waves of the
SWCNTs are not observable. Due to the band gap structure
of the SWNT (~0.8 ev), CNT can absorb photons with a wave-
length in the infrared region [6]. There is considerably high
absorption in the infrared region between 800 and 1600 nm
according to the UV-Vis absorption spectroscopy results. This
can lead to incident light scattering by the enlarged surface
area and photocurrent as the surface roughness increases
with the incorporated CNTs (see Supporting Information,
Fig. S1) [23].

To investigate the effect of the increase in the charge carrier
mobility caused by the incorporated CNT, we fabricated and
characterized an organic thin film transistor (OTFT). Fig. 4c
shows the output characteristics of the reference using
P3HT:PCBM device and the CNT/P3HT:PCBM composite devices
used here. The characteristics of the devices exhibit the typical
drain voltage (V4) and drain current (I4) characteristics of OTFTs
as they operate in accumulation mode with a negative gate
bias, V. The output current of the CNT/P3HT:PCBM composites
device used here is higher than that of the reference
P3HT:PCBM device as the CNT concentration increases. The
field-effect mobility is calculated from the slope in the transfer
saturation region (Fig. 4b) when the drain current (Ips) is plotted
against the gate voltage (Vgs) [24]. The data is fitted to the fol-
lowing equation:
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Fig. 4 - (a) Normalized UV-Vis absorption spectra, (b)
Transfer characteristics, (c) output characteristics of OTFT
devices of the alkyl-amide CNT/P3HT:PCBM composites
solution (red and blue line) and a reference solution of only
P3HT:PCBM (black line) in chlorobenzene. (For interpretation
of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

W
las = 57 Giu(Vs — Vr)? (1)

Here, Ips is the drain current, p is the carrier mobility, Vris
the threshold voltage, C; is the gate oxide capacitance
(Ci=10.8x 10~° F cm?), W is the channel width (W = 1500 um),
andListhe channellength (L = 100 um). The calculated field-ef-
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Table 1 - Photovoltaic parameters of OPV in this work.

Jsc (mA/cm?) Voc (V) FF PCE (%)
Pristine P3HT:PCBM 10.45 + 0.657 0.6 = 0.005 0.50 + 0.014 3.18 + 0.152
Alkyl-amide CNT 0.1 wt.% 12.08 + 0.221 0.59 + 0.003 0.50 + 0.009 3.54+0.130
Alkyl-amide CNT 0.2 wt.% 14.79 + 1.114 0.56 = 0.012 0.52 £ 0.016 4.39 + 0.294
Alkyl-amide CNT 0.3 wt.% 15.39 + 0.490 0.56 + 0.031 0.38 + 0.024 3.38+0.421

fect mobility of pure P3HT:PCBM is —2.01 x 10~* cm?/Vs. With
the 0.2 wt.% CNT-incorporated P3HT:PCBM, the field-effect
mobility is —4.64 x 10~* cm?/Vs, which is twice as high as pure
P3HT:PCBM, revealing that the CNT/P3HT:PCBM composites
show higher field-effect mobility than P3HT:PCBM. This
improvement of the field-effect mobility could result from
the fact that the CNTs act as an effectively charge carrier path-
way due to the homogeneous dispersion.

4, Conclusion

In summary, we report alkyl-amide CNTs which can be homo-
geneously mixed with photoactive materials such as P3HT
and PCBM in a solution because both the alkyl-amide CNTs,
P3HT and PCBM have high dispersibility in organic solvents.
When CNTs are homogeneously mixed in the photoactive
layer of an organic solar cell, the CNTs can absorb light at
the infrared wavelength, which increases the optical absorp-
tion of organic solar cells. Crucially, according to an analysis
of the device property by the fabrication and characterization
of an OTFT, the charge carrier mobility nearly doubled due to
the introduction of CNTs. Several researchers have reported
that the chemical functionalization of CNTs creates many de-
fects on their surfaces and thus degrades their electronic
properties [25]. However, even if an acid treatment affected
CNT surfaces and caused defects, a compromise can been
found with the increase of the mobility and the short circuit
current density, as CNTs have extremely high electrical prop-
erties compared to polymer:fullerene BHJ matrix.

The high electrical conductivity leads to an increase in the
photocurrent, which can improve the overall efficiency of the
device. The efficiency was significantly increased from 3.2% to
4.4% when the solar cells were manufactured with alkyl-
amide CNTs, which can be dispersed homogeneously in a
hydrophobic organic solvent.
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