New Jersey Institute of Technology

Digital Commons @ NJIT
Dissertations

Electronic Theses and Dissertations

Fall 1-31-2014

Nanocarbons as charge carriers in organic solar cells
Xinbo C. Lau
New Jersey Institute of Technology

Follow this and additional works at: https://digitalcommons.njit.edu/dissertations
Part of the Chemistry Commons

Recommended Citation
Lau, Xinbo C., "Nanocarbons as charge carriers in organic solar cells" (2014). Dissertations. 146.
https://digitalcommons.njit.edu/dissertations/146

This Dissertation is brought to you for free and open access by the Electronic Theses and Dissertations at Digital
Commons @ NJIT. It has been accepted for inclusion in Dissertations by an authorized administrator of Digital
Commons @ NJIT. For more information, please contact digitalcommons@njit.edu.

Copyright Warning & Restrictions
The copyright law of the United States (Title 17, United
States Code) governs the making of photocopies or other
reproductions of copyrighted material.
Under certain conditions specified in the law, libraries and
archives are authorized to furnish a photocopy or other
reproduction. One of these specified conditions is that the
photocopy or reproduction is not to be “used for any
purpose other than private study, scholarship, or research.”
If a, user makes a request for, or later uses, a photocopy or
reproduction for purposes in excess of “fair use” that user
may be liable for copyright infringement,
This institution reserves the right to refuse to accept a
copying order if, in its judgment, fulfillment of the order
would involve violation of copyright law.
Please Note: The author retains the copyright while the
New Jersey Institute of Technology reserves the right to
distribute this thesis or dissertation
Printing note: If you do not wish to print this page, then select
“Pages from: first page # to: last page #” on the print dialog screen

The Van Houten library has removed some of the
personal information and all signatures from the
approval page and biographical sketches of theses
and dissertations in order to protect the identity of
NJIT graduates and faculty.

ABSTRACT
NANOCARBONS AS CHARGE CARRIERS
IN ORGANIC SOLAR CELLS
by
Xinbo C Lau
Organic photovoltaics (OPV) are an alternate to conventional silicon and thin film solar
cells. They have several advantages such as simple fabrication, low material cost, light
weight, and the ability to cover large areas. Typical OPV are based on bulk
heterojunction structure consisting of a blend of an electron-donating semiconductor
polymer and an electron-accepting molecule. Various approaches have been pursued to
improve the performance of OPV: low bandgap polymers, new electron acceptors,
processing additives, and tandem cell architecture.
Nanocarbons possess unique physical and chemical properties that can contribute
to the enhancement of OPV performance, such as charge carrier mobility, thermal
conductivity, mechanical strength, increased optical absorption and solubility in organic
solvents. Nanocarbons also can improve the morphology of the active layer, which is
critical to the optimization of OPV performance. The objective of this study is to utilize
nanocarbons namely carbon nanotubes, nanodiamond and carbon black as additives and
to synthesize composites with fullerenes (C60, C70) as charge carriers in OPV to
improve power conversion efficiency (PCE).
Functionalized multi-walled carbon nanotubes (MWNTs) are used as additives to
C70 to form a weak bonded composite, which result in better absorption and better phase
separation. Consequently, PCE increases 70%. In another set of experiments, MWNTs
are size sorted and MWNTs of different sizes are tested as an additive to the OPVs to

improve PCE. It has been found that the shorted MWNTs provide larger surface area for
exciton dissociation and better phase separation and probably lead to less charge
recombination. Therefore, they show higher PCE. Functionalized nanodiamonds (ND)
are also introduced to C60 to synthesize C60-ND-COOH composite by taking the
advantage of their small size distribution (4-5 nm) and modest charge mobility. The NDs
have shown the ability to enhance short circuit current density and PCE. Finally carbon
black (CB) is implemented into the P3HT/C60 OPV system and the effect of
concentration is investigated. The addition of low concentration (12.5 ppm) of CB results
in 35% improvement in short circuit current density, and 79% improvement in PCE.
In conclusion, the nanocarbons (MWNT, ND, CB) are promising additives for the
performance enhancement of polymer photovoltaic cells and may work with diverse
donor-acceptor systems.
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CHAPTER 1
INTRODUCTION
1.1 Objective
The rapid development of science, technology, standard of living and Gross Domestic
Product have improved enormously; meanwhile, daily life has become more reliant on
these advanced technologies which causes an increase in demand of energy. However, a
price needs to be paid; the combustion of fossil fuels has polluted the air and in the future
will be depleted. Therefore, a greater demand of renewable energy has been placed. In
2012, about 9 quadrillion Btu of renewable energy was consumed in the United States,
which was about 9% of all energy used nationwide. Renewable sources provided about
12% of U.S. electricity generation in 2012. Renewable energy weighs in more and more
each year in the supply of energy. When renewable energy becomes a more integrated
source, the call for fossil fuels will become extinct. Non-biomass renewable sources of
energy, such as hydropower, geothermal, wind and solar, are better energy choices, since
they are much cleaner and more environmental friendly.
Since the discovery of photovoltaic effect in 19th century, solar energy, the most
abundant and everlasting energy source, was studied and utilized to generate electricity.
Photovoltaic (PV) cells have been researched on extensively since then. Till 2013,
crystalline silicon solar cell holds the world record of power conversion efficiency (PCE)
at 27.4%, which is still dominating the solar cell market. Thin film solar cell (CdTe) has the
impressive efficiency of 18.3%. The third generation solar cell, organic solar cell, is
emerging pretty quickly to 12% [1]. Organic photovoltaics (OPV) as a new, clean and
sustainable energy resource candidate are excellent alternatives to conventional silicon

1

solar cells and thin film solar cells. However, commercializing OPVs and making OPV
competitive to first generation and second generation solar cells could be very challenging.
The objectives of this research are to:


Synthesize and characterize functionalized nanocarbons with fullerene composites
to serve as charge carriers in OPVs.



Study the role of functionalized nanodiamonds (NDs) in charge transport in OPVs.



Investigate the effect of functionalized carbon nanotubes (CNTs) in the acceptor
phase.



Study the effect of different lengths of carbon nanotubes in OPVs.



Explore the effect of low concentration of carbon black (CB) as charge carriers in
OPVs.



Characterization of active layers and fabrication of solar cell devices.

1.2 Organic Solar Cells
In 1954, Bell Laboratories invented the first silicon solar cells with an efficiency of 6%. In
the late 1970s, the conductivity of the polymer polyacetylene-by doping with
halogens-was discovered by Heeger, Shirakawa, and Macdiarmid, for which they were
awarded the Nobel Prize in Chemistry in 2000 [1].The first generation consists of the
conventional single or poly-crystalline (mostly Si) solar cell, which is energy intensive and
expensive in production. The second generation is said to consist of cheap thin-film
technologies employing less crystalline absorbers and providing moderate efficiencies.
Another classification describes the third generation of solar cells as cheap and efficient.
Organic semiconductors are highly disordered, which allows easier and cheaper processing.
They are organic solvent soluble and could be thermally vapored at low temperature; low
cost processing techniques are available, ranging from inkjet printing to spin coating and
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roller casting. They have several remarkable attributes, such as simple fabrication
processes, low material cost, light weight, the ability to cover large areas, and tunable
physical properties, making OPV attractive to both academic and industrial fields in the
last two decades. In order to commercialize OPVs, the stability of the solar cell output
performance against influences such as exposure to air and humidity is very crucial. It was
shown by the company Konarka that the lifetime of encapsulated photovoltaic devices with
a high performance on a roof-top was almost 2 years. Heliatek, the organic solar cells
company, set the world record 12% in 2013. They are projecting that 15% of OPV
efficiency could be achieved by 2015. If the efficiency could reach 15% and the lifetime
could extend to 15 yrs., the price of OPV cell could be reduced to $0.36, which will make
OPV competitive to the first and second generation solar cells.
Table 1.1 Product Attributes
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Figure 1.1 Best research-cell efficiencies.
Source: National Renewable Energy Laboratory

OPV consists of three categories, dye sensitized solar cell, polymer solar cell, and
small molecule based solar cell. Polymer solar cell is the core of this work; it consists of
three combinations: polymer /fullerene, polymer/polymer, polymer/quantum rod. For
polymer/fullerene combination, the polymer is the light absorbing material, and fullerene
acts as an acceptor. The ultrafast photoinduced charge transfer process between polymer
and fullerene enables relatively high efficiency, such as Poly (3-hexylthiophene) (P3HT) /
Phenyl-C61-butyric acid methyl ester (PCBM) with an efficiency of 5%. Polymer/polymer
combination has the advantage of both components have high absorption coefficients and
the ability of covering complementary parts of the solar spectrum. However, polymers
have the tendency to have phase separation. The challenge is to find a n-type polymer with
acceptor properties and good stability. Polymer/quantum rod combination has the
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advantage of tunable bandgap by simply changing the particle size and they have high
absorption coefficient as well. However, poor charge transport in quantum dots comprises
the device performance.
The essential feature that differentiates OPV from inorganic solar cells is that still
coulomb bounded electron-hole pair after illumination. For inorganic semiconductors
under illumination, the generated excitons dissociate spontaneously into separated
electrons and holes, since the binding energy for excitons in inorganic semiconductors is
only around a few meV to hundreds meV. Take silicon as an example, the binding energy
is around 0.1 eV, due to its high dielectric constant. However, for most of organic
semiconductors, their dielectric constant is around 2 to 4, resulting in high binding energy
in the order of 0.4 to 1 eV. The strongly bonded electron-hole pairs are diffusing in the
donor phase rather than contributing to charge transport and generating current. Hence, an
acceptor material is introduced to provide a driving force to separate the exciton. The offset
between LUMO levels of the donor and the acceptor is the energy source, which is around
0.3 to 0.5 eV.

1.3 Bulk Heterojunction Solar Cells
1.3.1 Device Configuration and Basic Measurement
The air mass (AM) is defined as 1/cos(z) with the angle of incidence z measured to the
vertical. This means AM describes the ratio of the actual path of a sunray through the
atmosphere to the path of perpendicular incidence. The standard test condition for
solar-cell characterization is AM 1.5 spectrum, corresponds to a solar zenith angle of
z=48.2°. The integral over AM 1.5, the total energy flux, is defined as
1KW/m2=100mW/cm2, the latitude of northern Europe and northern America.
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The PCE η, which is the most important merit for characterizing the performance of
a photovoltaic cell, is then defined as:

(1.1)

Where Pinc represents the incident power density and FF represents fill factor. Jsc
is short circuit current density, Voc is open circuit voltage. These four parameters are the
key performance characteristics of a solar cell. Jmax is the current at the maximum power
point, and Vmax is the voltage at the maximum power point. The FF is defined as the ratio
of the product of Jmax and Vmax and the product of Jsc and Voc, shown below:

(1.2)

It describes the “squareness” of the current-voltage curve.
External quantum efficiency (EQE) is the probability that an incident photon of
energy E will deliver one electron to the external circuit.

(1.3)
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e

en y, ηtr is carrier transport process

about the quality of the semiconductor bulk and surfaces can be extracted from spectral
measurements of quantum efficiency. Internal quantum efficiency (IQE) is another
valuable parameter, EQE = ηabs IQE. In spite of the absorption efficiency of the materials,
IQE offers a qualitative assessment of its ability to separate excitons into free charges and
collect them at respective electrodes[2].

Figure 1.2 Typical bulk heterojunction solar cell configuration and schematic
current-voltage characteristics of bulk heterojunction solar cells.
Source:http://www-ssrl.slac.stanford.edu/content/science/highlight/2011-01-31/effects-thermal-annealingmorphology-polymer%E2%80%93fullerene-blends-organic
Deibel C, Dyakonov V. Polymer–fullerene bulk heterojunction solar cells. Reports on Progress in Physics.
2010;73(9):096401.

It is undoubtedly that the key to enhance the performance of solar cells is to
maximize Jsc, Voc and FF.
The FF parameter is greatly determined by the active layer morphology and the cell
technology. As seen in Figure 1.2, an ideal characteristic of I-V curve under illumination is
presented. The series resistance arises from both material resistivity and contact resistance.
The shunt resistance arises from the leakage currents which means charge carrier losses
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due to short-circuit pathways and carrier recombination [2]. An ideal device performance
requires Rs close to 0 and Rsh close an infinite value.
Dark I-V curve measurements provide extra information about the cell. Most solar
cells act like a diode in the dark, generating current under forward bias (V>0). Illuminated
I-V curve of a solar cell is shown in the fourth quadrant and the current-voltage product is
powder which is negative. That means the cell is a power generating device between 0 and
Voc. At V<0, the illuminated device acts as a photodetector, dissipating power to generate
a photocurrent. At V>Voc, the device dissipates power again and it behaves like a light
emitting diode. Power is consumed through the resistance of the contacts and through
leakage currents in a real solar cell.
The Voc is greatly dependent on materials properties, in particular the energetic
relationship between the donor and the acceptor [3]. The energy difference between the
ionization potential of the donor and the electron affinity of the acceptor governs the Voc
value [4]. The maximum value of Jsc is largely governed by the optical band gap of the
semiconductor. The smaller the optical band gap, the larger yield of maximum Jsc could be
obtained [4].
1.3.2 Photoconversiton Mechanism
The physics behind organic solar cells is briefly reviewed in this section, and it is mainly
focusing on bulk heterojunction solar cells. Bulk heterojunction is a concept firstly
reported in Reference [2],[3] [5]. The basic operation of a bulk heterojuction solar cell is
shown as a 5-step process in Figure The 5-step process includes light absorption, exciton
diffusion, exciton dissociation, charge transport, and charge extraction.
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Figure 1.3 5-step process of photo conversion mechanism.
Photo conversion process starts with light absorption. In a bulk heterojunction solar
cell, light is mostly absorbed in conjugated polymers, so-called the donor material. Organic
semiconductors possess very high absorption coefficients above 107 m−1. Therefore, in
order to obtain a good absorption yield for most organic photovoltaic devices, the film
thickness only need to be designed to be between 100 and 300 nm. When photons are
absorbed by an organic semiconducting specimen of the polymer, an electron and hole pair
with opposite spin are generated, called exciton which is bound by their Coulomb
attraction. The neural excitons are diffusing to the donor and acceptor interfaces, not
affected by the applied electric field. The relative dielectric constant of organic
semiconductors is as low as 2 to 4, which with a Coulomb binding energy around 1 eV, as
compared to inorganic semiconductors as high as 10, which with a Coulomb binding
energy around 0.1 eV. That makes excitons generated in organic semiconductors very
difficult to dissociate into a separated electron and hole at room temperature, and resulted
in strongly bound Frenkel-like localized excitons. In order to enhance the PCE, a better
matching absorption spectrum of the polymer to the solar spectra could be employed. This
could be achieved by designing low band gap polymers, which generally refers to polymer
with band gap lower than 2 eV and absorbs light with wavelength longer than 620nm. The
energy band gap of semiconducting polymers could be tuned as low as 0.5 eV, which could
increase the light absorption and hence the theoretical current. However, Voc is greatly
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dependent on the difference between the highest occupied molecular orbital (HOMO) level
of the donor and the lowest unoccupied molecular orbital (LUMO) lever of the acceptor;
therefore, decreasing the band gap of the polymer also could result in decreasing Voc and
device performance. An optimal band gap is 1.5 eV, based on the alignment of the energy
levels to achieve high VOC and an efficient charge transport from the donor polymer to the
acceptor fullerene.
After light is absorbed by the donor material, the exciton has to diffuse to the donor
and acceptor interface to be dissociated; otherwise, they would recombine and decay by
photoluminescence. The diffusion length is expressed as,

√

Whe e

u on oe

en

(1.4)

n τ

l e me o he ex

on. The higher the

diffusion coefficient, the longer the lifetime, resulted in further distance the exciton can go
before it recombines. The diffusion length of the exciton in organic materials is typically in
the range of 10 nm or less. The diffusion length for P3HT is 4nm, and for C60 is 40nm [6].
However, an optimum thickness of the donor layer is required around 50-100nm for good
yield devices, which means that 10% to 20% excitons might get to the interface to be split
and contribute to charge generation. To overcome this dilemma, the concept of bulk
heterojunction was utilized and an intimate percolation path is created for more efficient
electron and hole transportation.
Once the excitons diffuse to the D/A interface, exciton dissociation should occur at
the D/A interface. In most polymer/fullerene organic solar cells, charges are generated by
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photoinduced electron transfer. Exciton dissociation only happens when the photoinduced
electron transfer process is energetically favorable [6]. The driving force is the energy
difference (offset) between LUMOs of the donor and the acceptor, and a minimum energy
difference of 0.3 eV is needed in order to make exciton splitting and dissociating happen.
Ex e
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he
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performance [3]. Photoinduced electron transfer occurs extremely fast, with a time
constant of∼ 45 femtoseconds at the conjugated polymer/fullerene interface at room
temperature. If the excitons fail to reach the interface within the diffusion length, they tend
to recombine (µs) and decay to the ground state within a few ns. Therefore, exciton
dissociation is the essential step of the photo conversion process. In order to yield optimal
power, the excitons have to be dissociated efficiently and collected at electrodes before
other competitive processes happen [7]. Nanocarbons, such as carbon nanotubes, could
provide extensive D/A interface to enhance exciton dissociation efficiency.
After the excitons are separated, charges have to be transported through the organic
materials to respective electrodes. The holes will travel through the donor material to the
anode which is indium tin oxide (ITO), while the electrons will travel through the acceptor
material to the cathode which is Aluminum (Al) in this work. Charge transport mainly
takes place by hopping from one molecule to the next, then hops towards the electrodes
where they can be extracted to generate a photocurrent [4, 8]. In a bulk heterojunction, the
increased D/A interface strategy helps exciton dissociation. On the other hand, the
connected percolation pathways of both materials to both electrodes provide more
opportunity of separated charges encounter each other at the D/A interface and recombine
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non-geminately. Therefore, a cost paid at compromised charge mobility and charge
extraction efficiency. In order to higher the charge carrier mobility, optimizing nano
structural material phases could be achieved by introduction nanocarbons to the active
layer.
Finally, when dissociated charges reach an electrode, they have the potentiality to
be extracted; however, a poor electrode interface may prohibit this to happen. Normally,
the substrate-supported transparent electrode is ITO with work function of 4.8 eV, serves
as anode. The reason for the popularity of ITO is that it possesses both electrical
conductivity and optical transparency, in addition that it can be deposited as a thin film.
The counter metal electrode is Al with work function of 4.3 eV, serves as cathode. Al
cathode is deposited by thermal deposition in vacuum through a shadow mask.
Several detrimental charge collection scenarios include: charges are extracted at
the opposite polarity electrode, charges are recombined through defects (e.g., metal
penetration into active layer). Buffer layers can be inserted to improve charge selectivity
and alleviate this effect. A layer of poly(3,4-ethylene dioxythiophene): poly(styrene
sulfonate) (PEDOT:PSS) is a popular option, its work function is 5.0 eV, and conductivity
is around 1S/cm [9]. It is used as a hole conducting and transporting layer. In addition, it
works as a smoothing layer between ITO and active layer, and increases the work function
even further as well [10].
1.3.3 Active Layer
The core conceptual design of the active layer for heterojunction solar cells is the
utilization of two materials with different electronic levels. One is so-called donor which is
an easily oxidized, p-type, low ionization potential and electron accepting organic material;
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the other one is so-called acceptor which is easily reduced, n-type, strongly electronegative,
high electron affinity and electron accepting organic material. The donor and acceptor have
different electronic levels [5, 11, 12]. The energy offset is necessary to dissociate strongly
bounded excitons, which is achieved at the interface of the donor and acceptor.

Figure 1.4 Chemical structures of semiconductors in OPV: P3HT, Poly(3- octylthiophene
-2,5-diyl) (P3OT), Poly[2,6-(4,4-bis-(2-ethylhexyl) -4H-cyclopenta [2,1-b;3,4-b′]
dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT), poly((4,8-bis(octyloxy)benzo
(1,2-b:4,5-b')dithiophene-2,6-diyl)(2-((dodecyloxy)carbonyl)thieno(3,4-b)thiophenediyl))
(PTB1), Poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothi
adiazole-4,7-diyl-2,5-thiophenediyl] (PCDTBT), C60, C70, PCBM.
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Figure 1.4 Chemical structures of semiconductors in OPV: P3HT, Poly(3- octylthiophene
-2,5-diyl) (P3OT), Poly[2,6-(4,4-bis-(2-ethylhexyl) -4H-cyclopenta [2,1-b;3,4-b′]
dithiophene)-alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT), poly((4,8-bis(octyloxy)benzo
(1,2-b:4,5-b')dithiophene-2,6-diyl)(2-((dodecyloxy)carbonyl)thieno(3,4-b)thiophenediyl))
(PTB1), Poly[[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-benzothi
adiazole-4,7-diyl-2,5-thiophenediyl] (PCDTBT), C60, C70, PCBM.

The origin of electrical conductivity in carbon-based semiconductors is
conjugation, the alternation of single and double bonds between carbon atoms. The ground
state configuration of carbon atom is 1s22s22p2. Minimizing the free energy during bonding
is desirable, in the case of conjugated polymers; hexagonally directed orbitals which are
sp2pz hybridized are formed. The backbone is created by the three in-pl ne

gm (σ)

orbitals of the sp2 hybridized carbons. The fourth electron locates in the pz orbital, which is
perpendicular to the σ o

l . The pz orbital overlaps with the neighboring pz orbital and

form a π on , which results in delocalized charges. Decoupling the pz electron from the
backbone originates special electrical properties for conjugated polymers. Typically,
excitations within the π-band do not cause bond breaking, which account for the valuable
photo- on u ve p ope e o π-conjugated polymers. The band gap between the HOMO
LUMO is typically in the range of 1-3 eV, making such an organic compound a
semiconductor. Moreover, such range of the band gap enables conjugated polymers to
access the visible light.

The semiconducting and light absorbing properties make
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conjugated polymer very attractive for OPVs. In this work, Poly (3-hexylthiophene) P3HT
was used as a donor in all the systems. However, different acceptor materials were
experimented, such as C60, C70 and PCBM [13].
P3HT has been a most interesting and popular hole accepting semiconductor for
OPV [14, 15]. It has a bandgap of 1.9 eV, with the HOMO and LUMO levels at 5.2 and 3.3
eV, which covers only 30% of the AM 1.5 solar photon flux [16]. P3HT like other organic
semiconductors has high absorption coefficient in the order of 105cm-1, which enables
conjugated polymers absorb light very efficiently corresponding to the solar spectrum.
Consequently, a thickness of a few hundreds of nanometers (100-300 nm) is sufficient to
absorb good yield of light for organic semiconductor devices. Additionally, P3HT exhibits
fairly high hole mobility ( ~10-4–10-3 cm2/Vs) [17, 18].

Figure 1.5 An energy diagram of donor and acceptors used in this work.
Fullerenes and their derivatives have several remarkable attributes to serve as
electron acceptors in bulk heterojunction solar cells [19, 20]. In the case of C60, these 60
carbon atoms are ~sp2 hybridized and arranged in 12 pentagons and 20 hexagons to form a
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spherical molecule with a nucleus diameter of 0.7 nm. From an energetic standpoint, C60
has a deeper LUMO energy, comparing to other potential electron donor materials, which
means high electron affinity. This is energetically favorable for efficient exciton
dissociation and charge transfer from the donor to fullerene. Additionally, the triply
degenerate LUMO enables C60 to accept up to six electrons in its cage. The HOMO and
LUMO levels of C60 are 6.2 and 4.1eV, respectively (Figure 1.5). C60 films can also form
crystalline structure with high electron mobility, which favors maximizing photocurrent.
The high electron mobility is due to excess electrons can be efficiently stabilized by
conjugation in the molecule. From a processing standpoint, C60 has a modest solubility
(27mg/ml) in ODCB [21, 22], which allows both donor and acceptor materials well mixed
and dissolved in the same solvent and be able to deposited.
Passing to C70 molecule, it can be considered as an addition of a ring of five
hexagons along the equatorial plane of C60. For that reason, C70 has relatively less
symmetrical structure. C70, a higher molecular weight fullerene in the shape of a rugby
ball, has a bandgap around 1.9 eV, and the HOMO and LUMO levels are 6.1 eV and 4.2
eV, respectively. However, it has higher absorption in the visible region than C60, and this
could lead to higher efficiency. Moreover, C70 has better solubility (36.2 mg/ml) than C60
in ODCB [23-25]. Hence, C70 was used in this work as an alternative to C60, which is in
detailed in Chapter 3.
In order to optimize the acceptor materials furthermore, PCBM was synthesized by
Hummelen and Wudl in 1995 [26]. It leads to good solubility in organic solvents such as
chloroform, chlorobenzene, dichlorobenzene, etc., by adding side-chains to enhance the
solubility above 100 mg/ml [27]. PCBM has a bandgap around 1.8 eV, with the HOMO
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and LUMO levels at 6.0 eV and 4.2 eV, respectively. PCBM films exhibit amazingly high
electron mobility (≈10-3 cm2/Vs), as was determined by the Blom group [28]. These
properties of PCBM enhance generation of photocurrent and better performance of OPV
devices. However, the complicated synthesize processes hinder the widely utilization of
PCBM for large scale commercialization [29]. Control system based on P3HT/PCBM is
discussed in Chapter 4.

1.4 Nanocarbons
Carbon, an abundant material and a potential alternative as a replacement of Silicon, holds
notable potential as a material for solar cells. It can be found in various forms ranging from
insulator, to semiconductor, metallic/semi-metallic graphite (or graphene) [30].
Nanocarbons, such as single–walled carbon nanotubes (SWCNT), Multi-walled carbon
nanotubes (MWNT), fullerenes, graphene and their chemical derivatives, have been
intensively studied in the past two decades. The unique and interesting optoelectronic,
physical and chemical properties of these materials make them very valuable for
improving OPV performance, including carrier mobility, thermal conductivity, mechanical
strength, optical absorption, and their ability to be dissolved in organic solvents to deposit
thin solar cell active layers from solution. Other carbon allotropes, for instance amorphous
carbon (such as carbon black (CB)) and nanodiamonds (NDs), can be deposited in thin film
form on flexible substrates by means of chemical vapor deposition [31-33]. Nanocarbons
are important for many applications due to advantages such as wide electrochemical
window, good electrical conductivity, and long-term stability (shown in Table 1.2).
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Table 1.2 Properties of Nanocarbons
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1.4.1 Carbon Nanotube
CNTs possess unique physical and electrical properties, making CNTs with high purity
can behave as a transparent electrode to replace ITO glass in solar cell devices, as reported
by Wu Z et al. [34]. On the other hand, CNTs was employed as acceptor materials firstly by
Kymakis and Amaratunga in 2002. However, the PCE is very low (<0.1%) [35]. The
investigation of CNTs as additives to the active layer has been explored intensively. CNTs
act as exciton dissociating sites and ballistically conductive agent with high carrier
mobility [24, 30].
The structure of CNT consists of cylindrical graphene sheet rolled up into a
seamless cylinder whose diameter in the order of a nanometer and length is the order of a
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micrometer. Thus, the length to diameter ratio exceeds 103 [2]. This allows percolation
pathways created at appropriate low doping levels and provides a high surface area, which
could be a suitable morphological architecture for exciton dissociation, more efficient
charge transfer to the proper electrodes [2]. CNTs in their pristine form are rigid,
chemically inert, and difficult to dissolve in water or organic solvents. In order to obtain
homogenous mixtures of CNTs with different organic, inorganic, and polymeric materials
to act as an additive, some level of functionalization is required to the addition of certain
molecules or functional groups onto their sidewalls without significantly changing their
physical/electronic properties. Functionalization of CNTs can be done through covalent
bonding to the tips, sidewalls and defects of tubes. Carboxyl group (-COOH) and amide are
formed at the ends of tubes as well as at the defects on the sidewalls by oxidation.
Both SWNTs and MWNTs have been introduced in photovoltaic devices as
additives lately [24, 36-40]. The CNTs not only act as electron acceptors but also provide
high field at the polymer/CNT interfaces for exciton dissociation [40]. Application of
carbon nanotubes CNTs in organic photovoltaic device is of great interest. It has been
demonstrated that CNTs along with conjugated polymers favor charge transportation and
exciton dissociation. CNTs can improve exciton dissociation by providing field at the
polymer nanotube interface. A blend of CNTs with conducting polymer allows formation
of devices with high interfacial area, which can lead to a large pair dissociation region.
These properties of CNTs with conjugated polymer have generated a great interest in
developing photovoltaic devices [41].
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1.4.2 Nanodiamond
Detonation-synthesis NDs were first synthesized in 1963 by detonation of a mixture of
carbon-containing material with explosives [14]. NDs have a complex structure usually
consisting of three layers: a diamond core (sp3) 4-6 nm in size, comprised of 70% to 90% of
the total number of carbon atoms; a transient carbon shell (sp2+X) encircling the core and
containing X-ray amorphous carbonaceous structures 0.4 -1.0 nm thick, comprised of 10%
to 30% of the total number of carbon atoms; and a surface layer (sp2) comprised of various
functional groups. The surface groups were including hydroxyl groups (OH), carboxyl
group and tertiary alcohol, amide groups, hydrocarbon groups (C-H) in the form of CH,
CH2 and CH3, carbonyl groups (C=O) in the form of ketone, carboxyl group, acid
anhydride, ester and lactone, C-O-C groups in the form of ether, acid anhydride, lactone
and epoxy group.
ND particles have a large specific surface area (200-450 m2/g) and hence their
surface groups greatly affect their physical and chemical properties. Specific modification
of NDs could be achieved by controlled functionalization, which offers a powerful tool to
involve NDs in various chemical reactions and enhance their interaction with solvents,
components of composite materials, polymers and catalysts. Therefore, many applications
have been found incorporating NDs with other components. NDs possesses high surface
area, good mechanical properties, low cost and relatively high conductivity, therefore, they
offer attractive properties for energy storage applications, such as electrochemical
capacitors, also known as supercapacitors [42].
The relatively inexpensive large scale production of ND by a detonation synthesis
process has made them commercially viable for a broad range of applications.
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1.4.3 Carbon Black
The structure of commercial CB is known to have both crystalline carbon (graphite) and
amorphous carbon, where the aggregates tend to form through Van der Waals forces.
Moreover, functional groups including ketone, ether, ester, quinone, carboxyl, phenolic
and hydroxylic groups are known to be present in CB [43]. In this work, graphitized
mesoporous carbons (GMCs) were used. The structural features of GMCs include
structural homogeneity with significant graphite-like domains and stacking heights, in
combination with the high surface area, the enhanced conductivities of GMCs have also
been harnessed for their use in high performance components in electrochemical
applications [17]. Examples include electrodes for double layer capacitors, and binding
materials. The nanostructure of the GMC possesses a pentagonal configuration with an
approximate diameter of 35 nm. These primary nano-particles form aggregates in the 175
nm size range. Further agglomeration of the material leads to particle agglomerates in the
400 nm range. CB is electrically conductive with conductivities ranging from 0.1 to 102
S/cm at ambient temperature [1]. They impart good conductivity to polymers and have
been widely used as fillers in polymers for applications such as conductive packaging for
electronics [2], and as fuel cell electrodes [3],[44]. CB also shows high absorption of the
solar spectra [45].

1.5 Nanocarbons Incorporated Composites in Organic Solar Cells
In order to utilize nanocarbons as additives in the active layer in OPVs (shown in Figure
1.6), several approaches have been explored. CNTs have been extensively studied and
have been incorporated in OPVs by several groups. The fundamental understanding of the
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electrical role of CNTs is still not quite clear. CNTs have been introduced into fullerene by
sonication [46], they also have been incorporated with fullerene by microwave irradiation
[36-38, 47]. On the other hand, CNTs have been employed with conjugated polymer by
low power sonication as well [39]. With a proper concentration of CNTs, Jsc has been
improved and hence the enhanced performance of OPVs has been revealed [24]. Few
groups have incorporated NDs into the active layer, enhanced absorption spectra, increased
Jsc and improved PCE have been explored [48-50].

Figure 1.6 Nanocarbons as additives in OPVs.
The microwave irradiation method of synthesizing nanocarbon-composite has been
utilized in this work. It is known that fullerene molecules tend to polymerize under high
temperature, pressure, and under UV irradiation [47, 51]. Under microwave irradiation,
nanocarbons (CNT, CB, ND) serve as heated nuclei. Fullerene molecules could attach to
the functional groups on the surface of nanocarbons, or react with the nanocarbons at their
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defect sites. The additional C60/C70 molecules tend to aggregate with the already attached
C60/C70 molecules due to polymerization of fullerenes under microwave irradiation. The
mechanism for C60-ND, C70-CNT and C60-CB is shown in Figure 1.7, respectively.

Figure 1.7 Mechanism of charge separation at polymer-fullerene interfaces, and followed
by more efficient charge transfer to nanocarbons.
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Figure 1.7 Mechanism of charge separation at polymer-fullerene interfaces, and followed
by more efficient charge transfer to nanocarbons.
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1.6 Fabrication of Solar Cells
Fabrication of organic solar cells is quite a delicate and sophisticated process. ITO coated
glass first is cut into 25 mm×25 mm, then they are cleansed by detergent, rinsed with water
and sonicated in isopropanol and then acetone, after that they are dried by compressed air.
In order to get the effective area, office tape has been used to cover the needed ITO area,
5 mm. Then the sample is etched in a mixture of hydrochloride and nitric acid on a hot
plate. 10-15 min is needed to remove the unwanted ITO area and conserve the tape covered
ITO area. The cleansing process is repeated to get rid of the acid on the surface of glass and
keep the sample clean and dust free. Then PEDOT PSS is filtered and ready to apply onto
the sample. Spin coater is used to get a uniform thin film of 30 nm at 2700 rpm for 50 sec,
the sample is moved to an oven to be dried for 30 min at 100°C. Then filter the active layer
blend and spin-coat the solution at 400 rpm for 15 sec and followed by 780 rpm for 5 sec to
get a 100 nm thick film. Then leave the cover on for 5 min to let the film slow dry.
After that, samples are placed on the sample holder and covered by a shadow mask
to get an intersection area of 5 mm×5 mm. Then samples are transferred into the thermal
evaporator to coat Al electrode. This takes about 2 hr. Finally the samples are fabricated.
However, they need to get post production treatment, annealing. Annealing is carried out in
a nitrogen filled glovebox on a hotplate at 125°C for 10 min. Then the samples are ready to
be tested I-V curve in the dark and under illumination. The solar simulator is calibrated by
thermopile detector for every measurement, and the intensity is 95 mw/cm2.
Since the fabrication process is down to nanometer scale, several important steps
need to be noted. The first step is dispersion of nanomaterials. Both donor and acceptor
materials are selected to dissolve in the same solvent, and for my work, nanocarbons have
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to be manipulated to be introduced into the system as well. Sonication and microwave
irradiation are the two main approaches. As shown in Figure 1.8, active layer solutions
with nanocarbons are uniform solutions. Second step is optimizing film thickness, has
been done by adjusting the spin speed and spin time. Both thickness and diffusion length
need to be considered to get enough absorption and efficient exciton dissociation.

ND-COOH

ND

CNT-COOH in CNT-COOH in
ODCB
H2O

CNT in H2O

Figure 1.8 Photographs of different nanocarbons in ODCB and H2O, and active layer
solutions.
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CB in
ODCB

CB in
H2O

P3HT in
ODCB

P3HT/C60-CB
in ODCB

P3HT/C60-NDCOOH
in ODCB

P3HT/C60-MWNT-S
in ODCB

Figure 1.8 Photographs of different nanocarbons in ODCB and H2O, and active layer
solutions.
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Electrode deposition is done by thermal evaporator as seen in Figure 1.9. Thermal
evaporation is a method to deposit metal thin films. Vacuum chamber pressure, source
material purity, and evaporation rate are the variables to control the metal evaporation. The
pressure of the vacuum chamber needs to be maintained around 5 x 10-7 torr to ensure good
quality deposition. When the deposition is conducted at pressure higher than 1 x 10-6 torr
without reaching lower pressure, hot vaporized metal particles will react with remaining
oxygen molecules to form metal oxide. Deposited films with this condition lose metallic
reflection and electrical properties. In order to get high quality thin films, material purity
over 99.99% is essential. High purity source material will lower the chance of side
reactions or impurity formation during evaporation. The evaporation rate is in the range of
1Å /sec to 3 Å /sec. Source materials should be evaporated slowly to protect the active
layer, which can be damaged by hot vapors.
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(a)

(b)
Figure 1.9 (a) Deposition of thin film of Al, (b) operation screen (c) thermal evaporator.
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(c)
Figure 1.9 (a) Deposition of thin film of Al, (b) operation screen (c) thermal evaporator.
A lot of affords have been done to optimize film morphology. First is solvent
selection, important parameters are the boiling point which is related to the evaporation
rate, the viscosity and the solubility of polymers. High boiling point solvents are better
choices, because of the low evaporation rate of these solvents, the drying time is increased
and the polymers tend to show higher ordering. The boiling point of ODCB is at 180°C.
Thermal annealing involves two main structural evolutions: crystallization and phase
separation including coarsening. The structural evolution begins with crystallization of
P3HT, followed by diffusion of PCBM and finally, aggregation of PCBM. It also enhances
interface properties due to reduced interface defects, such as pores, trapped solvent.
Solvent annealing is a method to leave the spin coated sample inside a covered petri dish
for a certain time or until the film color has completely changed.
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CHAPTER 2
EFFECT OF SHORTER FUNCTIONALIZED MULTIWALL CARBON
NANOTUBE AS A CHARGE CARRIER IN ORGANIC SOALR CELLS
2.1 Introduction
The OPVs are excellent alternatives to conventional silicon and thin film solar cells
because they attempt to achieve moderate PCE at significantly lower cost. Typical OPVs
are based on the creation of bulk heterojunctions consisting of blends of an
electron-donating semiconducting polymer and an electron-accepting molecule such as
fullerene (C60) or its derivative [3, 16, 33, 47, 52-56]). Improvement in OPVs can be
brought about by addressing some of its limitations, namely, improving absorption of a
wide range of the solar radiation spectrum [10, 57], and enhancing the electron and hole
mobilities. Moreover, components like PCBM that require multistep synthesis are quite
expensive, underscoring a key economic advantage of OPVs [36] .
In spite of relatively high VOC and high EQE, bulk heterojunction OPVs suffer
from low PCE because they tend to have low JSC. Achievement of a better charge
carrier transport without sacrificing EQE and VOC could be the solution for higher PCE.
Moreover, in a heterojucntion structure, the free carriers generated from exciton
dissociation encounter their opposite carriers during transport, leading to charge
recombination [6]. Considering all these, efficient charge carrier transport and
optimization of conditions for their facilitation is of great importance for the future
development of OPVs.
CNTs have been used to demonstrate that nano materials with a higher conductivity
can be added to the OPV composite to act as a charge carrier transporters [36-38]. This has
been accomplished by compositing CNTs with fullerenes. While the CNTs are highly
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conductive, they themselves are not appropriate for efficient charge separation, and their
high charge mobility has been found to enhance PCE. However, the gains in PCE have
been modest due to the large size of the CNTs (micron scale length) and the fact that CNTs
tend to be heterogeneous and show a wide range of band gap from 0.3 to 2.0 eV, work
function between 4.5 to 5.1, but electron and hole mobilities of the order of 108 cm2/Vs and
103 cm2/Vs, respectively [2, 24, 33, 37, 58].
The relatively inexpensive large scale production of ND by a detonation synthesis
process has made them commercially viable for a broad range of applications. NDs have
tetrahedral network structures, large grain boundary density and low negative electron
affinity which makes them attractive for electronic applications such as field emission [59].
The wide band gap (Eg ≈5.4–5.6 eV) makes ND a semiconductor material with a wide
range of applications. The combination of high mechanical strength, stiffness, light weight,
and low coefficient of friction make ND attractive for the fabrication of structural
composites [60, 61] . NDs comprise a diamond core (sp3), a middle core (sp2+x) and a
graphitic outer core (sp2). The HOMO and LUMO energy of NDs are -5.5 and -3.0eV,
respectively, are quite uniform [50] and NDs have modest charge mobility [62]. Based on
these considerations, it is conceivable that NDs can serve as charge carriers in OPVs, and
with typical size distribution of 2-10 nm, they may be appropriate for OPV fabrication [32].
The objective of this letter is to study the implementation of NDs in OPV structures
especially as electron carrier in the acceptor phase. The other objective is to functionalize
the NDs to a high degree to synthesize a composite suitable for OPV applications.
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2.2 Experimental Section
2.2.1 Preparation and Characterization of Carboxylated NDs
Pristine ND (Purity 95%) and all other chemicals were purchased from Sigma Aldrich Inc.
with purity higher than 95%. NDs were functionalized in a Microwave Accelerated
Reaction System (Mode: CEM Mars) fitted with internal temperature and pressure controls.
The as-received pristine NDs were treated with 1:1 70% nitric acid and 97% sulfuric acid
in microwave reaction vessels. The microwave power was set to 95% of a total of 1600
watts and the temperature at 75°C. Reaction was carried out for 1 hr. This oxidizing
procedure generated carboxylic group on the pristine NDs referred to as ND-COOH. The
resulting solid was filtered through a 10 μm mem

ne

l e , washed with water to a

neutral pH and dried under vacuum at 80°C to a constant weight. The carboxylated NDs
were characterized by scanning electron microscopy (SEM) and Fourier transformed
infrared (FTIR). SEM Data was collected on a LEO 1530 VP Scanning Electron
Microscope equipped with an energy-dispersive X-ray (EDX) analyzer. FTIR
measurements were carried out in purified KBr pellets using a Perkin-Elmer (Spectrum
One) instrument.
2.2.2 Preparation and Characterization of Fullerene-NDs Complexes
Fullerene powder with a purity of 99.98% was obtained from MER Corporation, and
orthodichlorobenzene (ODCB) was obtained from Fisher Scientific. The C60-ND and
C60-ND-COOH complexes were prepared as follows. First, C60 solution was prepared at
a concentration of 10 mg/ml. ND-COOH powder was sonicated in ODCB for 10 min at a
concentration of 0.1 mg/ml. Then, 0.05 ml of ND-COOH solution was mixed with 2ml of
C60 solution by sonication for 10 min. The mixture was reacted by microwave irradiation
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at 300W for 10 min. C60-ND-COOH complex and C60-ND complex were deposited on a
cleaned Si wafer to take SEM images. FTIR spectra of C60 and C60-ND-COOH
composite were collected in KBr pellets.
2.2.3 Fabrication and Characterization of OPV
The bulk heterojunction OPVs were formed as follows. Regioregular P3HT was obtained
from Reike Metals Inc.. P3HT was added to the mixtures of the C60-ND complex and
C60-ND-COOH at a 50 weight percent, and the mixtures were stirred overnight at room
temperature. A similar solution of P3HT and C60 at 1:1 weight ratio was also prepared by
dissolving directly in ODCB and stirring overnight. OPVs were fabricated onto ITO coated
glasses. These were patterned prior to being cleaned with detergent, rinsed with de-ionized
(DI) water and followed by acetone and isopropanol wash. They were dried with
compressed nitrogen and put inside the oven for 5 min at 110°C. PEDOT:PSS aqueous
dispersion was filtered and spin coated onto the cleaned glass substrates at 2600 rpm for
50 sec. Then the samples were dried inside the oven under one atmosphere at 110oC for
30 min. The composite solution was spin coated on top of the PEDOT:PSS buffer layer at
400 rpm for 15 sec, and then for 5 sec at 730 rpm. Finally, a 75 nm thickness of Al cathode
layer was deposited by thermal evaporation at 7 ×10-7 torr. The fabricated samples were
annealed on hot plates at 120oC for 10 min in a glove box filled with nitrogen. The active
cell area was around 0.293 cm2 and was defined by the intersection of Al and ITO layers.
Morphology of the active layer was measured with tapping-mode atomic force microscopy
(AFM) (Digital Instrument, NanoscopeII). UV-visible absorption spectroscopy of the
active layer was measured by an HP 845 UV-visible absorption spectrophotometer.
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A Keithley 2400 source-measuring unit was used to measure current-voltage
characteristics in the dark and under irradiation. Simulated solar irradiation at 95 mW cm-2
was used for light source, which was obtained from a Newport 150W solar simulator with
an AM 1.5G filter. A calibrated thermopile detector (Thorlabs Model S210A) was used to
check the irradiation intensity before every measurement.

2.3 Results and Discussion
2.3.1 Conformation of Carboxylated Group on NDs
The photographs of pristine ND and carboxylated ND powder are shown in Figure 2.2 (a)
and (b). The FTIR spectra and EDX of NDs are shown in Figure 2.1(A) and (B). Based on
the EDX, the oxygen content in the oxidized ND increased to 17% compared to 10% in the
original ND. The surface chemistries of NDs with and without strong acid treatments were
characterized and compared by FTIR. Oxygen-containing surface groups such as hydroxyl,
carboxylic, lactones, ketones and ethers are usually present on the ND particles surface and
can be observed in Figure 2.1 A (a) and (b) shows the FTIR spectra of the original ND and
Carboxylic functionalized NDs (ND-COOH). For the original NDs powder, the main
features in the spectrum are related to CH (2924 cm−1 stretch and 1387cm−1 bend), OH and
NH (1629cm−1), COC (1128cm−1) and OH vibrations (3424 cm−1 stretch and 1629 cm−1
bend), which have been assigned to surface functional groups such as aldehydes, esters,
alcohols, acids and amines. For the oxidized NDs powder, it has almost the same IR
adsorptions but as those of NDs except CH and COC peak which has shifted from 2924
cm-1 to 2909 cm-1 and 1128 cm-1 to 1120 cm-1, respectively. The significant peak
appearance at 1722 cm-1 indicates the presence of carboxylic group on the ND surface
confirms the conversions of original functional groups like ketones, aldehydes, and

35

alcohols to carboxylic groups. SEM images in Figure 2.2 (c and d) of as received ND and
oxidized NDs showed that there was no apparent change in morphology and shape after the
surface functionalization.
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Figure 2.1 (A) IR-spectra of (a) As received ND and (b) Oxidized ND; (B) EDX of (a) As
received ND and (b) Oxidized ND; (C) IR spectra of (a) pristine C60 (b) C60-ND-COOH
composite; (D) UV-visible absorption spectra of (a) P3HT:C60 (b) P3HT:C60-ND (c)
P3HT:C60-ND-COOH.
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Figure 2.1 (A) IR-spectra of (a) As received ND and (b) Oxidized ND; (B) EDX of (a) As
received ND and (b) Oxidized ND; (C) IR spectra of (a) pristine C60 (b) C60-ND-COOH
composite; (D) UV-visible absorption spectra of (a) P3HT:C60 (b) P3HT:C60-ND (c)
P3HT:C60-ND-COOH.
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Figure 2.2 Photographs of (a) original ND (b) carboxylated ND; SEM images of (c) as
received ND and (d) oxidized ND (e) C60 composite, (f) C60-ND composite and (g)
C60-ND-COOH composite.
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(g)

Figure 2.2 Photographs of (a) original ND (b) carboxylated ND; SEM images of (c) as
received ND and (d) oxidized ND (e) C60 composite, (f) C60-ND composite and (g)
C60-ND-COOH composite.

2.3.2 Conformation and Morphology of Fullerene-NDs Complexes
Carboxylated ND was chosen because it increased the solubility of ND in solvent, and
reduced the aggregation which made a more uniform composite and provided an efficient
percolation pathway for electron transport. It is anticipated that under microwave
conditions, the NDs served as heated nuclei around which the C60 agglomerated. Fullerene
molecules are known to polymerize at high temperature, pressure and under UV irradiation
[37, 47]. After microwave induced reaction with C60, the surface of NDs was dotted with
clusters of C60. It appears that C60 molecules (or clusters) reacted with NDs to form a
weakly bonded or self-assembled C60-ND complex. Similar bonding has been reported
before [36, 37]，and structures of C60-ND and C60-ND-COOH composites are shown in
Figure 2.3 (a) and (b).
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(a)
Figure 2.3
composite.

(b)

(a) Structure of C60-ND composite (b) structure of C60-ND-COOH

C60-ND-COOH complex was studied by using FTIR, UV absorption, SEM. SEM
images of (e) C60, (f) C60-ND and (g) C60-ND-COOH composite prepared by microwave
irradiation are shown in Figure 2.2. The films incorporating the NDs did not appear to be
significantly different from those without them, which implies that the small size of NDs
allowed them to be effectively integrated into the matrix. It is possible that the original 5
nm diameter NDs agglomerated to larger size, but that did not prevent them from being
uniformly incorporated into the composite. This was different from previous observations
with carbon nanotubes, where significantly different morphology was observed using SEM
[36]. FTIR spectra of pristine C60 and C60-ND-COOH composite are shown in Figure
2.1(C). All of the four IR characteristic active modes for pristine C60 (525 cm-1, 575 cm-1,
1181 cm-1, 1428 cm-1) were seen in the C60-ND-COOH composite. In addition, the latter
one showed absorption at 1738 cm-1, 2851 cm-1 and 2920 cm-1. The peak at 1738 cm-1 was
attributed to C=O stretch in ND-COOH, and the two peaks of 2851 cm-1, 2920 cm-1 were
from the alkyl C-H stretch. Moreover, a peak at 1240 cm-1 appeared in the spectrum of
C60-ND-COOH composite dues to the C-O stretch. These confirm the presence of
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ND-COOH in the composite. The change in the relative intensity of the peak at 1181cm -1
and the disappearance of the peak at 2322 cm-1 showed that there was significant
interaction between ND-COOH and C60. In addition, the UV-visible absorption spectra of
P3HT:C60, P3HT:C60-ND-COOH and P3HT:C60-ND films are shown in Figure 2.1(D).
P3HT:C60-ND-COOH film showed increased absorption in the 580-780 nm range without
shifts in absorption peaks.
2.3.3 Morphology and Charge Transfer Mechanism
While, there was no visible alteration in the morphology based on SEM images (Figure 2.2
e,f,g), the AFM measurements of the photoactive composite showed that the presence of
ND altered the film morphology, where the surface roughnesses were significantly
different. The thickness of the active layer is around 100 nm, and the surface area of P3HT:
C60 was 26.731 mm2, P3HT: C60-ND was 26.075 mm2, and P3HT:C60-ND-COOH was
26.678 mm2. Since the difference in surface area was not significant, the difference in
surface resistance was attributed to their composition. Figure 2.4 shows that the root mean
square (RMS) of height image of P3HT:C60-ND-COOH film was 14.97 nm,
P3HT:C60-ND was 2.98 nm, while P3HT:C60 films was 1.71 nm. The higher surface
roughness led to large donor/acceptor interface for charge separation.
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(a)

(b)

(c)

Figure 2.4 Tapping mode AFM of samples after annealing at 120°C for 10 min: (a)
P3HT:C60 (b) P3HT:C60-ND (c) P3HT:C60-ND-COOH. Scan size was 5 µm×5 µm, the
root mean square (RMS) surface roughness is about 1.71 nm, 3.0 nm, and 15.0 nm.

Since the NDs are expected to enhance charge transport, the resistance of the films
was tested using Keithley 6517B electrometer. Surface resistance of P3HT:C60,
P3HT:C60-ND and P3HT:C60-ND-COOH

lm

we e 35.3, 48.4

n

16.8 GΩ,

respectively. This indicated that while the original ND somewhat increased resistance, the
carboxylated NDs decreased it. This is attributed to the fact that the NDs did not form a

42

cohesive composite with the C60, whereas the ND-COOH did, which was expected to help
in electron transfer.
Typical series resistance of P3HT PCBM is

oun

he o e o 20 Ωcm-2 [59],

while a typical multi-crystalline silicon solar cell has a se e e

n e le

h n 1 Ωcm-2.

The series resistances of P3HT:C60, P3HT:C60-ND and P3HT:C60-ND-COOH was
l ul e

71 Ω m-2, 72.9 Ω m-2 n 18.9 Ω m-2, respectively. At the same time, the

shunt resistance of P3HT:C60 cell, P3HT:C60-ND and P3HT:C60-ND-COOH was
l ul e

512 Ω m-2, 884 Ω m-2 n 269 Ω m-2, respectively. A combination of these

may have prevented the increase in FF that would have been expected with the increase in
introduction of ND into the photoactive matrix. Therefore, it is noted that the design can be
further improved to realize the advantages of using ND and ND-COOH as charge
transporters.
2.3.4 Photovoltaic Performance
The J-V curves for the different OPVs are presented in Figure 2.5 A and B, and their
performance (mean and standard deviation) is presented in Table 2.1. The data represents
an average of eight measurements. Based on Student t-test, the difference in PCE between
C60, and C60 with ND-COOH were significant at 95% confidence level. It was observed
that ND did not enhance the short circuit current as originally expected. However, when
ND-COOH was introduced into the active layer via bonding with C60, Jsc increased from
2.25 to 3.44 mAcm-2. The enhancement in Jsc was due to more efficient electron transport
in the presence of ND-COOH. The electron mobility of C60 has been reported to be
around 1 cm2/Vs [3], while that for ND films is known to be an order of magnitude higher.
Therefore, the introduction of NDs into active layer improved the electron mobility of
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acceptor phase, and led to faster electron transport. In general, electrons captured by C60
molecules or clusters were transferred to ND-COOH, which was energetically favored.
This was followed by faster electron transport than what could be achieved by hopping
among C60 molecules. The lack of Jsc enhancement in the presence of ND was attributed
to poor interfacial mixing and phase separation. Carboxylation improved dispersibility of
NDs and led to better bonding with C60.
The high roughness factor in AFM measurements of the ND-COOH film implied
better phase separation between the donor and the acceptor phases, which led to better
charge separation. However, taller domains can lead to higher charge recombination. The
ND was a good additive in the OPV, because its size was around 5 nm and even if its
agglomerates represented larger size, they were still smaller than nanocarbons such as
carbon nanotubes. The smaller size reduces the possibilities of charge recombination at the
interfaces of donor and acceptor that is to be expected in larger additives.
From Table 2.1 it is seen that while current density increased significantly, FF
decreased only slightly, and the Voc stayed almost the same. The resultant PCE increased
from 0.34% to 0.51% for the ND-CCOH system, which was an enhancement of 50%. This
indicates that the introduction of ND-COOH into the active layer increased charge
transport.
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Figure 2.5 (A) J-V characteristics in the dark of OPVs with (a)P3HT:C60,
(b)P3HT:C60-ND, (c)P3HT:C60-ND-COOH, all of the cells were annealed at 120°C for
10min. (B) J-V characteristics under simulated solar irradiation at 95 mW cm-2 for OPVs
with (a)P3HT:C60, (b)P3HT:C60-ND, (c)P3HT:C60-ND-COOH, all of the cells were
annealed at 120°C for 10 min.
Table 2.1 Photovoltaic Parameters under 95mW/cm2 Simulated Solar Irradiation
Measured after Thermal Annealing at 120oC.
Photoactive layer

Voc

Jsc

(V)

(mA/cm )

2

Fill Factor

PCE

(FF)

(%)

(%)
(A) P3HT: C60

0.36±0.03

2.25±0.54 0.41±0.06

0.34±0.06

(B) P3HT: C60-N

0.37±0.03

2.04±0.69 0.42±0.03

0.34±0.12

0.37±0.04

3.44±0.44 0.38±0.04

0.51±0.06

(C) P3HT: C60-N -COOH
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2.4 Summary
In conclusion, functionalized NDs are effective charge transporters in OPVs. Composites
were made by microwave irradiation of a mixture of ND and carboxylated NDs in a
solution with C60. The carboxylated ND was found to form a better composite and led to
the increase in PCE by 50%. Introduction of ND-COOH enhanced short circuit current
because of faster electron transport via network of NDs. No improvement in either Voc or
FF was observed, but we expect further improvement in FF by device optimization. The
results indicate that the ND-electron acceptor composite is an excellent candidate for low
cost fabrication of polymer photovoltaic cells.
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CHAPTER 3
A C70- CARBON NANOTUBE COMPLEX FOR BULK HETEROJUNCTION
PHOTOVOLATIC CELLS
3.1 Introduction
OPV based on bulk heterojunction structure have shown improved performance with
recent developments such as the use of low bandgap polymers, electron acceptors,
processing additives, and tandem cell architecture. Fullerenes are the conventional
electron-accepting materials[3, 10, 13, 33, 46, 49, 63]; and currently C60 and its
derivatives are extensively used in OPVs. The deep LUMO energy level of C60 provides
relatively high electron affinity and PCBM has found widespread applications due to its
good dispersibility [64-66].
An alternate electron acceptor is C70 which is a higher molecular weight fullerene
in the shape of a rugby ball. Its bandgap is around 1.9 eV, and the HOMO and LUMO are
6.1 eV and 4.2 eV, respectively. C70 has less structural symmetry, but higher absorption in
the visible region than C60, which can lead to higher efficiency. Moreover, C70 has better
dispersibility than C60 in solvents such as ODCB [23, 25, 64, 67, 68].
The importance of nanoscale morphology in bulk heterojunctions is widely
recognized because it affects phase separation and improves percolation pathways.
Therefore, optimizing film morphology can improve OPV performance. Nanocarbons
including CNT and NDs have been utilized in OPV to improve electron transport. This has
been accomplished by synthesizing CNT-C60 and functionalized nanodiamond-C60
complexes [36, 37, 49, 69]. The objective of this study was to see the effect of introducing
CNTs into C70 phase as a component of the active layer in OPV.
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3.2 Experimental Section
3.2.1 Preparation f-CNT and C70-f-CNT Composite
A C70-f-CNT composite was synthesized in Microwave Accelerated Reaction System
(CEM Mars) fitted with internal temperature and pressure controls. Relatively short
multi-walled carbon nanotubes (0.5-2 µm) were purchased from Cheap tubes Inc. They
were carboxylated as follows using a previously published procedure [70]. In a typical
reaction, 1 g of the CNTs were reacted with 40 ml of 1:1 concentrated H2SO4 and HNO3
mixture under microwave radiation at 140°C for 10 min. After the reaction, the reactants
were transferred into a beaker with DI water and cooled down to room temperature. The
product was filtered under vacuum through a Teflon membrane with pore size of 0.45 µm.
The resulting solid was thoroughly washed with DI water until a neutral pH was reached.
The solids were stored in a vacuum oven (101kPa) at 70°C for 12 hr to yield carboxylated
product (f-CNT).
3.2.2 Fabrication and Characterization of OPV
The photoactive polymer composite containing the C70 and f-CNT was prepared as
follows: C70 Fullerene powder (98% purity) was purchased from MER Corporation;
Regioregular P3HT was purchased from Reike Metal Inc., and ODCB was purchased from
Fisher Scientific. First, 1 mg of f-CNT was added to 10 ml ODCB and sonicated for
10 min. A bulk solution of C70 in ODCB was prepared at a concentration of 10 mg/ml.
Then 0.5 ml of the f-CNT solution was added to 5 ml prepared C70 solution and sonicated
for 10 min. This was followed by microwave radiation at 300W for 10 min. Finally, P3HT
was added to the processed solution to achieve a weight percentage of 50, and the
composite was stirred overnight at room temperature. For comparison, a P3HT:C70
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composite at a 1:1 weight ratio was also prepared by directly dissolving P3HT and C70 in
ODCB. Also, 5 ml of 10 mg/ml C70 in ODCB was sonicated for 10 min and processed by
microwave radiation at the same conditions.
SEM images were taken using an LEO 1530 CP field-emission SEM of films
deposited on cleaned Si wafers from an ODCB solution of the C70-f-CNT complex. FTIR
spectra were measured using a Perkin-Elmer FTIR spectrometer by taking a few drops of
ODCB solutions of C70 or the C70-f-CNT complex on KBr powder, which were dried
overnight in an oven at 100°C. The C70-f-CNT complex was studied using FTIR, Raman,
SEM, UV absorption spectroscopy as well.
Photovoltaic cells were fabricated on 25 mm×25 mm ITO coated glass substrates
(Delta-technologies, Rs=8-12). The glass substrates with patterned ITO were cleaned with
detergent and rinsed with DI water. They were dried with compressed nitrogen. A 100 nm
thick PEDOT:PSS layer was spin coated on the cleaned glass substrate from its aqueous
dispersion (Baytron P, H.C. Stark Inc.), and dried at 110°C for 30 min in an oven under
atmospheric conditions. Then the composite solution was spin coated on top of the
PEDOT:PSS buffer layer at 420 rpm for 15 sec and then at 750 rpm for 5 sec to obtain a
film with a thickness of 100 nm. A 100 nm thick Al cathode layer was deposited by thermal
evaporation (NANO 36 Thin Film Deposition System) at 7×10-7 torr. The active cell area,
defined by the intersection of the ITO and Al electrodes, was 0.25 cm2. Morphology of the
active layers was measured with tapping-mode AFM (Digital Instrument, Nanoscope II).
The fabricated samples were annealed under a nitrogen atmosphere on a hot plate at 120°C
for 10 min.
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I-V characteristics in the dark were measured in a glove box under nitrogen
atmosphere and I-V characteristics under irradiation were measured in the air. A Keithley
2400 source-measuring unit was used to generate the sweeping voltage and to record the
current flowing through the device under test. A Newport 150W solar simulator with an
AM 1.5G filter was used to provide simulated solar irradiation at 95 mW cm-2. The
irradiation intensity was checked with a calibrated thermopile detector (Thorlabs Model
S210A) before each measurement.

3.3 Results and Discussion
3.3.1 Characterization of f-CNT, C70 and C70-f-CNT Composites
Figure 3.1 shows FTIR spectra of f-CNT, C70 and C70-f-CNT composite. The four
characteristic peaks of f-CNT spectrum at 1217 cm-1, 1594 cm-1, 1720 cm-1, 3365 cm-1
were due to carbonyl C-O stretching, C=C stretching, C=O stretching, and O-H stretching,
respectively. This indicates the presence of carboxylic group on the surface of MWNT.
The characteristic IR modes of C70 were dominant in both of C70-f-CNT composite, but
there were two new absorption bands at 1636 and 3400 cm-1 in the spectra of the
composite. The IR mode at 1636 cm-1 was assigned to the conjugated C=C bonded stretch
which originated from the interaction between the carbon atoms on C70 and the carbon
atoms on f-CNT. The broad band around 3400 cm-1 was assigned to the O-H group on the
carboxylated MWNT. Moreover, both C-O bond and C=O bond disappeared, which may
be attributed to the interaction between C70 and f-CNT.
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Figure 3.1 Shows the FTIR spectra of (a) f-CNT and (b) pristine C70 and C70-f-CNT
composite.

51

(b)

(a)

(c)

Figure 3.2 SEM images of (a) original C70 (b) f-CNT (c) C70-f-CNT complex prepared
by microwave radiation.
SEM images of the original C70, f-CNT and the C70-f-CNT complex after
microwave treatment are shown in Figure 3.2 (a), (b), and (c), respectively. After
microwave induced reaction with C70, the surface showed a formation of a uniform
composite phase similar to that observed previously for C60 [37]. Under microwave
radiation, the CNTs served as heated nuclei where the C70 agglomerated. It appears that
C70 formed weakly bonded or self-assembled C70-f-CNT complex. Similar bonding has
been reported before for C60 [37].
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3.3.2 Characterization of P3HT/C70-f-CNT Composite
P3HT:C70
1
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P3HT:C70 after annealing
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Figure 3.3 UV absorption spectra of (a) P3HT:C70 and P3HT:C70-f-CNT films before
and after annealing at 120°C for 10 min. (b) Photoluminescence spectra of P3HT,
P3HT:C70, P3HT: C70- f-CNT after annealing at 120°C for 10 min.
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UV absorption spectra of P3HT:C70 and P3HT:C70-f-CNT films before and after
annealing are shown in Figure 3.3 (a). It is well known that annealing helps improve the
absorption, hence the integrated visible absorption of both cells of P3HT:C70 and P3HT:
C70-f-CNT after annealing at 120°C for 10 min was calculated as 189.3 and 236.5. The
latter showed a 25% of increased absorption, which helped increase the cell efficiency.
Moreover, Photoluminescence (PL) spectra are shown in Figure 3.3(b). P3HT has strong
PL in the visible region, which peaked at 587 nm. When C70 and C70-f-CNT were added
to P3HT, the PL peak intensity reduced from 13.2 to 0.5. PL quenching provided direct
evidence for exciton dissociation and in this case was unaffected by the presence of CNTs
implying that the latter did not participate in exciton dissociation [69].

(a)

(b)

Figure 3.4 AFM images of (a) original P3HT:C70 from ODCB solution, (b)
P3HT:C70-f-CNT complex prepared by microwave irradiation, both of them are spin
coated on glass and annealed.
As studied by AFM, the morphology of P3HT:C70-f-CNT film was different from
P3HT:C70 film. This is seen from Figure 3.4(a) and (b). The thickness of the active layer
was around 100 nm, and the surface areas of P3HT:C70 and P3HT:C70-f-CNT were both
0.25 cm2. Since the thickness and the surface area of both of the active layers were the
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same, the surface resistance was attributed to their compositions. The surface of
P3HT:C70-f-CNT film was significantly rougher (Ra=3.243 nm) than P3HT:C70 film
(Ra=0.833 nm). It is well known that the diffusion length of charge carriers is of the order
of a few nanometers, and only those carriers generated near the electrodes contribute to the
photocurrent. The surface roughness leads to an increase in contact area thus affecting the
efficiency of charge collection at the electrode-polymer interface, it enhances internal
reflection and light collection, and at the same time leads to larger donor and acceptor
interfaces for better charge separation. [11].
3.3.3 Photovoltaic Performance
Figure 3.5 shows the I-V characteristics in the dark for cells with the C70-f-CNT complex
and pristine C70. These cells were annealed at 120°C for 10 min after Al deposition. Both
devices showed typical diode behavior in the dark. Values of shunt resistance Rsh of the
PV cells were calculated using the slope of the dark J-V curve between -0.1 and + 0.1 V,
and values of series resistance Rs were calculated based on the slope between 1.5 to 2.0 V.
Rsh of P3HT:C70 cell and P3HT:C70-f-CNT were 1.4×101 and 3.3×103 Ω m2,
respectively, and Rs of P3HT:C70 and P3HT:C70-f-CNT were calculated to be 21.7 and
14.0 Ω m2, respectively. Therefore, the introduction of f-CNT into the composite
improved the electrical conductivity of the active layer and increased Rsh.
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Figure 3.5 (a) I-V characteristics in the dark of photovoltaic cells with C70-f-CNT
composite (red line) or P3HT:C70 composite (blue line) as active layer annealed at 120°C
for 10 min. (b) I-V characteristics under simulated solar irradiation at 95 mW cm-2
phtovoltaic cells with P3HT:C70 or P3HT: C70-f-CNT as active layer annealed at 120°C
for 10 min.
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When the f-CNTs were introduced into the control system, the FF stayed almost the
same, but the Voc increased 17.5% Jsc increased 31.8%, and PCE increased by 69.5%.
This is presented in Table 3.1. The enhancement of Voc is attributed to the alternation of
the bandgap of the C70-f-CNT composite because of the implementation of CNT into C70.
The enhancement in Jsc was due to the more efficient electron transport because of the
presence of CNTs. Electrons captured by C70 molecules or its clusters could be transferred
to the CNTs, which is energetically favored. This was followed by faster electron transport
than what could be achieved by hopping among C70 molecules. Moreover, the length of
functionalized short CNT was only around 0.5 to 2 µm, which may reduce the possibilities
of charge recombination at the interfaces of donor and acceptor, as a result, electron
transportation becomes more efficient.
Previous data published on equivalent CNT-C60 composites showed the Voc, Jsc,
FF, PCE of control cell P3HT:C60 to be 0.37 V, 2.47 mA/cm2, 0.42%, and 0.41% ,
respectively, while those with CNT-C60 complex were 0.46 V, 3.74 mA/cm2, 0.42%, 0.8%
[37]. Compared to that the results on C70 from this study where efficiency increased by
43.9% by using lower symmetry acceptor C70 instead of C60 and an equivalent
performance enhancement is observed with the introduction of CNTs.
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Table 3.1 Photovoltaic Parameters of P3HT:C70-f-CNT and P3HT:C70 Devices under 95
mW cm-2 Simulated Solar Irradiation. The polymer: C70 Weight Ratio is the Same for All
Devices (P3HT:C70=1:1). Samples were Annealed at 120°C for 10 min After Deposition
of Al Cathode

Photovoltaic
layer

Concentr
ation of
CNT
(mg/ml)

Voc (V)

P3HT: C70

0

0.40±0.02

P3HT:
C70- -CNT

0.01

0.47±0.01

Jsc

FF (%)

PCE (%)

3.02±0.44

0.47±0.01

0.59±0.12

3.98±0.2

0.51±0.02

1.0±0.03

2

(mA/cm )

3.4 Summary
In conclusion, polymer photovoltaic devices using a C70-f-CNT composite have been
successfully fabricated. The inclusion of CNTs enhanced the performance of the cell and
the average PCE of 1.0% under simulated solar irradiation (95 mW cm-2) was achieved.
The introduction of carboxylated CNTs into the composite not only enhanced Jsc, but also
improved the FF and Voc.
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CHAPTER 4
ENHANCED CHARGE CARRIER TRANSPORT THROUGH SHORTER
CARBON NANOTUBES IN ORGANIC PHOTOVOLTAICS
4.1 Introduction
OPV 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 [71-74]. Devices incorporating conjugated polymers were enabled by the
discovery of photoinduced charge transfer from polymers to Fullerene (C60) and its
derivatives such as PCBM. In spite of relatively high VOC, bulk heterojunction OPVs
suffer from low PCE because they tend to have low 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 [6, 48]. 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 OPV 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
nanomaterials [69, 75]. CNTs have been successfully added to the OPV composite to act as
charge carriers/transporters [36, 76-79]. This has been accomplished by blending into
OPV matrix [80] or compositing CNTs with fullerenes. While the CNTs have been also
used as charge separators, their high electron and hole mobilities of the order of 108 cm2/Vs
and 103 cm2/Vs, respectively. It has been found to enhance PCE [36-38, 80]. However, the
gains in PCE have been modest due to the relatively long lengths of the CNTs which can
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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 [77],[66, 81, 82] and the
CNTs may also provide a larger surface area at the donor acceptor (D/A) interface for more
efficient exciton dissociation [83-85].
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 [86, 87]. Shorter CNTs could improve dispersibility as well as charge
transport properties [86]. I ’ po

le h

h p o lem llev

e u ng ho e CNT

n

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 [87]. The objective of this research was to
study the implementation of MWNTs of different lengths in conventional P3HT: PCBM
solar cell for enhanced charge transport.

4.2 Experimental Section
4.2.1 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-weighted 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 H2SO4 and HNO3. The reaction vessels
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were subject to microwave radiation at a preset temperature of 140°C for 20 min. After
cooling to room temperature, the product was vacuum filtered using DI water with pore
size 10 µm, until the filtration reached a neutral pH. The carboxylated MWNTs were dried
in a vacuum oven at 70°C until constant weight.
The long and the short MWNTs 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 original (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 CNTs. The solution phase
from the first sonication at 10,000 rpm was sequentially sonicated 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. Morphology of the MWNTs was studied by SEM.
4.2.2 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 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, 0.3 ml of the MWNT-O solution at
a concentration of 0.1 mg/ml was added into 3 ml 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
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overnight at room temperature. A similar 1:1 solution of P3HT and PCBM was also
prepared by dissolving directly the two components in ODCB and stirring overnight. OPVs
were fabricated onto 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 PEDOT: PSS (conductive grade) was filtered and spin
coated onto the cleaned glass substrates at 2800 rpm for 50 sec. Then the samples were
dried inside the oven under one atmosphere at 110°C for 30 min. The composite solution
was spin coated on top of the PEDOT:PSS buffer layer to produce a film with a thickness
of around 100 nm. Then the sample was allowed to dry slowly in the sealed petri dish at
room temperature. Finally, a 145 nm thickness of Al cathode layer was deposited by
thermal evaporation using a shadow mask at 7 ×10-7 torr. The fabricated samples were
annealed on hot plates at 125oC for 10 min in a Nitrogen glove box. The active cell area
was around 0.272 cm2 and was defined by the intersection of Al and ITO layers.
Morphology of the active layer was characterized with tapping-mode AFM (Digital
Instrument, NanoscopeII) and SEM. UV-visible absorption spectroscopy of the active
layer was measured by an HP 845 UV-visible absorption spectrophotometer and
photoluminescence spectra was 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-2. A calibrated
thermopile detector (Thorlabs Model S210A) was used to check the irradiation intensity
before every measurement.
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4.3 Results and Discussion
4.3.1 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 4.1 (a) and (b), and Table 1 [88]. 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.

(a)

(b)

(c)

(d)

Figure 4.1 SEM images of (a) MWNT-L (b) MWNT-S (c) P3HT: PCBM, (d) P3HT:
PCBM –MWNT-O (continued).
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(f)

(e)

Figure 4.1 SEM images of (e) P3HT: PCBM- MWNT-L, (f) P3HT: PCBM-MWNT-S
(continued).
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Figure 4.2 UV absorption spectra (a) and PL spectra (b) of P3HT: PCBM, P3HT: PCBM
–MWNT-O, P3HT: PCBM- MWNT-L, and P3HT: PCBM-MWNT-S.
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Figure 4.2 UV absorption spectra (a) and PL spectra (b) of P3HT: PCBM, P3HT: PCBM
–MWNT-O, P3HT: PCBM- MWNT-L, and P3HT: PCBM-MWNT-S.

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 4.2(a).
The introduction of different lengths of MWNT into P3HT:PCBM blend increased the
absorption, and MWNT-L enhanced the absorption the most. This is in line with previously
published report by Cheng X et. al. [88]. 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 4.2(b). 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
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MWNT-S contributes to the more efficient charge separation and resulted in the enhanced
photocurrent density [72].
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 the nanotubes could be seen sticking out of 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 4.3. The morpholgy of the active layers was
altered in the presence of different MWNTs. The surface roughness of P3HT:PCBM,
P3HT:PCBM with MWNT-O, MWNT-L and MWNT-S was 6.4, 9.2, 8.1, and 11.0 nm
resepctively. 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 superrior device performance.

(a)

(b)

Figure 4.3 AFM images of active layers of (a) P3HT: PCBM, (b) P3HT: PCBM –
MWNT-O, (c) P3HT: PCBM- MWNT-L, (d) P3HT: PCBM-MWNT-S.
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(c)

(d)

Figure 4.3 AFM images of active layers of (a) P3HT: PCBM, (b) P3HT: PCBM –
MWNT-O, (c) P3HT: PCBM- MWNT-L, (d) P3HT: PCBM-MWNT-S.
4.3.2 Performance of Solar Cell Devices
J-V curves of different devices are shown in Figure 4.4 A and B and their performances
(mean and standard deviation) are presented in Table 1. The data represents an average of
eight measurements. Based on Student t-test, the difference in PCE among the different
OPVs was significant at 95% confidence level. It is seen from Table 4.1 that while Voc and
FF 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 mAcm-2 for P3HT:PCBM to that with MWNT-O, MWNT-L and
MWNT-S, respectively. The integration of MWNTs to P3HT: PCBM led to higher Jsc,
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.
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Figure 4.4 (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-2 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.
The introduction of MWNTs 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.
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Table 4.1 Photovoltaic Parameters under 95 mW/cm2 Simulated Solar Irradiation
Measured after Yhermal Annealing at 125oC

Photoactive layer

Length
(nm)

P3HT: PCBM

Voc (V)

Current Fill Factor
Density
(FF)
PCE (%)
(mAcm-2)
(%)

0.54±0.01

4.77±0.17 0.44±0.02 1.20±0.06

P3HT: PCBM with
MWNT-O

500-2000 0.54±0.01

5.2±0.11

P3HT: PCBM with
MWNT-L

1695±204 0.51±0.03

5.35±0.36 0.45±0.01 1.33±0.09

P3HT: PCBM with
MWNT-S

123±12

0.53±0.03

6.39±0.5

0.46±0.01 1.35±0.04

0.44±0.04 1.56±0.12

4.4 Summary
In conclusion, short MWNTs are more effective charge carrier transporters in OPVs, and
this led to the enhancement in PCE by 30%. The introduction of MWNT enhanced short
circuit current. The enhancement in Jsc for the original, long and short MWNTs were 9%,
12% and 34%, respectively. No improvement in either Voc 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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CHAPTER 5
EFFECT OF LOW CONCENTRATIONS OF CARBON BLACK IN ORGANIC
SOLAR CELLS

5.1 Introduction
The OPVs are excellent alternatives to conventional silicon and thin film solar cells
because they attempt to achieve moderate PCE at significantly lower cost. Typical OPVs
are based on the creation of bulk heterojunction solar cells consisting of blends of an
electron-donating semiconducting polymer and an electron-accepting molecule such as
fullerene (C60) or its derivative [3, 16, 33, 47, 52-56, 89, 90]. While C60 typically has
shown low PCE, its derivatives such as PCBM with P3HT bulk heterojunctions have
shown PCE that are approaching 5% [48] and the efficiencies of OPVs with low band gap
donors are approaching 10% [43].
Improvement in OPVs can be brought about by addressing some of its limitations,
namely, improving absorption of a wide range of the solar radiation spectrum [10, 57], and
enhancing the electron and hole mobilities [36]. The phase separation in bulk
heterojunction solar cells creates percolation pathways for transporting the holes and
electrons to their respective electrodes. Therefore, the performance of heterojunction solar
cells can also be improved by optimizing phase separation.
Nanocarbons, including CB, graphite, CNTs and NDs are important for many
applications for enhancing electrical properties. They have been used in OPVs, where the
introduction of CNTs and NDs has been reported to enhance phase separation as well as
increase electron mobility [49],[36],[38, 69]. The structure of commercial CB is known to
have both crystalline carbon (graphite) and amorphous carbon, where the aggregates tend
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to form through Van der Waals forces. CB is electrically conductive with conductivities
ranging from 0.1 to 102 S/cm at ambient temperature. They impart good conductivity to
polymers and have been widely used as fillers in polymers for applications such as
conductive packaging for electronics, and as fuel cell electrodes [44]. CB also shows high
absorption of the solar spectra [45]. The objective of this research was to study the effect of
CB as an additive to enhance charge transport and also to see if film morphology can be
improved. The P3HT/C60 system was selected as a model with a particular interest in the
effect of concentration of CB.

5.2 Experimental Section
5.2.1 Preparation of Different Concentrations of C60-CB Composites
Regioregular P3HT was obtained from Reike Metals Inc., CB was obtained from
Sigma-Aldrich Co., and fullerene powder with a purity of 99.98% was obtained from MER
Co. The different concentrations in the parts per million (ppm) of C60-CB composites
were prepared according to an experimental procedure previously published by our
laboratory [37, 69]. First, C60 solution was prepared at a concentration of 10 mg/ml. CB
powder was sonicated in ODCB (shown in Figure 1 a) for 20 min at seven different
concentrations. Then 0.3 ml of different concentrations of CB solutions was mixed
separately with 3 ml of C60 solution by sonication for 10 min. Mixtures were reacted by
microwave irradiation (CEM Discover system) at 300W for 10 min.
5.2.2 Fabrication of OPV Using P3HT/C60-CB Composites
The bulk heterojunction OPV were formed as follows. P3HT was added to the mixtures of
the C60-CB composite at different concentrations at a 50 weight percent, and the mixtures
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were stirred overnight at room temperature. A similar solution of P3HT and C60 at 1:1
concentration was also prepared by dissolving directly in ODCB and stirring overnight.
OPV were fabricated onto ITO coated glasses. These were patterned prior to being cleaned
with detergent, rinsed with DI water and followed by acetone and isopropanol wash. They
were dried with compressed nitrogen and put inside the oven for 5 min at 110°C.
PEDOT:PSS aqueous dispersion was filtered and spin coated onto the cleaned glass
substrates at 2600 rpm for 50 sec. Then the samples were dried inside the oven under one
atmosphere at 110°C for 30 min. The composite solutions were spin coated on top of the
PEDOT:PSS buffer layer at 400 rpm for 15 sec, and then for 5 sec at 730 rpm. Finally, a
100 nm thickness of Al cathode layer was deposited by thermal evaporation at 7 ×10-7 torr.
The fabricated samples were annealed on hot plates at 120oC for 10 min in a glove box
filled with nitrogen. The active cell area was around 0.272 cm2 and was defined by the
intersection of Al and ITO layers. The concentrations of CB in photoactive films were
5000, 2500, 500, 150, 85, 25, and 12.5 ppm, and they were referred as
P3HT-C60-CB-5000, P3HT-C60-CB-2500, P3HT-C60-CB-500, P3HT-C60-CB-150,
P3HT-C60-CB-85, P3HT-C60-CB-25, P3HT-C60-CB-12.5, respectively (Table 5.1).
5.2.3 Characterizations of CB, P3HT/C60-CB Composites, and OPV Using
P3HT/C60-CB Composites
CB powder was characterized by SEM (LEO 1530 VP), FTIR spectroscopy and Raman.
FTIR measurements were carried out in purified KBr pellets using a Perkin-Elmer
(Spectrum One) instrument, and Raman spectroscopy was measured by using a DXR
Raman microscope (Thermo Fisher Scientific Inc.).
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Morphology of the active layer was measured with SEM, tapping-mode AFM
(Digital Instrument, Nanoscope II). UV-visible absorption spectroscopy of the active layer
was measured by an HP 845 UV-visible absorption spectrophotometer.
A Keithley 2400 source-measuring unit was used to measure current-voltage
characteristics in the dark and under irradiation. Simulated solar irradiation at 95 Mw cm-2
was used for light source using a Newport 150W solar simulator with an AM 1.5G filter. A
calibrated thermopile detector (Thorlabs Model S210A) was used to check the irradiation
intensity before every measurement.

5.3 Results and Discussion
5.3.1 Characterization of CB and P3HT/C60-CB Composites
The solutions of C60-CB and CB in ODCB are shown in Figure 5.1 a. The SEM images of
the CB and C60-CB are shown in Figures 5.1 b and 5.1 c. Figure 5.1 b shows the
nanostructure of CB. The FTIR spectrum of CB powder showed an O-H stretching
vibration at 3332 cm-1 (Figure 5.1 d). Raman spectrum of CB powder showed the
characteristic bands at 1580 cm-1 and 1340 cm-1, which are presented in Fig 5.1 e.
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(a)

(b)

(c)

(d)

(e)

Figure 5.1 (a) Photograph of C60-CB and CB solutions dissolved in ODCB. (b) SEM
image of CB solution and (c) SEM image of C60-CB solution. (d) FTIR spectrum of CB
powder, and (e) Raman spectrum of CB powder.
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Figure 5.2 UV-visible absorption spectra and Fluorescence spectra of (a) P3HT:C60 (b)
P3HT:C60-CB-500 (c) P3HT:C60-CB-25 (d) P3HT:C60-CB-12.5.

UV-Vis spectroscopy was used to characterize the effect of CB on absorption of
sunlight in the P3HT:C60 film. Figure 5.2 shows the UV-Vis spectra of control cell
(P3HT:C60) which had bands around 340 and 454 nm that were assigned to active layer of
P3HT:C60. When CB was added to C60 and formed into active layer, the characteristic
peaks of active layer showed minor shift to lower wavelengths and there was as much as
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18% decrease in absorbance as CB concentration decreased to 12.5 ppm, suggesting strong
interaction between the C60 and CB. Similar trend has also been reported before [65].
The fluorescence spectra of P3HT, P3HT:CB and P3HT:C60-CB composites are
presented in Figure 5.2. P3HT had a strong PL in the visible region, which peaked at
587 nm. When CB was directly added to P3HT, the fluorescence intensity remained
unchanged. The PL quenching by C60 provided direct evidence of the possibility of
exciton dissociation and in this case was unaffected by the presence of CB. This implied
that the latter did not participate in exciton dissociation [7]. The PL spectra of CB at low
concentrations (12.5 ppm) showed further quenching which implied that low concentration
complex may enhance exciton dissociation.
5.3.2 Morphology of Active Layers
The different photoactive films are listed in Table 5.1. SEM images in Figure 5.1 (b) and
(c) showed that incorporating CB into C60 formed a homogeneous phase. Figures 5.3 (a),
(b), (c) (d) at 2 µm scale showed the SEM images of the surface of active layers with four
different CB concentrations (0, 12.5, 25, and 500 ppm). P3HT showed a flat surface
morphology, which is a common feature of this type of polymer. With the decreasing
concentration of CB, the domain size of C60-CB clusters appeared to increase, which
could provide improved pathways for the percolations for the electrons and holes [87].
This indicated that CB helped in binding C60 and P3HT tightly, which led to the formation
of close interface between the acceptor and the donor in order to facilitate more efficient
charge transfer between the two phases [91].
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.3 SEM images of (a) P3HT:C60 at 2 µm (b) P3HT:C60-CB-500 at 2 µm (c)
P3HT:C60-CB-25 at 2 µm (d) P3HT:C60-CB-12.5 at 2 µm (e) P3HT:C60 at 200 nm (f)
P3HT:C60-CB-500 at 200 nm (g) P3HT:C60-CB-25 at 200 nm (h) P3HT:C60-CB-12.5 at
200 nm.
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(g)

(h)

Figure 5.3 SEM images of (a) P3HT:C60 at 2 µm (b) P3HT:C60-CB-500 at 2 µm (c)
P3HT:C60-CB-25 at 2 µm (d) P3HT:C60-CB-12.5 at 2 µm (e) P3HT:C60 at 200 nm (f)
P3HT:C60-CB-500 at 200 nm (g) P3HT:C60-CB-25 at 200 nm (h) P3HT:C60-CB-12.5 at
200 nm.
(a)

(b)

(a)

)

Figure 5.4 Tapping mode AFM of samples after annealing at 120°C for 10 min: (a) P3HT:
C60 (b) P3HT:C60-CB-500 (c) P3HT:C60-CB-25 (d) P3HT:C60-CB-12.5.
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(d)

(c)

(a)

)

Figure 5.4 Tapping mode AFM of samples after annealing at 120°C for 10 min: (a) P3HT:
C60 (b) P3HT:C60-CB-500 (c) P3HT:C60-CB-25 (d) P3HT:C60-CB-12.5.
AFM measurements of the photoactive composites showed that the presence of CB
altered the film morphology, where the surface roughness was significantly different.
Figure 5.4 shows that the RMS height of the P3HT:C60 film was 4.6 nm,
P3HT:C60-CB-500 was 2.1 nm, while that P3HT:C60-CB-25 was 9.0 nm and
P3HT:C60-CB-12.5 was 9.2 nm, where the surface roughness increased at low
concentration of CB and decreased with high concentration of CB. This agrees with SEM
images shown in Figure 5.3, where larger domain size of C60 was seen at low
concentration of CB. The higher surface roughness may provide many advantages such as
larger donor or acceptor 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 [11].
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5.3.3 Photovoltaic Performance
The J-V curves for the different OPVs are presented in Figure 5.5 a and b, and their
performance (mean and standard deviation) is presented in Table 5.1. From Table 5.1 and
Figure 5.6, it is seen that all four solar cell performance parameters (Jsc, Voc, FF and PCE)
showed similar trend. They decreased with increasing concentration of CB. At a
concentration of 12.5 ppm, Jsc increased by 35%, while PCE increased by 79%. At high
concentrations, the Jsc, PCE, VOC as well as FF were below that of plain P3HT:C60 solar
cell.
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Figure 5.5 J-V characteristics in the dark (a) and under simulated solar irradiation at
95 mW cm-2 (b) of OPVs with P3HT:C60, P3HT:C60-CB-5000, P3HT-C60-CB-2500,
P3HT:C60-CB-500,
P3HT:C60-CB-150,
P3HT:C60-CB-85,
P3HT:C60-CB-25,
P3HT:C60-CB-12.5, all of the cells were annealed at 120°C for 10 min.
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Table 5.1 Photovoltaic Parameters under 95 mW/cm2 Simulated Solar Irradiation were
Measured after Thermal Annealing at 120oC
Concentration
Photovoltaic
of Carbon
layer

Jsc
Voc (V)

FF (%)

PCE (%)

-2

Black

(mAcm )

(ppm)
P3HT: C60

0

0.31±0.02

3.74±0.42

0.35±0.02

0.43±0.04

5000

0.23±0.03

2.79±0.08

0.29±0.02

0.20±0.04

2500

0.31±0.01

2.97±0.33

0.38±0.01

0.37±0.06

500

0.28±0.01

4.18±0.13

0.36±0.02

0.45±0.05

150

0.30±0.01

4.35±0.14

0.41±0.01

0.57±0.03

85

0.34±0.01

4.51±0.16

0.41±0.04

0.67±0.08

25

0.35±0.02

4.77±0.29

0.44±0.02

0.76±0.09

12.5

0.34±0.01

5.03±0.31

0.42±0.01

0.77±0.04

P3HT:
C60-CB-5000
P3HT:
C60-CB-2500
P3HT:
C60-CB-500
P3HT:
C60-CB-150
P3HT:
C60-CB-85
P3HT:
C60-CB-25
P3HT:
C60-CB-12.5
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Figure 5.6 Concentration vs. PCE, Voc, FF, and Jsc.

An energy level diagram of P3HT with C60 is shown in Figure 5.7 [91]. VOC
depends upon the energy difference in the HOMO level of donor and LUMO level of the
acceptor, and it was seen that the Voc of the P3HT:C60 and P3HT:C60-CB at low
concentrations (150 to 12.5) was almost the same. Therefore, it is assumed that at low
concentrations of CB, the HUMO-LUMO levels of the complex were the same as that of
the C60 [92]. This implied that since the CB was encapsulated by C60, it did not participate
in exciton dissociation but served to enhance charge transport. This was evidenced by the
significant increase in Jsc while Voc remained the same. At high concentrations other
factors came into play and Voc was no longer the same.
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Figure 5.7 An energy level diagram of P3HT with C60 at low CB concentration.
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(a)

(b)

Figure 5.8 Mechanism of charge transport: (a) at low CB concentration, and (b) at high
CB concentration.

The mechanism of charge transport at high and low concentration of CB is shown
in Figure 5.8. In the desirable scenario, electrons are photogenerated in P3HT and
transferred to C60, and then instead of hopping among the C60 molecules, they find a more
efficient pathway through the C60-CB complex (Figure 5.8 a). The C60 molecules tend to

85

aggregate and encapsulate the CB as they polymerize under microwave irradiation [37,
47]. At high concentrations, some CB may not be covered with C60 molecules, and
consequently the probability of short circuit as well as electron hole recombination
increased (Figure 5.8 b). This explains why performance was so poor at 5000 and 2500
ppm. In short, it is postulated that the introduction of small concentration of CB into the
P3HT-C60 system allowed better film formation and phase separation, which contributed
to the enhancement of FF.

5.4 Summary
In conclusion, low concentration of CB serves as an effective additive to improve charge
transport in OPVs. Low concentrations at parts per million were found to form optimum
composites that showed higher short circuit current as well as PCE. The results here were
obtained using P3HT:C60 system, but it is anticipated that this approach will be valid for
other donor acceptor system as well.
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