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ABSTRACT: We demonstrate for the first time the efficiency

improvement of organic photovoltaics by the addition of shorter

multiwalled carbon nanotubes (MWNTs) generated by

size

sorting. The different size MWNTs were generated by size sorting
a batch of carboxylated MWNTSs and were introduced as charge
carriers in poly(3-hexylthiophene) (P3HT):phenyl-C61-butyric
acid methyl ester (PCBM) bulk heterojunction photovoltaic cells.
As compared to a control with only PCBM, the addition of the
long and short MWNT resulted in 12 and 34% improvement in
short circuit current density (J,.) respectively. The results indicate
that length of carbon nanotubes is an important consideration in

photovoltaic and possibly other nanoelectronic devices.
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1. INTRODUCTION

Organic photovoltaics (OPVs) are a promising low-cost
alternative to silicon solar cells, particularly because they can
be made via coating processes to cover large areas, and may be
fabricated on flexible plastic substrates.'™* Devices incorporat-
ing conjugated polymers were enabled by the discovery of
photoinduced charge transfer from polymers to Fullerene (Cq)
and its derivatives such as phenyl-C61-butyric acid methyl ester
(PCBM). In spite of relatively high open circuit voltages (V(),
bulk heterojunction OPVs suffer from low power conversion
efficiency (PCE) because they tend to have low short circuit
current density (Jsc). Achievement of better charge carrier
transport could be a path to higher PCE. Moreover, in a
heterojunction structure, the charge carriers encounter their
opposite carriers during transport, leading to charge carrier
recombination.”® Therefore, efficient charge-carrier transport
and optimization of conditions for their facilitation is of great
importance for the future development of OPVs.

It is well-known that OPVs performance is strongly
dependent on the nanoscale morphology of the active layer,
the phase separation between donors and acceptors and the
formation of interconnected percolation networks. It has been
reported that carrier mobility can be improved by ameliorating
the nanoscale morphology through introduction of nanoma-
terials.”® Carbon nanotubes (CNTSs) have been successfully
added to the OPVs composite to act as charge carriers/
transporters.”'® This has been accomplished by blending into
OPVs matrix'®'” or compositing CNTs with fullerenes.'"'®
Although the CNTs have been also used as charge separators,
their high electron and hole mobilities on the order of 1 X 10°
cm*Vs and 1 X 10° cm® Vs, respectively. It has been found to
enhance PCE.'"71%2° However, the gains in PCE have been
modest because of the relatively long lengths of the CNTs,
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which can cause a short circuit as well as be sites for charge
recombination.'® The CNTs are expected to act as electron-
transporting pathways as well as electron acceptors'®*'~>* and
the CNT's may also provide a larger surface area at the donor—
acceptor (D/A) interface for more efficient exciton dissocia-
tion.**~?° Other interesting approaches include integration of
functionalized single-walled CNTs in P3HT:PCBM to enhance
PCE from 1 to 1.4%,”” covalent modification of single-walled
CNTs by thiophene to improve PCE from 1 to 1.78% based on
P3HT:PCBM,'® and N-doped MWNTs has been reported to
facilitate charge separation and transport from 7.3 to 8.6%
based on OPVs made from PTB7:PC71BM.*®

Precise control of size and morphology of additives is needed
before they can be implemented into an OPV structure. Typical
CNTs are a heterogeneous mixture of different lengths. The
long CNTs tend to be more tangled and provide a tortuous
path for electron transport,”>** and may lead to more short
circuit and charge recombination. Shorter CNTs could improve
dispersibility as well as charge-transport properties.”” It's
possible that this problem alleviated using shorter CNTs and
one with less heterogeneity. The latter could lead to a more
defined architecture. The shorter CNTs may also provide a
larger surface area at the donor and acceptor interface, which
would be favorable for efficient dissociation of excitons. Recent
developments in size sorting by high-speed centrifugation, field-
flow fractionation, gel electrophoresis, capillary electrophoresis,
and size-exclusion chromatography and high performance
liquid chromatography make it a viable possibility.>® The
objective of this research was to study the implementation of
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Figure 1. SEM images of (a) MWNT-L, (b) MWNT-S, (c) length measurement of MWNT-L, (d) MWNT-S, (e) P3HT:PCBM, (f) P3HT:PCBM-
MWNT-O, (g) P3HT:PCBM- MWNT-L, and (h) P3HT:PCBM-MWNT-S.
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Table 1. Photovoltaic Parameters under 95 mW/cm? Simulated Solar Irradiation Measured after Thermal Annealing at 125 °C

photoactive layer length (nm) V. (V)
P3HT: PCBM 0.54 + 0.01
P3HT: PCBM with MWNT-O 500—2000 0.54 + 0.01
P3HT: PCBM with MWNT-L 1695 + 204 0.51 + 0.03
P3HT: PCBM with MWNT-S 123 + 12 0.53 + 0.03

current density (mA cm™>) fill factor (FF) (%) PCE (%)
4.77 + 0.17 0.44 + 0.02 1.20 + 0.06
52 + 0.11 0.46 + 0.01 1.35 + 0.04
5.35 + 0.36 0.45 + 0.01 1.33 + 0.09
6.39 + 0.5 0.44 + 0.04 1.56 + 0.12
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Figure 2. AFM images of active layers of (a) P3HT:PCBM, (b) P3HT:PCBM-MWNT-O, (c) P3HT:PCBM-MWNT-L, and (d) P3HT:PCBM-

MWNT-S.

MWNTs of different lengths in conventional P3HT:PCBM
solar cell for enhanced charge transport. To eliminate the effect
of variables such as batch-to-batch variation and pretreatment,
CNTs of different lengths that were size segregated from the
same batch were incorporated into the active layer to study the
effect of length.

2. EXPERIMENTAL SECTION

2.1. Preparation and Size Segregation of MWNTs. The
synthesis of the carboxylated multi-walled carbon nanotubes were
carried out under the Microwave Accelerated Reaction System. Pre-
weighed MWNTs (from Cheap tubes Inc. with the length of 500—
2000 nm and diameter of 30—50 nm) were added to reaction chamber
together with a mixture of concentrated H,SO, and HNO;. The
reaction vessels were subject to microwave radiation at a preset
temperature of 140 °C for 20 min. After being cooled to room
temperature, the product was vacuum filtered using Milli-Q water with
pore size 10 pm, until the filtration reached a neutral pH. The
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carboxylated MWNTs (MWNT-O) were dried in a vacuum oven at 70
°C until constant weight.

The long and short MWNTSs were prepared from the same sample,
thus eliminating the possibility of batch-to-batch variation was
achieved. The original mixture was size sorted as follows. The highly
dispersible MWNT-O was sonicated at low power to disperse in water
and centrifuged at 10 000 rpm. The sediment was redispersed in water
by sonication and centrifuged once again. The sediment represented
the fraction with the longest CNTs and was used for fabricating OPVs.
The solution phase from the first centrifugation at 10 000 rpm was
sequentially centrifuged at 12 000, 14 000, and 16 000 rpm with the
sediment being rejected at each step. The final suspension represented
the fraction with the shortest length and was used to fabricate OPVs.
The mean length of the long (MWNT-L) and short (MWNT-S)
nanotube fractions were 1695 + 204 nm and 123 + 12 nm
respectively. The concentrations of MWNT-L and MWNT-S were
quantified by a HP 845 UV—visible absorption spectrophotometer.
The desired optimum concentration of 0.01 mg/mL was obtained via
dilution. MWNT-O, MWNT-L, and MWNT-S solutions were
sonicated at low power to achieve good dispersions without damaging
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the MWNTSs. Morphology of the MWNTSs was studied by using a
LEO 1530 VP field-emission scanning electron microscope (SEM).

2.2. Solar Cell Fabrication and Characterization. The bulk
heterojunction OPVs were fabricated as follows. PCBM powder with a
purity of 99.98% was obtained from MER Corporation, and
orthodichlorobenzene (ODCB) was obtained from Fisher Scientific.
Regioregular P3HT was obtained from Reike Metals Inc. Bulk PCBM
solution in ODCB was prepared at a concentration of 10 mg/mL,
0.3ml of the MWNT-O solution at a concentration of 0.1 mg/mL was
added into 3ml of PCBM solution and sonicated for 10 min. MWNT-
L and MWNT-S solutions with PCBM solution were prepared in the
same method. The suspension was then mixed with fifty weight
percent of P3HT and stirred overnight at room temperature. All three
compositions (active layer composite solutions) formed uniform and
stable dispersions in ODCB, similar process has been reported
previously.'” A similar 1:1 solution of P3HT and PCBM (active layer
solution) was also prepared by dissolving directly the two components
in ODCB and stirring overnight. OPVs were fabricated onto indium—
tin-oxide (ITO) coated glass. These were patterned prior to being
cleaned with detergent, rinsed with DI water and washed with acetone
and isopropanol. They were dried with compressed nitrogen and put
inside the oven for 5 min at 110°C. Aqueous dispersion of
Poly(ethylenedioxy)-thiophene:poly(styrene)sulfonate (PEDOT:
PSS) (conductive grade) was filtered and spin coated onto the
cleaned glass substrates at 2800 rpm for 50 s. The samples were then
dried inside the oven at one atmosphere at 110 °C for 30 min. This
was spin-coated outside a glove box on top of the PEDOT:PSS buffer
layer to produce a film with a thickness of around 100 nm at 470 rpm
for 15 s and then at 780 rpm for S s. Then the sample was allowed to
dry slowly in the sealed petri dish at room temperature. Finally, a 145
nm thickness of Aluminum (Al) cathode layer was deposited by
thermal evaporation using a shadow mask at 7 X 1077 Torr. The
fabricated samples were annealed on hot plates at 125 °C for 10 min in
a nitrogen glove box. The active cell area was around 0.272 cm? and
was defined by the intersection of Al and ITO layers. Thin films of
P3HT:PCBM, P3HT:PCBM-MWNT-O, P3HT:PCBM-MWNT-L,
and P3HT:PCBM-MWNT-S were deposited on cleaned glass
substrates by the same process. These were characterized by UV-
visible absorption spectroscopy and atomic force microscopy AFM
(Digital Instrument, Nanoscopell). SEM images were taken on thin
films of the active layer solution and three active layer composite
solutions prepared on cleaned Si wafers under same conditions.
Photoluminescence spectra were studied by an F-7000 fluorescence
spectrophotometer.

A Keithley 2400 source-measuring unit was used to measure
current—voltage characteristics in the dark and under simulated solar
irradiation. Newport 122W solar simulator with an AM 1.5G filter
simulated radiation at 95 mW cm™ A calibrated thermopile detector
(Thorlabs model S210A) was used to check the irradiation intensity
before every measurement.

3. RESULTS AND DISCUSSION

3.1. Morphology of Different Sizes of MWNTs and
Active Layers. SEM measurements were carried out to
analyze size distributions of MWNT-L and MWNT-S, shown in
Figure la—d and Table 1.*' The mean length of MWNT-L was
found to be 1695 + 204 nm and the mean length of MWNT-S
was 123 + 12 nm. This clearly showed that there was a
significant difference between two fractions.

The morphology of active layers of P3HT:PCBM with
MWNT-O, MWNT-L, and MWNT-S was studied by SEM. It
was seen that the implemetation of MWNTs altered the
morphology of the films, and a few nanotubes could be seen on
the film surfaces. AFM images of photovoltaic layer of
P3HT:PCBM with MWNT-O, MWNT-L, and MWNT-S
after annealing are shown in Figure 2. The morpholgy of the
active layers was altered in the presence of different MWNTs.
The surface roughness of P3HT:PCBM, P3HT:PCBM with
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MWNT-O, MWNT-L, and MWNT-S were 6.83 + 0.41, 9.14 +
0.22, 8.02 + 0.15, and 10.9 + 0.15 nm, resepctively. The surface
roughness may lead to advantages such as larger domains, larger
donor—acceptor interfaces and an increase in contact area
which may affect the efficiency of charge collection at the
electrode—polymer interface. It is also known to enhance
internal reflection and light collection.’” The introduction of
MWNT-S increased the surface roughness of the active layer
and also altered the texture into a much coarser film with broad
hill-like features compared to the other films. As presented
below, the devices with higher surface roughness showed
superior device performance.

The UV spectra of P3HT:PCBM, P3HT:PCBM-MWNT-O,
P3HT:PCBM-MWNT-L, and P3HT:PCBM-MWNT-S coated
films are shown in Figure 3a. The introduction of different
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Figure 3. (a) UV absorption spectra and (b) PL spectra of
P3HT:PCBM, P3HT:PCBM-MWNT-O, P3HT:PCBM-MWNT-L,
and P3HT:PCBM-MWNT-S.

lengths of MWNT into P3HT:PCBM blend increased the
absorption, which was in line with what has been published
before,*! and MWNT-L showed maximum enhancement. The
PL spectra of P3HT:PCBM, P3HT:PCBM-MWNT-O,
P3HT:PCBM-MWNT-L, and P3HT:PCBM-MWNT-S in
ODCB are shown in Figure 3b. The strong PL peak at 587
nm is the signature for P3HT in ODCB. The observed PL for
P3HT:PCBM blends indicates that some of the excitons
generated in P3HT recombined. The addition of MWNT-O
and MWNT-L to P3HT:PCBM blend reduced the PL intensity
almost equally; however, implementation of MWNT-S
quenched the intensity the most, from 11.4 to 4.8, which
could imply that the implementation of MWNT-S contributes
to the more efficient charge separation and resulted in the
enhanced photocurrent density.**

3.2. Performance of Solar Cell Devices. ]V curves of
different devices are shown in Figure 4 A and B and their
performances (mean and standard deviation) are presented in
Table 1. The data represents an average of eight measurements.
On the basis of the student t-test, the difference in PCE among
the different OPVs was significant at 95% confidence level. It is
seen from Table 1 that although open circuit voltage and fill
factor stayed the almost the same, short circuit current increase
from 4.77 £ 0.17 to 5.2 + 0.11, 5.35 #+ 0.36, and 6.39 + 0.5 mA
cm ™2 for P3HT:PCBM to that with MWNT-O, MWNT-L, and
MWNT-S, respectively. The observed enhancement in the
photocurrent was attributed to a more efficient charge carrier
transport through the nanotube percolation pathways.
Although single-walled CNTs have been used in
P3HT:PCBM,” the photogenerated excitons are dissociated
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Figure 4. (A) J—V characteristics in the dark of OPVs with (a)
P3HT:PCBM, (b) P3HT:PCBM-MWNT-O, (c) P3HT:PCBM-
MWNT-L, (d) P3HT:PCBM-MWNT-S. All of the cells were annealed
at 125 °C for 10 min. (B) J—V characteristics under simulated solar
irradiation at 95 mW cm™ for OPVs with (a) P3HT:PCBM, (b)
P3HT: PCBM-MWNT-O, (c) P3HT:PCBM-MWNT-L, (d)-
P3HT:PCBM- MWNT-S. All of the cells were annealed at 125 °C
for 10 min.

at the P3HT:PCBM interfaces, and the electrons are trans-
ported to the respective electrode Al by hopping between the
fullerene molecules. The integration of the nanotubes in the
photoactive layer provides additional pathways for the electrons
travelling through the dispersed carbon nanotube percolation
network, suppressing charge recombination and enhancing
electron transport.””** The incorporation of MWNTs to
P3HT:PCBM led to higher J, which eventually led to more
efficient electron transport. Therefore, PCE increased from 1.20
+ 0.06 for P3HT:PCBM to 1.35 =+ 0.04, 1.33 + 0.09, and 1.56
+ 0.12% for OPVs with MWNT-O, MWNT-L, and MWNT-S,
respectively. The introduction of all three different lengths of
MWNTs increased the efficiency of the devices and MWNT-S
was the most effective one.

The introduction of MWNTSs provided better percolation
pathways for faster charge transport. The MWNT-S appeared
to serve as better charge transport carriers than MWNT-L.
With thickness of the active layer around 100 nm, the MWNT-
S with mean length of 123 nm provided better and faster
percolation for charge transport. On the other hand, the 1695
nm mean length of MWNT-O could increase the possibilities
of short circuit and charge recombinition.

4. CONCLUSIONS

In conclusion, we demonstrated that short MWNTs are more
effective charge carrier transporters in OPVs, and this led to the
enhancement in power conversion efficiency by 30%. The
introduction of MWNT enhanced short circuit current. The
enhancement in ], for the original, long, and short MWNTs
were 9, 12, and 34%, respectively. This improvement in
performance is attributed to an extension of the excitons
dissociation area and to faster charge carrier transport through
the nanotubes. No improvement in either V. or FF was
observed. It is prudent to expect further improvement in FF by
device optimization. These results indicate that the length of
the CNT as a charge carrier is an important parameter to be
considered in their implementation in OPV and possibly in
other photonic devices.
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