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ABSTRACT

CHARGE COLLECTION AND SURFACE RECOMBINATION EFFECTS IN
ORGANIC BULK HETEROJUNCTION
SOLAR CELLS

Buddika K. Abeyweera

December 05", 2013

Charge transfer and charge extraction mechanisms are two prevalent issues in the
growing field of organic solar cells. Due to their complexity in nature, new methods need
to be involved in addressing the fundamental properties associated with organic polymer
solar cells. This dissertation has focused on developing a new method to estimate the
charge collection lengths and surface recombination lengths of organic polymer solar

cells.

Photocurrent spectra have been analyzed systematically to observe the
dependence on thickness of the active material. A red shift of the peak of the normalized
photocurrent with respect to the device thickness has been further analyzed for two major
material systems used in organic polymer solar cells, namely MDMO-PPV: PCBM and
P3HT: PCBM. A theoretical model that measures the charge extraction of bulk hetero
junction solar cell structures has been used taking into account of three main parameters

including charge carrier collection length, absorption variation and surface

vi



recombination. This model has led to estimate two important parameters associated with
charge transfer, recombination and extraction of organic solar cells which will provide
opportunities for improvements in the performance of organic electronic devices. Key

results are summarized as follows.

A complete analysis of photocurrent spectra has been done to see its variation
with active material thickness of well-known two material systems of bulk heterojunction
organic solar cells. Results of these preliminary measurements suggest that peak of the
photocurrent for both systems red shift with increasing thickness. Charge extraction
model is introduced to explain the initial red shift of the photocurrent. This model fits
well with the experimental results. Further analysis of the model suggests that the charge
collection lengths can be estimated for organic polymer structures. Theoretical model
gives higher collections lengths for MDMO-PPV solar cells while a lower collection

length for P3HT solar cells.

This model also has the capability to estimate the surface recombination length of
organic bulk heterojunction solar cells. Different interfacial layers have been used to fit
to the model calculation. These results suggest that the least surface recombination
lengths were achieved with solar cells of PEDOT-PSS. This method can be used to

optimize the interfacial layers to improve the efficiency in organic solar cells.

AC photocurrent measurements have been carried out to observe the frequency
dependence of organic solar cells. Main results show that increasing response time from

the light source increases the performance of the solar cells. Further analysis of these

Vii



results suggests that thicker devices of organic polymer solar cells can be applied with

longer response time light sources.

Degradation of organic polymer solar cells over a period of several days has been
carried out to observe the stability of solar cells with device thickness. Results suggest
that the degradation occurs regardless of device thickness of the active material. A new
probing technique called capacitive photocurrent spectroscopy (CPS) has been carried out
with P3HT solar cells to observe the charge dissociation efficiency. The CPS
measurements suggest that sub band gap states have higher dissociation efficiencies that

may not contribute to overall photocurrent of the solar cells.
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CHAPTER I: INTRODUCTION

Organic solar cells have attracted much attention among researchers in past few
decades due to many reasons. Ease of fabrication, mechanical flexibility and low cost are
major advantages of organic solar cells over conventional photovoltaics. However, the
main hurdle for further development of organic solar cells is the low efficiency associated
with it. The highest efficiency the organic solar cells have achieved so far is about 10%
with multi-layer devices. The efficiencies are still improving due to the introduction of
new materials and engineering of more sophisticated device structures. Even though the
efficiencies of organic Photovoltaics have not yet reached those of the inorganic
counterparts (~40%), the technologies derived from organic photovoltaics such as light

emitting diodes have recently reached the commercial market.

The highest efficiencies of current organic solar cells have shown by tandem and
Bulk Hetero-junction (BHJ) device configurations, in which the donor-acceptor material
are mixed to enhance the interfacial area to capture more free charge carriers for
electricity generation[1]. Unlike p-n junction solar cells, organic solar cells create
electron-hole pairs (EHPs) upon light absorption which are bound to each other. In order
to create a barrier-free electron (or hole) flow across an external load, these e-h pairs have
to transport to an interface, dissociate and finally collected by the electrodes. A detailed
explanation of these excited carriers will be discussed in later sections. Even though there
are many articles published about the above-mentioned phenomena, there is lack of

1



understanding on how exactly the carriers are generated in organic solar cells, and the
mechanisms of e-h pairs separation and transportation to the electrodes. To improve the
overall efficiencies of these types of thin-film solar cells, one has to understand a

comprehensive mechanism of this technology.

This dissertation work focuses on the photocurrent measurements of bulk hetero-
junction (BHJ) solar cells with different active layer thicknesses. It is observed that the
main photocurrent peak that corresponds to conjugated polymer shifts towards higher
wavelengths when the thickness of the active layer is increased. The optical absorption of
these devices is matched with the photocurrent peak for thin active layer devices. This
behavior is majorly due to time variations of electron and holes charge transport lengths
and surface recombination effect that reduces the high energy excitons when the device

thickness is increased.

The last chapters will discuss the photocurrent analysis experiments with AC
light, to observe this variation of photocurrent peak in thick devices. In addition, the
capacitive photocurrent technique will be discussed, a technique that is useful in
determining the sub band gap states in organic polymer solar cells. Capacitive
photocurrent has been done to bulk heterojunction blend and compared with optical
absorbance to observe the effect of sub band gap states that are not clearly significant in
existing measurement techniques. Degradation of organic polymer solar cells is also

discussed with the measurements done for range of thicknesses.



1.0 A brief introduction to history of organic solar cells

The conventional solar cells were first developed in 1950s and been
commercialized in 1960s and 70s[2]. These have many advantages as a clean, renewable
energy source while increasing the efficiency and reducing the cost associated with it. As
shown in the Figure 1.0, the photovoltaic technology has been evolved to a greater extent

in efficiencies since mid 1970s.
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Figure 1.0: Evolvement of the Efficiency of the solar cells from 1975 to 2010.
Organic solar cells consist of semiconducting organic molecules. They are most
famous among other materials because of easy fabrication and low cost manufacturing
capabilities. This dissertation is focused on the development of organic solar cells
denoted by the red circle at the right bottom of Figure 1.0. Even though the current
efficiencies of organic solar cells are low, its potential to obtain higher efficiencies by

tailor the energy levels with new organic materials make this a highly demanding area
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among researchers. The first successful organic based polymer solar cell has been
reported by C.W.Tang in 1986 at the Kodak research laboratories in New York. In this
work, a thin film photovoltaic cell using two-layer organic materials fabricated from
copper phthalocyanine and a perylene tetracarboxylic derivative. A power conversion
efficiency of about 1% has been achieved by Tang[3]. A breakthrough design by smart
device physics came in 1995 using the organic bulk heterojunction structure. This simple
method of mixing one type of polymer with another type simply enhances the interface
which creates more e-h pairs (EHPs)[1]. Then another major breakthrough occurred in
2007 by the introduction of tandem structure concept that absorbs a broader range of
solar spectrum[4] using a multi-layer device. Since then a positive trend has been shown

in increasing efficiencies that currently claims 10% efficiency [5].
1.1 General properties of organic semiconductors

Organic semiconductors are the main backbone of the development of the organic
solar cells. The applications of organic semiconductors depend on the molecular structure
which has important electronic properties. Previously, these semiconductors have been
extensively used in organic electronics such as organic field effect transistors
(OFETSs)[6]. Organic semiconductors can be divided into two classes according to their
molecular structure: the low molecular weight materials and high molecular ones. High
molecular weights are the polymers: the raw material of organic polymer solar cells. Both
have a m electron system formed by p, —orbitals of sp? —hybridized C-atoms in the
molecules. Figure 1.1 shows the ¢ and m bonds of the simplest conjugated organic
system: ethylene. The schematic diagram on the right shows the corresponding energy

levels of m-conjugated molecule. The c-bonds generate strong covalent chemical bonds



by electron sharing from two carbon atoms. But n-bonds formed by sp? orbitals create
weak interactions. Due to this weak bonding strength, the lowest electronic excitations

are the - . transitions (Figure 1.1) with an energy gap typically between 1.5 and 3 eV.

A o -orbital

7" -orbital

Py - orbital p, - orbital

Optical excitation

Energy

TT

7t -orbital

plane of the

5ps - orbitals
P2 o -orbital

Figure 1.1: n-bond formation in sp>-hybridized carbon atoms in simplest conjugation
system: ethylene (CH,=CH,). n-n" optical transition shows the lowest energy excitation
result in these conjugated polymers.

The n-bond orbital of highest occupied electrons called as HOMO and the 7~ orbital of
lowest unoccupied electrons called as LUMO. This is similar to valence-conduction
bands in inorganic semiconductors. This energy transition corresponds to the light
absorption or emission in the visible region of the solar spectrum. The synthesizing
techniques of these molecules lead to the degree of conjugation by which the energy gap

can be controlled. The molecular structures (monomers) of the main organic



semiconducting materials used in this work are shown in Figure 1.2. Poly-(3-

hexylthiophene) also commonly shortened as P3HT has an optical band gap of 1.9 eV[7].

"'E-H13

A~ F -

P3HT ‘
OCH;

‘_ MDMO-PPV
n

Figure 1.2: Monomer structures of the conjugated polymers used in this work.

In addition to P3HT, Poly[2-methoxy-5-(3,7-dimethyloctyloxy)-1,4-
phenylenevinylene] (MDMO-PPV or OC;C4-PPV) is also used as displayed in figure
1.2. This conjugated polymer has an optical band gap at around 2.5 eV. In addition to
these conjugated polymers, Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
(MEH-PPV), poly(9,9'-dioctylfluorene-co-bis(N,N’-(4,butylphenyl))bis(N,N’-phenyl-1,4-
phenylene)diamine) (PFB) [8, 9], Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-
b;3,4-b0]-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT)[10] have also been
used as donor conjugated polymers. Since P3HT and MDMO-PPV are used in this work,
they will be discussed further. The main optical difference between two conjugated
polymers of P3HT and MDMO-PPV is that the P3HT has a higher absorption profile
compared to that of MDMO-PPV, even though both absorb in the visible region of solar
spectrum. Due to this feature, P3HT is a better candidate in making efficient OPVs. The
1

high absorption profiles associated with these materials (~10° cm™ for P3HT and 10% cm

for MDMO-PPV)[11] allow the option to make thinner devices for light harvesting. In



contrast, the inorganics (mainly Silicon) have less absorption profiles (10? -10° cm™)[12]
which limits from fabricating thin devices. The common feature both of these structures
(P3HT and MDMO-PPV) have is the benzene. The benzene structure consists of the 7-
bonds that create weak delocalized electronic states in the semiconductors. Because of
this weak delocalized electronic property, the organic semiconductors clearly distinguish
from the inorganic semiconductors (Si). This creates localized optical excited state or
famously known “exciton” with a very high binding energy of 0.5 eV. In inorganic
semiconductors, the light absorption creates free electron and hole to be collected by the
electrodes. Excitons in organic materials created by light absorption are electrically
neutral and have a high possibility to recombine before they dissociate. Due to this high
binding energy of exciton, built-in electric field created by the difference of the metal
work functions will not be affected for exciton dissociation. This is a major limitation of
electricity generation using these types of photovoltaics in which the smart band-gap

engineering must come into play.
1.2 Photogeneration mechanism in organic polymer solar cells

One of the main properties associated with organic semiconductors is the high
absorption profile in the visible region as described in the above section. The light
absorption results in a free electron and hole in the bulk region of the inorganic solar cell.
Due to the creation of exciton, the charge transfer mechanisms in organic and
conventional-inorganic solar cells have distinct differences, which will be discussed in
this section. Organic solar cells are mainly categorized into organic semiconducting
polymer solar cells, dye-sensitized solar cells and quantum dot solar cells based on

different materials and structures they used in their development. In all these cases, the



charge transfer mechanism, creation of excitons, dissociation of these excitons and finally

the transport of free charge carriers are different compared to conventional solar cells.

Organic photovoltaics have major differences compared to conventional
(inorganic) solar cells. In p-n junction inorganic solar cells, upon light absorption, free
carriers are generated that diffuse to the outer electrodes that fits with general
semiconductor theory. The creation of high coulomb potential exciton in inorganic
semiconductor is less probable because of strong dielectric constant of the material. On
the other hand, coulomb potential energy of an exciton in organic semiconductor lies in
the range of tens of KgT (~500 meV)[13]. High attractive energy of excitons in organic
materials is because of the low dielectric constants (~4) compared to that of inorganic
materials (for Silicon ~ 12). These low dielectric constant excitons in organics are also
called as Frenkel excitons. The mobility of the charge carriers of these conjugated
polymers is low (~10° — 107 cm™) due to low crystallization structures. The low

mobilities of these excitons led to low diffusion constants by Einstein relationship.

Because of the low diffusion constant, the diffusion length (= VD7) lies around
10nm[11] which is very low compared to that of inorganic solar cells[14] where D is the
diffusion constant and t is the diffusion lifetime. The diffusion length is the distance that
excitons travel before they recombine. Due to the low diffusion length of the excitonic
carriers, most will be radiatively recombined or trapped by sub-band gap states before
reaching out to electrodes leading to low carrier extraction efficiencies. To complete
photovoltaic conversion by collecting electrons and holes, there should be an asymmetry
occurring within the material. This is achieved by introducing a material that has a higher

electron affinity than the organic semiconductor. The most famous material used in



almost every organic polymer solar cell is the derivative of methanofullerene or
C60:PCBM. The band alignment of these two will be discussed in the next section of this
work. Due to higher electron affinity of the fullerene, there is a high possibility that the
electrons donated (created by light absorption) by the conjugated polymer is accepted by
this material making an ideal candidate for n-type acceptor (accepts electrons) for OPVs.
The basic structure of fullerene derivative used in organic solar cells is shown in the

Figure 1.3.

Figure 1.3: Monomer structure of the C60: PCBM fullerene derivative used in organic
solar cell.
The fullerene is a derivative of C60 structure, which is created when a carbon atom is
placed in every vertex of a truncated icosahedron. This is a polygon with 60 vertices
similar to a soccer ball[15, 16](this is famously called as buckyball or buckminister
fullerene). This structure was first found by Richard Smalley group at Rice University in
1985[15]. However, this highly stable structure is unfortunately insoluble. To make it
soluble, alkyl group is added to the buckyball which is used in almost every organic
polymer solar cell. A detailed synthesis and functionalization of making the [6,6]-phenyl-
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Cei1-butyric acid methyl ester (C60:PCBM) is described by Hummelen et al[17]. In
addition to C60:PCBM, poly(9,9'-dioctylfluorene-cobenzothiadiazole) (F8BT)[9], (6,6)-
phenyl-C71-butyric acid methyl ester (PC;,,BM)[18, 19] are the other popular candidates
for electron accepting materials.

The excitons that are created around the distance of 10 nm or less will dissociate
once they reach the interface of donor-acceptor in organic solar cell. A pictorial

representation of this motion is shown in the Figurel.4 along with the band alignment.
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Figure 1.4: Band alignment of polymer (p type) and PCBM (n type) showing the charge
transfer at the p-n junction interface. OSC 1 and OSC 2 are organic solar cell of n-type
material and p-type material respectively.

The electron donating material is the conjugated polymer. And fullerene derivative
(C60:PCBM) is the electron acceptor. This dissociation may occur at the trap sites in bulk
of the material but it is not the driving mechanism to obtain such an efficient
photoconversion. However this dissociation must not be neglected in these organic
molecular structures with weak localized forces. The major dissociation occurs at the

interface between the donor and acceptor where the binding energy of the exciton is
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lowered by the band offset of donor and acceptor[14, 20]. This separation leads to an
electron in the acceptor and a hole in the donor material still bound by a weaker binding
energy which is called charge transfer exciton (CTE)[21, 22] . This is also called the
geminate e-h pair[23]. The distance between this bound electron and hole is several
nanometers that give a very high electric field (~MV/cm). Then they dissociate into free
carriers leaving a hole in conjugated polymer and an electron in fullerene. When the time
scales are considered, the charge separation process occurs within sub nanosecond (~ns)
time scale to form free electrons and holes. This includes forming the CTE state which is
in sub picoseconds(~ps)[24]. Next stage is the transport of these free carriers via polymer
and fullerene phase by the built-in electric field and concentration gradient due to
absorption profile. On the way to the respective electrodes, these charge carriers can be
recombined again with another free electron and hole created from a different molecule.
It is also reported that this charge transport through the fullerene is occurred by so called
a hopping mechanism[25