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PREFACE

Ithough significant progress has been made in organic solar cells

based on conducting polymer-fullerene mixture as active layer,

however the efficiency of current bulk heterojunction (BHJ)
solar cells still does not warrant commercialization. A lack of understanding makes
targeted improvement troublesome. The main theme of this thesis is to modify the
morphology of active layer in inverted BHJ solar cells, relating the device
performance to basic physics and material properties such as the preferential
crystallization of donor polymer.

The first part of the dissertation focuses on introduction to the various aspects
related to the topic, literature perusal, basic principles of photovoltaic power
conversion with semiconductors (both inorganic and organic). The working
principle of organic bulk heterojunction solar cells and a critical review of the state of
knowledge are also given in this chapter. In chapter 2, the details including principles
of the various analytical tools employed for the preparation and characterization
of the organic solar cells are summarized.

Chapter 3 describes the effect of different cosolvents on the photovoltaic
performance of an inverted organic solar cell. The effect of varying polymer
crystallinity, morphology, and optical property which is produced by addition of
different cosolvents in to the poly(3-hexylthiophene) (P3HT):[6,6]-phenyl Cg;1-butyric
acid methyl ester (PCBM) solution, on the performance of an inverted polymeric solar
device is considered in detail. Photovoltaic devices primed with cyclohexanone

cosolvent showed the best performance with power conversion efficiency (PCE)



reaching a value of 3.01+£0.05%. This increase in efficiency of the inverted device is
related to a combined effect of ordered P3HT crystallite growth, and precise size and
phase separation of domains with the addition of cyclohexanone cosolvent.

Chapter 4 focuses on optimization of processing conditions of cosolvent
addition in the active blend of inverted organic solar cell. In this work, the concept
of solvent induced crystallization of donor poly(3-hexylthiophene) (P3HT) polymer
was extended to the photoactive blend of inverted organic solar cells. An increase in
power conversion efficiency of an OSC device from 2.74+0.05% to 3.01+0.05% was
realized by addition of an optimized concentration of cyclohexanone cosolvent and
ageing period of 2 h. This improvement of 10% in the efficiency of inverted device
with cyclohexanone addition is related to the increase in the current density and fill
factor of the device. Increase in the crystallinity of P3HT for efficient photoabsorption
and commensurate vertical concentration gradient observed in P3HT fractions of the
blend for efficient hole transport is possibly responsible for the betterment of the
photovoltaic parameters in modified device.

In Chapter 5, investigation on processing pathway for cosolvent addition in
active layer preparation of inverted organic solar cell is reported. The cosolvent
addition pathway was changed from conventional blended mixture addition (one step
addition) to two steps individually mixed addition. Such changes in the processing
pathway led to an improvement of PCE from 3.01+0.05 to 3.39+0.05%. Our study
indicated that improvement in the device efficacy is related to improved characteristic
surface morphology as seen in AFM images, proven by improved crystallization of
donor polymer supported by the UV-Visible spectroscopy, GIXRD and PL data. A

fine coverage of homogenously distributed well grown P3HT crystallites was evident
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in the individually mixed cosolvent casted film promoting the enhanced photo
absorption and charge transport properties which benefited the device in terms of
increased short circuit current density (Jsc) and power conversion efficiency. GIXRD
results also support more favourable upright concentration gradient in the individually
mixed film which eases the charge transport.

A new approach of morphology modification, i.e., Ternary solvent mixture
approach to control the P3HT:PCBM blend morphology in inverted organic
solar cells is been discussed in chapter 6. In this work, bulk heterojunction blend of
poly(3-hexylthiophene):[6, 6]-phenyl Cgi-butyric acid methyl ester (P3HT:PCBM)
which is prepared using a ternary solvent mixture is utilized as the active layer of an
inverted organic solar cell. Ternary solvent mixture consisting of a good solvent
ortho-dichlorobenzene and marginal solvents cyclohexanone and toluene offers
limited solubility to the P3HT component of blended mixture. However, a decrease in
power conversion efficiency from 2.74+0.05% in the unmodified OSC device to
2.64+0.07% in ternary solvent mixture modified device is observed. This decrease in
the efficiency of mixed cosolvent modified active layer is due to less efficient

photoabsorption by randomly crystallized P3HT domains.
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he research work presented in this thesis mainly focuses on the
development and efficiency studies of organic solar cells (OSCs). The
characteristic photoactive layer morphology, i.e., morphology evolution
in donor/acceptor thin layers prepared through solvent based techniques can be
controlled and manipulated with the aim to obtain highly efficient bulk heterojunction
OSCs. The following sections of this chapter address an introduction to the basic
principles of photovoltaic power conversion with semiconductors (both inorganic and
organic) and the key factors determining the efficiency of photovoltaic devices,
emphasizing particularly on the role of morphological organization of the photoactive

layers. The conducting polymers properties with particular focus on optoelectronic




CHAPTER I Introduction

characteristics which are especially important for solar cells have also been discussed
in detail.
1.1. Importance of Solar Energy

With the recent exponential growth in technology and consequently, increase
in the energy demands, utilization of fossil fuels (including coal, oil and gas) which is
the main energy source at present is all together increasing. This advancement in our
standard of living and gross domestic product is advantageous and destructive at the
same time, as we have to compensate its cost in terms of major environmental and
climatic deterioration. It is probable that these resources are set to decline in the years
to come and that the carbon dioxide (CO,) emissions allied with the burning of these
fuels adversely affect the climate [1]. The indication for global warming, primarily
due to the combustion of fossil fuels, is overpowering. Hence, renewable energy
sources will now have to take up the major responsibility of dealing these challenges.
The sun being the main energy source on earth, and the straight conversion of its
energy into heat or electricity seems to be an attractive way to satisfy the ever
increasing energy needs of the modern world with modest influence on the natural
balance [2]. The direct conversion of sunlight into electricity, i.e., photovoltaic power
conversion, is possible at comparably low investment. Solar power will certainly be
the dominant future global energy resource as only sun can provide more than enough
energy to meet the global demand [3].
1.2. Different Generations of Solar Cells

The photovoltaic (PV) effect was revealed by Alexandre-Edmond Becquerel
in 1839 as he observed production of electric current in two plates of platinum or gold

dipped in the solution of an acid or alkali and exposed to solar light [4]. In 1905,
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Einstein described the phenomenon of photoelectric effect, which laid the basis of
theoretical understanding of the concept of photovoltaic effect. When photons in the
ultraviolet (UV) range light up the metal surface, free electrons break out of the
surface due to transfer of the excitation energy from the incident light and thus these
electrons are ejected into the atmosphere. When photons are absorbed in a material,
they force the ground state electrons to the excited state, and the excited electrons
then try to quickly relax back to the ground state. However, in photovoltaic devices,
the excited electrons and the holes produced in the ground state have to be collected

separately in order to generate power (Fig. 1.1).

lua4and

Figure 1.1: a) Photoelectric effect and b) Photovoltaic effect

The first PV device based on crystalline silicon (Si) (p-n junction) was
developed at Bell Laboratories in 1954 by Chapin et al. with a conversion efficiency
of 6% [5]. Recently, in crystalline Si solar cells, efficiency has reached to a record
value of 24.7% under standard test conditions of global air mass 1.5 (AM 1.5)

spectrum, light intensity of 1000 W/m? [6]. Apart from monocrystalline silicon, their
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cheaper alternatives, i.e., solar cells based on polycrystalline Si (Si wafers from
multiple Si crystals) and amorphous Si (Si deposited as a thin layer on metals, glass
etc.) were also developed in this generation of solar cells.

Non-silicon materials such as cadmium telluride (CdTe) and copper indium
gallium diselenide (CIGS) based thin film solar cells dominated the second generation
of solar cells [7]. This generation attempted at reducing the material consumption, to
reduce the production cost of the solar cell compared to the p-n junction based first
generation solar cells. However, their efficiency is still less than that of the crystalline
Si based solar cells. Third generation of solar cells so called organic solar cells are
based on organic materials such as small molecules or polymers for energy
harvesting. With the advantage of flexibility of organic molecules and its easy
fabrication process, organic solar cells are potentially cost effective for photovoltaic
applications.

1.3. Organic Solar Cells

Organic solar cell is a type of solar cell that uses organic semiconductors such
as conducting polymers or small molecules for solar light absorption and its
subsequent conversion to electricity by the photovoltaic effect. Organic
semiconductors are a less expensive substitute to inorganic semiconductors like Si.
They also have particularly high optical absorption coefficients which present them
with the possibility of very thin film production (of the order of 100-200 nm) for the
development of thin film solar cells [8]. Additional features of organic PVs include
their probability of flexible device fabrication using low temperature techniques and
large scale production practices such as printing techniques in a roll-to-roll process.

Besides the cost benefits stated above for organic materials, the band gaps and other
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optical properties of these materials can be easily tuned through suitable
modifications of their molecular structure.
1.3.1 Organic Semiconductor Materials

Materials having a delocalized z-electron system are capable of sunlight
absorption, creating photoinduced charge carriers, and responsible for the transport of
these generated charge carriers. Plants utilize the natural phenomena of
photosynthesis for obtaining chemical energy from sunlight via absorption of light by
the chlorophyll molecule. Chlorophyll pigments are functional as photoactive layer in
a single layer solar cell [9]. In addition to the absorption of sunlight and successive
generation of photoinduced charge carriers, these materials should also have the
ability to transport these charge carriers as well. Both of these properties are
commonly found in materials that have an extended delocalized z-electron system.

% Organic Small Molecules

Small molecules are predominantly insoluble in common organic solvents and
therefore these materials in general deposited using vacuum sublimation technique.
Such a method usually results in amorphous or polycrystalline films with different
extent of disorders. Vacuum based thermal deposition technique involves evaporation
of depositing molecules from a hot source and the molecules are then carried onto the
substrate via vacuum created in the depositing chamber. Condensation of these
molecules then produces thin film on the substrate surface.

Such a device concept is based on the thermal evaporation of at least two
conducting materials, i.e., n and p type materials. Phthalocyanine belongs to a group
of p-type, hole-conducting material functioning as electron donor. The perylene and

its derivatives show n-type conduction, and act as electron acceptor material. Both of
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these molecules are more frequently included in the evaporated solar cells [10].
Excitons are generated due to the absorption of light in the respective organic
materials. These excitons have to reach to an interface between n- and p- type
conducting layer (p-n junction) where splitting into free electrons and holes takes
place owing to the prevailing energetic conditions. Finally, the individual charge
carriers are transported towards their respective electrodes for collection.

As the band-gap in most of the organic materials is of the order of 2 eV so, a
decrease in the number of intrinsic charge carriers generated as a result of thermal
excitation is obvious as compared to smaller band gap inorganic semiconductors.
Again, the disorder and limited interaction among the electronic wave functions (van
der Waals interactions), also leads to relatively lesser charge carrier mobilities in
organic materials and hence these small molecules are considered mostly as
insulators. However, practices of molecular or electrochemical doping can increase
the charge carrier concentration in these materials. Donor type materials show a
doping effect when exposed to oxygen or other strong oxidizing agents such as iodine.

And, for n-type doping, perylene was doped on exposure to hydrogen [11].
Due to these doping effects, once the insulating materials possess free charge carriers
and their bilayer devices can be effective like classical p-n junctions. However, as
doping with gases becomes uncontrollable so, a more controlled approach of doping
is achieved by the co-evaporation of matrix material and dopant. The buckminster
fullerene Cgo (and derivatives) molecule can also function as a strong electron
acceptor. When blended with hole conducting materials, it does not only enhance the
charge transport in the dark, but also brings about a large increase in

photoconductivity under illumination owing to a photoinduced charge transfer, and
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hence this phenomenon can be identified as “photodoping” [12]. The chemical
structures of some semiconductor molecular materials are depicted in Fig. 1.2 [ZnPc
(zinc-phthalocyanine), MePtcdi (N, N'-dimethyl-perylene-3,4,9,10-tetracarboximide),

and Cg fullerene].

Figure 1.2: Organic molecules commonly applied in organic solar cells

« Conducting Polymers

Conducting polymers correspond to a novel class of materials with superior
properties and potential applications. This special class of polymers referred as
“Synthetic Metals” possess the unique electronic, electrical, magnetic and optical
properties of a metal along with known advantages of conventional polymers like
light weight, easy solution processibility and low cost etc.

Conducting polymers were first discovered in 1976. In 1970s, the first
conducting polymer polyacetylene, was prepared as a result of a serendipitous
experiment conducted in Shirakawa’s group [13]. The succeeding innovation by Alan

J. Heeger and Alan G. MacDiarmid that led to an increase of 12 orders of magnitude
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in the conductivity value by oxidative doping of the polymer echoed in and around the
polymer and electrochemistry communities followed by a more intensive search for
other conducting polymers by several other researchers [14]. The importance of
conducting polymers is demonstrated by the honour of Nobel Prize in Chemistry
(2000) to MacDiarmid, Shirakawa and Heeger for the discovery of conducting

polymers.

MDMO-PPV P3HT

CN-MEH-PPV PCBM

Figure 1.3: Several solution processible conjugated polymers and a fullerene
derivative used in organic solar cells (Upper row: the p-type hole conducting
donor polymers; Lower row: the n-type electron conducting acceptor polymers)

Three main hole-conducting donor type polymers MDMO-PPV (poly[2-
methoxy-5-(3,7-dimethyloctyloxy)]-1,4-phenylenevinylene), P3HT (poly(3-
hexylthiophene-2,5-diyl) and PFB  (poly(9,9'-dioctylfluorene-co-bis-N,N'-(4-

butylphenyl)-bis-N,N'-phenyl-1,4-phenylenediamine) together with representative
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electron-conducting acceptor polymers like CNMEH- PPV (poly-[2-methoxy-5-(2'-
ethylhexyloxy)-1,4-(1-cyanovinylene)-phenylene) and F8TB (poly(9,9'-
dioctylfluorene-co-benzothiadiazole) and a soluble derivative of Cg, namely PCBM
([6,6] phenyl Cg; butyric acid methyl ester) are shown in Fig. 1.3. All of these
materials are solution processible due to the presence of side-chain, and the polymers

show photo- and electroluminescence [15].

Figure 1.4: Scheme of the double bond formation between two carbon atoms

A feature common with both the small molecules and polymers used
in organic photovoltaics is their enormous conjugated systems. A conjugated system
is the one where carbon atoms can bond covalently with alternating single and double
bonds; or can be identified as chemical reactions of hydrocarbons. The electron
orbitals of the carbon atoms in the conjugated double bonds are hybridized which
means that one atom has three planar sp? orbitals and one vertical p, orbital. Due to
the overlap of the sp® orbitals strongly localized ¢ bonds are formed which are
responsible for the binding of the atoms. These hydrocarbon electrons residual p;

orbitals overlap and form a delocalized m bonding orbital and an antibonding
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n* orbital. It is strongly delocalized, so that energy bands are formed over long
polymer chains [16].

The delocalized 7 orbital is the highest occupied molecular orbital (HOMO),
and 7* orbital is the lowest unoccupied molecular orbital (LUMO). The difference
between HOMO and LUMO orbital confers the band gap of organic electronic
materials. A schematic illustration of the double bond between two carbon atoms is
displayed in Fig. 1.4. Normally, the band gap of organic semiconductors falls in the
range of 1-4eV. The optical and electrical properties of organic semiconductor

material are related to this band gap [17].
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Figure 1.5: Schematic representation of Frenkel, Wannier and CT excitons.
(Adapted from Reference [18])

When these materials absorb a flux of photon, an excited state is produced
which is restricted to a molecule or a region on the polymer backbone. The excited
state thus created can be characterized as an electron-hole pair coupled together
by electrostatic interactions, i.e., excitons. Different types of excitons can be produced

as a result of photon absorption. The subtypes of excitons produced in the field of
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inorganic semiconductors include the Mott-Wannier and Frenkel excitons shown in
Fig. 1.5 [18]. Frenkel excitons are localized on one molecule while Wannier and
charge transfer (CT) excitons are extended over several molecules.

The Mott-Wannier excitons confirm very weak coulombic attraction caused
by screening effects, concurrent with extensive diffusion in all directions, resulting in
a significantly improved charge separation in silicon based photovoltaics. Frenkel
excitons demonstrate stronger coulombic attraction, decreasing the length of diffusion
[19]. While classifying conductive polymers, the excitations generate the so called
“charge transfer (CT)” excitons, which exhibit very strong coulombic attraction
restricting the exciton diffusion within the polymer backbone. The possibility of such
diffusion is more if the polymer chain is straight and devoid of any defects or twists.
This depiction will support the straightforward electronic contact among the
neighbouring chains [20]. This perspective is important while considering the
conduction process in conjugated polymer and will be discussed in greater detail in
the subsequent sections. Though both organic small molecule based and conjugated
polymers based organic solar photovoltaic have their own advantages and
disadvantages but, conjugated polymer based photovoltaic device or polymer solar
cell will be considered further throughout in this thesis.

1.3.2 Solar cell Characteristics

A solar cell can be expressed in terms of several parameters described in detail
in the following sections. An ideal solar cell works like a diode in parallel with a
current source (Fig. 1.6). Evaluating solar cell's current as a function of varying
voltage and formulating 1-V curves (see Fig. 1.7) can present the majority of the

particulars, fundamental to characterize a solar cell. These characteristics are
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generally measured in the dark as well as under monochromatic and solar spectrum
illuminations. In the dark, the cell presents a standard diode-like characteristic with its
I-V curve passing through the origin (Fig. 1.7). Under illumination, the current
measured on a solar cell is called the photocurrent. The measurement of photocurrent
depends on various parameters other than just the quality of the device. For instance,
dissimilar photocurrents are obtained depending on the wavelength or intensity of the
incident light or the area of the device under illumination. Hence, the photovoltaic
response should be accounted in terms of quantities that are universally
acknowledged. The absorption of light generates a current, and generated power is
given by equation 1.1,
P=1xV (1.2)

Where, | is the current and V is voltage.

Figure 1.6: Circuit diagram of a solar cell
So, the conversion of solar light to electricity is expressed in terms of

photovoltaic power conversion efficiency (PCE) which is the overall efficiency of a
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solar cell under illumination, given by equation 1.2. This term counts the
effectiveness of electrical power extraction for a particular optical power supplied to
the device. It is a unitless quantity and also, wavelength dependent and in general, is
quoted in percentages.
Efficiency =Pou/Pin 1.2)

Where Pj, is the incident light power which is generally standardized to AM 1.5
spectrum. Po is the electric power generated by the cell at the maximum power point
(mpp or Pmax), and the solar cell's maximum power can be derived from the 1-V curve.
Maximum power point (mpp or Pnax) is identified as the point where the product of
the current and the voltage attains a maximum value. The device has to be operated at

this point. Vimax and Imax are the characteristic voltage and current at this point.

sC

Voltage

Figure 1.7: Current-voltage characteristic of an ideal device in the light and
under dark test conditions

It should be noted that the fill factor (FF) specifies the effectiveness of the

device fabrication practice given that it compares the power obtained experimentally
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to the power that could have been possibly attained had the same device performed
ideally. Fill factor is a ratio of maximum measured power to maximum theoretical
power. The FF describes the diode behaviour of the solar cell and can be given by

equation 1.3.

FF = lmaxYmax L3)

ISC VOC

The photovoltage build up when the terminals of the cell are separated is
called the open circuit voltage (Voc). Voc is the maximum possible voltage developed
by a solar cell and the current is zero at this particular voltage. For heterojunctions,
the difference in energy between HOMO of the donor and LUMO of the acceptor is
supposed to be the limiting value for the V. [21]. The photocurrent drawn when the
terminals are coupled is the short-circuit current (Isc). I is the current flowing through
the circuit when no external field is applied, and charges are just drifting owing to the
internal build up of field. Internal build up of field is considered to be dependent on
the work functions of the two electrode materials. The cell in short circuit conditions
aligns the fermi-level of the two electrodes. So, I carries information about transport
characteristic of the materials and charge separation and the operating regime of a
solar cell is the range of bias from 0 to V. wherein the cell delivers power.

Under solar light illumination, a non-zero photocurrent identified for zero
applied voltage is the short circuit current (ls;). Photogenerated electrons descend the
band, from p-type to n-type semiconductor side, in the reverse direction of the
forward bias. This negative photocurrent appears in the fourth quadrant of the I-V
curve (Fig. 1.7) [22]. As the forward bias is raised, this reverse photocurrent reduces,

i.e., the applied voltage reduces the energy offset, and hence, the degree of band
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bending. This decreases the driving potential for the photogenerated charges, reducing
the reverse photocurrent. This external bias at which the photocurrent is zero is the
open circuit voltage (Vo) and when the biasing crosses this value, majority carriers
dominates and an exponential increase of current in the forward bias direction is
observed.

These four quantities ls;, Voc, FF and efficiency (n) are the key performance
characteristic parameters of a solar cell. All these photovoltaic parameters should be
defined for particular illumination conditions. The standard test conditions (STC)
include a constant temperature of the PV cells (25°C), the intensity of radiation (1000
W/m?), and the spectral distribution of the light (air mass 1.5 or AM 1.5 global, which
is the spectrum of sunlight that has been filtered by passing through 1.5 thickness of

the earth atmosphere).

Current
Current

R increasing

Figure 1.8: Effect of (a) increasing series and (b) reducing parallel resistances (in
each case the outer curve has Rs = 0 and Ry, = «)

The correlation between the photocurrent density and the incident spectrum is
defined as the cell’s external quantum efficiency (EQE). The EQE is defined as the

ratio of the photocurrent and incident photon flux at a particular wavelength. EQE of
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a cell is a function of the absorption coefficient of the solar cell material, the
efficiency of charge separation process and the charge collection in the device. The
EQE is independent of the incident spectrum, and consequently a key factor
describing solar cell performance under different conditions.

Through the photo conversion process, the efficiency of solar cells decreases
by the dissipation of power across internal resistances. These parasitic resistances can
be represented as parallel shunt resistance (Rs,) and series resistance (Rs). For an ideal
cell, Rgy would be infinite so that no alternative pathway for current flow (zero
leakage current) exist, while R, the series resistance resulting from the resistance of
the cell material to current flow, predominantly through the front surface to the
contacts, and from resistive contacts would be zero, ensuing in no voltage drop ahead
of the load [23]. Decreasing R, and increasing Rs will decrease the fill factor (FF) and
Pmax @ shown in Fig. 1.8. If Ry, is decreased too much, Vo will go down, while
increasing Rs can lead to drop in g
1.4. Polymer Solar Cells

Polymeric material based photovoltaic devices for sustainable energy have
been the focus of most researchers worldwide in recent years and considerable
advancement in numerous aspects has been reported in this field. Organic materials,
particularly conjugated polymers, have emerged as a means to drastically reduce the
costs of photovoltaic devices, as they can be dissolved in solutions to be deposited
onto substrates by simple and scalable techniques such as spin coating, drop-casting,
spraying, and ink-jet printing. The prospect of roll-to-roll mass production onto

flexible substrates is feasible in such a material system. In the relatively short period,
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the conjugated polymers have been explored in solar cell applications, and much has
been accomplished already.
1.4.1 Principle of Polymer Solar Cell

Organic materials are responsible for generating free charge carriers by
utilizing sun’s radiation in solar cells. The operational mechanism of organic
photovoltaics (OPVs) is illustrated in Fig. 1.9 and can be summarized as follows

«» Photoexcitation, Excitons Generation and Separation, and Charge Transfer

Firstly, on absorption of a photon with energy larger than the band gap of the
organic material, an electron in the highest occupied molecular orbital (HOMO) of an
organic material is excited into the lowest unoccupied molecular orbital (LUMO),
creating an exciton (bound electron hole pair). A key point of differentiation between
solar cells based on inorganic or organic semiconductors is that in inorganic
semiconductors based solar cells, photons are directly transformed into free charge
carriers. These charge carriers can then be collected at their respective electrodes.
This cannot be the case with organic photovoltaic devices, where photoexcitation of a
molecule generates electron—hole pairs, called ‘excitons’ [24]. These excitons are the
coulombically bound charge carriers, with binding energies in the range of 0.05 to >1
eV [25]. They can diffuse over a length of approximately 5-15 nm and afterwards
decompose either radiatively or nonradiatively.

Secondly, for photovoltaic applications, excitons have first to be dissociated
into free charges. In photovoltaic cells, excitons are split apart into free electrons and
holes by effective fields. The effective fields are laid down by means of building up a
heterojunction between two dissimilar materials. One technique adopted to bring

about such a separation is to use an acceptor molecule. Effective fields split up the
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excitons and the electron falls from the conduction band of the absorber to the
conduction band of the acceptor molecule. An essential requirement for such a
process is that the conduction band edge of acceptor material be lower than that of the
absorber material [26]. So, if the exciton produced can diffuse to a different material
whose LUMO is lying lower than the absorber, the electron is transferred to the
accepting unit. The exciton diffuses to the interface between two materials (electron
donor and electron acceptor) and is dissociated or separated at the interface [27]. And,
finally the newly split free charge carriers diffuse through an external load to the
electrodes at opposite ends of the cell, and collected into the external circuit, in a way

converting the sun’s magnificent light energy into electricity.

anode donor acceptorcathod anode donor acceptorcathod

anode donor acceptorcathode anode| donor acceptorcathodf

Figure 1.9: Charge carrier generation in OPVs (Adapted from Reference [24])
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1.4.2 Device Assembly

All organic photovoltaic cells include a planar layered structure, consisting of
the organic active layer(s) is (are) packed in between two electrodes with different
work functions. One of the electrodes must be transparent enough to permit the
incoming photons to strike the photoactive layer. A transparent conductive oxide
(TCO) is employed; and usually indium tin oxide (ITO) is the TCO as it provides
good results. The other electrode is very often aluminium (Al) electrode, although
calcium (Ca) has a better work function, but the Al is much more stable in air than Ca.
From the above consideration, it is assumed that different device architectures can be
developed. Two universally accepted architectures employed for solar device
fabrication are discussed in the following sections (Fig. 1.10).
% Normal Cell

For thin film device fabrication, an individual has to begin with a carrier on
top of which the different layers can be applied. In photovoltaics, this carrier can be
called a superstrate, if the thin film solar cell is light up through the carrier and is
called a substrate, if the lighting is from the opposite end. For OSCs, most frequently
the first layer is the hole contact formed by the transparent conductive oxide, i.e.,
indium tin oxide (ITO) and a thin layer of poly(styrenesulfonate) doped poly(3,4-
ethylenedioxythiophene) (PEDOT:PSS), since it has shown to enhance the contact
property. Thereafter, the absorber blend (photoactive blend) consisting of donor and
acceptor molecule is applied and ultimately the electron contact is made, usually by
evaporating a low work function metal like Al or Ca [28]. This ITO superstrate
arrangement is termed as standard setup as it is the most commonly used device

structure.
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However, metals with low work function are sensitive to oxygen and moisture
of air and so, these are not very stable as the top electrode [29]. To facilitate the
protection of top electrode and to improve the performance of OSCs and organic
light-emitting diodes (OLEDs), bi-layered metal combination such as Ca/Al or
magnesium (Mg)/Al has been employed for use as composite cathode. Furthermore,
the application of PEDOT:PSS at ITO contact has also shown to degrade the
performance of OSCs owing to the strong acidic nature of PSS on the ITO surface

[30].

Figure 1.10: OPV architectures: a) a normal cell b) an inverted cell (Adapted
from Reference [28])
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% Inverted Cell

As ITO’s work function (=4.5 to 4.7 e¢V) falls in between the HOMO and
LUMO values of some common organic photovoltaic materials, it is competent
enough of collecting either holes or electrons. The polarization of the ITO electrode is
a function of the contact properties. For extraction of hole, ITO can be deposited with
a high-work-function material, such as PEDOT:PSS, which has been known to form
an ohmic contact with p-type polymer donor material [31]. Alternatively, ITO was
shown to function as cathode for electron collection by lowering its work function via
spin coating an ultrathin caesium carbonate (Cs,CQO3) layer [32]. Such a regulation of
the ITO-electrode work function ascertains the basis of a different configuration for
polymer solar cells, i.e., an inverted structure. In such an inverted configuration, ITO
serves as the cathode for electron collection, while the anode is built up on the
opposite side with a high-work-function electrode.

Few publications in literature explored superstrate configuration of organic
solar cells with the ITO electrode transformed into an electron contact by depositing
another layer of metal oxide (such as zinc oxide, ZnO or titanium oxide, TiOy), such
that the layer sequence is inverted, i.e., starting with the electron contact and
eventually ending with the hole contact [33]. The inverted cell structure investigated
in this thesis is a substrate configuration, as the electron contact is formed by
transparent metal onto which the absorber blend is applied. The hole contact can be
formed either by using PEDOT:PSS or hole transporting metal oxide layer such as
molybdenum oxide (MoOs) as in the standard setup, however with a variation that this
layer is applied on top of the absorber blend as the last layer in the sequence of layers

and used to transport the current laterally.
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Inverted device configuration of OSCs with ITO as the transparent cathode
altered with a low work function metal and a high work function metal like (silver, Ag
or gold, Au) functioning as anode at air interface could avoid the device degradation
brought out by moisture of the atmosphere and by contamination of metal cathodes.
The inverted configuration of OSCs also avoids the use of PEDOT:PSS at ITO
interface, which is identified as detrimental for device performance due to the strong
acidic nature of PSS [34].

The inverted configuration of OSC is also known to seize the advantage of the
P3HT:PCBM vertical phase separation which is otherwise detrimental to the normal
configuration [35]. The vertical phase separation is characteristic of the surface
energy difference between the blended components and their interactions with the
substrates. This heterogeneous distribution of the donor and acceptor components in
the photoactive layer affects the performance of normal configuration OSCs
considerably, gathering inverted configuration OSCs as a potential alternative.

1.4.3 Concept of a Heterojunction

As discussed above, the idea following the conception of a heterojunction is to
use two materials with different electron affinities and ionisation potentials. This
concept of heterojunction favours the exciton dissociation with electron being
accepted by the organic material having larger electron affinity and the hole by the
one with the lower ionisation potential. Such a heterojunction is required as excitons
in most organic semiconductors do not dissociate readily.

The idea of heterojunction was brought in by Tang in 1986 which established
as an immense measure towards advancement of organic photovoltaics. Tang raised a

bi-layer device engaging copper phthalocyanine (CuPc) as the donor and a perylene
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tetracarboxylic derivative (PC) as the acceptor. The device showed a power
conversion efficiency of about 1%, which was an order of magnitude in excess of
single-material organic photovoltaics build up then. Moreover, his experimentation
highlighted the key role of donor-acceptor interface in determining the photovoltaic
properties of the cell than that of the electrode contacts. Tang described the behaviour
of his bilayer cell by proposing the mechanism of excitons diffusion to the interface
region between the CuPc and PC, where they dissociated to free holes and electrons,
and thereafter CuPc carried the holes to the ITO electrode while PC carried electrons
to the Ag electrode [10].

Again, one of the most used acceptors in heterojunction cells is the fullerene
molecule Cgo [36]. Besides having a high electron affinity, Cg is comparatively
transparent and also has reasonable share of electron conductance (10 Scm™). This
makes fullerenes a good component in PV cells. A conducting polymer/Cg cell was
first accounted in 1993 by Sariciftci et al. [37]. In one of the experiments, ITO-coated
glass spin coated with poly[2-methoxy-5-(2'-ethyl-hexyloxy)-1,4-phenylenevinylene]
(MEH-PPV) layer was vacuum deposited with fullerene layer and Au was used as the
electron-collecting electrode. The cell had a comparatively high FF of 0.48 and a PCE
of 0.04% under monochromatic illumination. An increase of more than 20 folds in the
photocurrent value, with the introduction of Cgy molecule emphasized the role of
fullerene molecule in charge separation.

It is evident that the active layer donor—acceptor composite manages all
aspects of the photo conversion mechanism as discussed above, apart from charge
collection, which is based on the electronic interaction of the active layer composite

and the respective electrodes. Therefore, it was accepted that to improve the
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performances in heterojunction devices, the quality of the interface can be a
significant feature which can be effectively structured. To meet out the basic
requirements of competent photon to charge conversion, different device architectures
have been build up. Fig. 1.11 shows device designs of solar cells consisting of two
components, an electron donor (D) and an electron acceptor material (A). Charge
separation takes place at the interface of these two materials. Ideally, the D- material
should make contact with the higher work function electrode (typically ITO) and the
A-material should be in touch with the lower work function electrode (typically Al).
In the subsequent section, we present a concise outline of the two different
architectures of the photoactive layer known today, together with their strengths and
weak points:

« Bilayer Architecture

The concept of bilayer architecture supported realization of higher efficiencies
in OSCs. The practice of bilayer material design in the photoactive layer of OSC
significantly reduced the charge carrier recombination as such a design reduces the
distance that the excitons have to travel before it undergoes dissociation. This
proposal of new planar heterojunction seemed to be an important step forward in OSC
engineering. It consists of the combination of an electron donor (D) and an electron
acceptor (A) material layer over one another. These two layers are packed between
two metal electrodes, e.g., Au/D-A/Al. The two electrodes are selected such that their
work function strictly matches the highest occupied molecular orbital (HOMO) of
donor and lowest unoccupied molecular orbital (LUMO) of acceptor [38].

This bilayer structural design can offer several benefits over the single

material device. One such advantage is the efficient exciton dissociation by means of
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the well developed donor/acceptor material structure. Photon absorption is also
expected to improve, if the two organic materials overlap complementary domains of
the solar spectrum. The possibility of recombination among the carriers also decreases
by the use of bi-layers as it promotes separate charge transport layers. However, the
problem of smaller active domain, i.e., the donor/acceptor interface still continues and
small number of excitons near the depletion layer can only reach the interface for
getting dissociated [39].

As the semiconductors used in organic photovoltaics are intrinsic, organic
solar cells are majority carrier devices; where the density of photogenerated charge
carriers is large in contrast to the small number of intrinsic carriers, so that the band
structure of the device is known to change significantly with the illumination
intensity. In a bilayer organic solar cell, photogenerated charges are mostly generated
in the vicinity of the planar interface between the donor and acceptor materials, and
these charge carriers are driven to their respective extracting electrode with the effect
of electric field applied [40]. However, the carriers also undergo a drift in the opposite
direction due to their electrostatic attraction to the partner charges. With the increase
in the illumination intensity, the generation rate of carrier increases and the electric
field is also reduced at the interface due to the accumulation of space charges. At
suitably high intensity of illumination, field produced from the space charge build up
of large number of generated charges wholly cancels the effect of applied field.
Photocurrent possibly will increase with illumination because of diffusion, but the
electric field at the heterojunction may point in the wrong direction given sufficiently
large generation rates. So, an improvement to this basic device structure is presented

below.
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«+ Bulk Heterojunction Architecture

Bulk heterojunction (BHJ) is the most universal and well-organized
arrangement of the donor-acceptor material in the active layer of an OSC. So far,
highest PCEs reported for single or tandem OSC devices have been using this active
layer architecture [41]. This is often identified as a blended structure, without
including a planar interface between the donor (hole conducting) and the acceptor

(electron conducting) materials.

Figure 1.11: Schematic of energy conversion in organic solar cells (a) bulk
heterojunction cell (bottom) and corresponding energy levels (top) (b) bilayer
cell (bottom) and corresponding energy levels (top)

It is well known that to facilitate absorption of most of light, the thickness of

the photoactive layer should be at least of the order of 100 nm however, limitation
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related with the small diffusion lengths of exciton in organic semiconductors (typical
in the range of 10 nm), limits the efficiency of cells. The bulk heterojunction
architecture resolves the trouble of small diffusion length of excitons by blending the
donor and acceptor into a single interpenetrating network of phases. BHJ introduces
the idea of large interface area in to the active layer of solar cells so that the majority
of the excitons reach the D/A interface [42]. Upon illumination on the active layer,
excitons produced diffuse to an interface, splitting into electrons and holes. Electrons
are still confined to the acceptor and holes to the donor; but as the respective donor-
acceptor phases are dispersed all through the film so, there is no particular charge
carrier build up in a particular place. As a whole, the field due to the photogenerated
charges cancels, and the net field is that enforced by the electrodes.

Such dispersed heterojunction however suffers from the problem of solid state
miscibility of the materials as organic conjugated systems are not very miscible and
again, the stability of such systems are still a subject of debate. Therefore, the blend
should be prepared out of equilibrium. Spin coating and co-evaporation methods can
prove to be good option for fabrication of intermixed and fully dispersed
heterojunction designs.

1.4.4 Morphology of the Polymer: Fullerene Photoactive Layer

Although there may be a preeminent electronic relationship among the donor
and acceptor, still the physical contacts of the donor and acceptor components
manifested in by the composite film’s morphology decide the performance of solar
cells. The model of bulk heterojunction solar cell is definite in provisions of
bicontinuous donor and acceptor domains with a large interfacial area for exciton

dissociation and mean domain size of the components proportionate with the exciton
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diffusion length (5-10 nm). In other words, the active layer in BHJ OSC is an
intricate diffusive interface between the two materials in the form of a ‘bicontinuous
interpenetrating network’ to get the most out of the existing interface area (Fig. 1.11).
BHJ structure consists of nanoscale domains of donor and acceptor network with
phase separation in a length scale of 10-20 nm, so that each interface is within a
distance lesser than the exciton diffusion length from the photon absorbing sites [43,
44]. The motivating part is that one can successfully maximize the exciton
dissociation by utilising a BHJ active layer structure.

Maximum ordering within each phase and demixing of the two components in
the blend leading to phase-segregation of a suitable length scale allows effective
charge transport in continuous pathways to the electrodes and minimal recombination
of free charges. The composite formed out of blended solution should self-assemble
into the most favourable morphology with minimal application of external treatments,
and should have lasting stability. Such requirements necessitate a proper control over
the mixing and demixing of the two components.

The morphology of the active layer is interplay of several intrinsic and
extrinsic parameters. The intrinsic properties are inherent to the polymer and the
fullerene molecule, together with the essential contact parameters between the two
components. These parameters take an account of the crystalline properties of the two
materials and their relative miscibility. The extrinsic factors take an account of all the
exterior stipulations associated with device fabrication, such as the choice of solvent,
concentration of the blend components, deposition technique employed (spin coating,
ink-jet printing, roller casting, etc.), evaporation rate of solvent, as well as thermal

and/or solvent annealing techniques [45]. Thus, there are number of factors that affect
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the morphology of the active layer and these factors are also particular of the
polymer—fullerene duo. These factors are considered with the perspective of the two
particular components MDMO-PPV:PCBM and P3HT:PCBM which are the two

classical examples of BHJ solar cells.

H
Tail-to-Tail (TT)

Figure 1.12: Coupling regiochemistry of P3HT isomers

P3HT being the most studied donor semiconductor for organic photovoltaic, is
used as the donor polymer throughout our study. P3HT consists of an aromatic ring
with one sulphur atom (thiophene) alongwith an attached hexyl chain of carbon
atoms. This extra alkyl chain accounts for the solubility of P3HT in non-polar
solvents. Charge transport is facilitated along the four n-electrons of the two double
bonds and the two electrons of the sulphur p, orbital. The coupling of the 3-
hexylthiophene monomers can occur in different ways and depending on the

production process, three different coupling along the polymer chain, i.e., 2, 5'-(head-
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to-tail, HT), 2, 2'-(head-to-head, HH) and 5, 5'-(tail-to-tail, TT) may take place (Fig.
1.12). The most favourable configuration is the head-to-tail coupling [46]. The
percentage of these couplings is called regioregularity (RR). The greater the RR, the
more is the optical absorption and the field-effect mobility. RR-HT-P3HT architecture
is prestructured for three dimensional (3-D) self-assembly, resulting in efficient two-
dimensional (2-D) hole transport with high mobilities and current density. Self
organization in P3HT results from interchain stacking of 2-D conjugated sheets in to
lamellar structure.
1.4.5 Approaches Used to Modify the Polymer:Fullerene Bulk Heterojunction
1.4.5.1 Donor:Acceptor Mixing Ratio

A straightforward means to persuade the nano-morphology is by altering the
mixing ratio of donor (D) and acceptor (A) material. The ideal D:A mixing ratio
varies from 1:0.6 to 1:4 in case of general polymer: fullerene system. Though, the
fullerene absorbs only a small part of the incident light and a small amount of about
5% is enough for complete exciton diffusion however, a blend ratio of 1:4 may be
needed to form percolating pathways to the collecting electrodes [47].
1.4.5.2 Effect of Solvents

Solution processing technique offers several benefits over other film
fabrication technologies, which are generally costly and time consuming procedures
involving complex instruments as well. Consequently, solution processing technique
emerged as the most preferred methodology for producing organic optoelectronic
devices. Solution processing also provides the choice of organizing the phase
separation and molecular self-organization through the solvent evaporation step

and/or the film treatment step. The solvent stimulates the environment for the growth
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of ordered film, and accordingly affects the final morphology of the blend film.
Selection of solvents is a critical parameter influencing the morphology in polymer
blend films, and is well-documented in the literature [48, 49]. Spin coating from
single-solvent solution results in thin films, which possess optoelectronic properties
determined by the solution parameters and the spin coating process, for example
concentration, blending ratio, spin speed and time, etc. Meanwhile, solvent properties,
such as boiling point, vapour pressure, solubility, and polarity, also have considerable
impact on the final film morphology.

In 2001, Shaheen et al. demonstrated the effect of solvent and morphology on
device performance for the poly[2-(3,7-dimethyloctyloxy)-5-methyloxy]-para-
phenylene-vinylene  (MDMO-PPV):[6,6]-phenyl-Cg;-butyric acid methyl ester
(PCBM) blend system [50]. By replacing toluene with chlorobenzene (CB), the PCE
of the device dramatically improved to 2.5%. A more intimate mixing and stronger
interchain interaction accounted for this improvement. The solubility of the polymer
blend is much better in chlorobenzene (CB) than in toluene; thus, a much more
uniform mixing of the donor and acceptor is expected. This improved intermixing is
evidenced by the roughness of the polymer-blend film, where the chlorobenzene-
based sample has a much smoother film surface. Ma et al. also observed that
P3HT:PCBM polymer films were smoother and more uniform when chloroform was
replaced with CB [51]. The high efficiency is the result of improved morphology,
crystallinity, and cathode contact due to the better choice of solvent as well as post-
annealing treatment. Because of the better solubility of fullerenes in CB, its use
instead of toluene resulted in a finer phase separation, while thermal annealing in both

cases led to coarsening of the phases [52].
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1.4.5.3 Annealing Effect

Optoelectronic properties of the polymer-blend films can be modified by
adopting a variety of post-treatment methods. Post-treatment practicing of thermal or
solvent annealing is usually employed to improve molecular order and charge carrier
mobility. Annealing processes can broadly be arranged into two separate classes:
thermal annealing [51, 53, 54] and solvent annealing [48, 55-57]. These two
processes aim at improving the nanoscale lateral phase separation of the crystalline
P3HT aggregates and PCBM domains.

« Thermal Annealing

Thermal annealing can be done both on the final device (post-annealing) as
well as on the polymer blend film (pre-annealing), and the change in the annealing
sequence can have different affects on the final performance of the device. The time
and temperature of annealing process are the two factors that are critical to the
performance of the fabricated device. Moreover, the processing solvent used and
evaporated metal electrodes could also influence the ultimate device performance.

During the realization study of electroluminescence property in polythiophene
derivatives by Berggren et al., thermal annealing has shown to improve the
crystallinity of the polymer domains [58]. Again, the efficiency of P3HT:
fulleropyrrolidine solar cells was reported to increase from 0.1 to 0.6% by thermal
annealing at a temperature as low as 55°C [59]. Dittmer et al. observed an
improvement by a factor of 1.6 with an EQE of 11% in a system comprising of P3HT
and a  small-molecule  dye N,N'-bis(1-ethylpropyl)-3,4:9,10-perylylene
bis(tetracarboxyl diimide) (EP-PTC) with thermal annealing at 80° C for 1 h when

compared to an unannealed device [60]. Further, Padinger’s work in 2003 marked the
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importance of both post-annealing treatment and annealing with an external bias in
the field of polymer solar cells (PSCs) with efficiency as high as 3.5% achieved by
annealing the RR-P3HT:PCBM blend [61]. With more comprehensive studies on the
subject, PCE values of up to 5% were accounted via thermal annealing [51].

Other variations of the thermal annealing also materialized, one such approach
is of the microwave annealing reported by Chen et al. [62]. The performance of the
polythiophene/fullerene blend solar cell is decided by the corresponding optical and
electrical properties of the blended components and also by the self-organization

property of polymer which in turn is dependent on the processing condition.

In P3HT:PCBM composites, PCBM is thought to suppress the formation of
P3HT crystallites. PCBM is likely to be dispersed on molecular basis between P3HT
chains, restricting aggregation or crystallization of P3HT chains. With the annealing
at higher temperature, a reorganization of PCBM takes place and isolated molecules
of PCBM then diffuse to form larger aggregates (Fig. 1.13). In the PCBM free
regions, P3HT aggregates rearrange to P3HT crystallites. It has been shown that the
crystallinity of P3HT is increased by thermal annealing, forming crystallites with the
conjugated chain parallel to the substrate (a-axis orientation, i.e., main chain parallel
and side chains perpendicular to the substrate) (Fig. 1.13c) [63]. An improvement in
crystallinity enhances the near-infrared (NIR)-region absorption, hole mobility, and
decreases the rate of recombination among the separated charges due to the presence
of improved percolation channels in the blended mixture resulting in better device
performances. Kim et al. have also accounted the role of P3HTSs regioregularity in its
self-organization, and also reported increase in crystallinity with thermal annealing

[64].
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Figure 1.13: (a & b ) Structural changes of P3HT/PCBM films upon annealing
(c) Possible orientations of thiophene crystallites with respect to the substrate:
From left to right a-axis, b-axis, c-axis orientations (Adapted from Reference

[63])

«» Solvent Vapour Annealing

As supposed, solvent annealing process is not an annealing technique in the
right sense, as it does not involve heating of the sample. For a solvent annealing
treatment, the time period of spin coating is held short, with the intention that the
resulting layer remains wet. Then, the sample is gradually dried up under a Petri dish
in solvent vapour atmosphere. In this saturated solvent atmosphere, the polymers are

able to reorganise and crystallise [65]. So, the solvent-annealing approach is the type
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of post treatment that takes care of the polymer nanomorphology via manipulating the
speed of solvent removal. In the literature, Zhao et al. explained a solvent-vapour-
annealing approach based on a similar principle [66].

On the way to achieving a highly efficient PV device, the sufficient absorption
of solar radiation in conjunction with a more competent transport of separated charges
to the respective collecting electrodes are prerequisite. In the RR-P3HT based
systems, the improvement in the crystallinity of the polymer is known to augment
both the photo absorption in the long wavelength range and the hole mobility.
However, thermal annealing is recognized to bring about only a partial recovery of the
RR-P3HTs crystallinity and hence a small improvement in the photo absorption by
the blend film, suggesting that this approach alone cannot serve the purpose and is not
sufficient to wholly exploit the potential of the RR-P3HT:PCBM system. Further
supporting fact is that a thicker photoactive film cannot be employed for increasing
the absorption and hence, the efficiency of the device as there existed the bottleneck
of carrier transport.

These constraints can be overcome by adopting another technique called
“‘solvent annealing”’ (or slow growth). This approach preserves the ordering within
the polymer domains during the film formation stage as opposed to improving the
crystallinity (ordering) of RR-P3HT aggregates which was lost during the fast solvent
removal (fast spin coating) process. By reducing the rate of solvent removal during
the growth of active polymer layer from solution to the solid state, the self-
organization in polymer chains can be controlled. The inherent polymer self

organization potential (i.e., well oriented structure) can provide higher absorption,
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higher carrier mobility, and balanced carrier transport increasing the efficiency of as
formed devices.
1.4.5.4 Effect of Cosolvents

Post-treatment methods cannot be easily put into the practice in real processes.
As, flexible substrates with a low glass transition temperature are incompatible with
the use of thermal annealing, and solvent vapour annealing approach is unsuitable for
existingt roll-to-roll processes owing to the risks associated with the solvent vapour.
As a result, there was a need to develop new processing activities that produce highly
ordered structures and morphologies without post treatment for the advancement of
high performance OSCs. Additions of solvent additives in to the active layer spin
coating solution or the use of solvent mixtures for active layer preparation can prove
to be effective in tuning the morphology of photoactive layer. This newer approach of
solvent additives or solvent mixtures can affect the performance of OSCs in several
ways. Some of the effects of this method on the photovoltaic parameters are discussed
in the following sections.

« Improvement in Optical Absorption and Photocurrent Generation

Numerous research groups have attempted at enhancing the molecular
ordering of semiconducting polymer films and their electrical properties [67—72] by
adding a small amount of processing additive in to the host solvent. One such
approach was successfully demonstrated by Kiriy et al. [73] as they produced
polythiophene nanowires in dilute solutions by adding a poor solvent, hexane, to the
blend solutions. Moule” and Meerholz [48] and Li et al. [74] recently produced
ordered P3HT aggregates in solution by using a similar method, which was found to

enhance photovoltaic device performance when employed in the active layer of OSC.
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It has also been reported that solvent mixtures have a significant effect on film
morphology and device performance, namely on Js, Vo, and FF. Previous efforts on
the solvent-mixture approach focussed on two miscible solvents, which offer
considerable solubility to both the polymers and fullerenes. Recently, solvent mixture
approaches take advantage of the cooperative effect of solvents offering distinct
solubility to the blend components [75]. The incorporation of additives into a host
solvent signifies a revolutionary method and an important step towards controlling the
BHJ morphology. It offers a unique presentation approach to examine the film-
formation dynamics in the spin coating process.

However, it is very important to indicate that such solvent mixtures raises a
more complicated situation in both the solution and film evolutions, as the solutions
now develop into multicomponent (phase) systems. Therefore, to maintain simplicity,
two solvents are generally engaged in the solution system when studying on the
elementary principles for improving the performance. However, solvent-mixture
method should not be limited to only two solvents; ternary- or even quaternary-
solvent systems are also rational approaches.

The solvent mixture systems have been intensely investigated by several
groups, presenting a clear realization of the solvent selection rules for desirable
morphology [76]. Again, a perfluorinated compound, 4-amino-2-(trifluoromethyl)
benzonitrile (ATMB), was included as an additive to the P3HT [poly(3-
hexylthiophene)]:PCBM [[6, 6]-phenyl-Cg;1-butyric acid methyl ester] blend films.
The incorporation of 6 wt% ATMB to a P3HT:PCBM layer increased the power
conversion efficiency to 5.03% attributable to the better short circuit current and fill

factor compared to a conventional cell without additive. In contrast, the devices with
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4-aminobenzonitrile as an additive (not containing fluorine atoms in the molecule)
showed lower PCEs than that of the conventional cell. The ultraviolet-visible (UV-
Vis) absorption measurements, X-ray measurements and carrier mobility studies
demonstrated that ATMB supported ordering of the P3HT chains, ensuing higher
absorbance, formation of larger P3HT crystallites and better hole mobility [77].

Alkane dithiols have been the best acknowledged class of “processing
additive”, effectual in modifying the morphology in reasonably large number of
polymer classifications including classical P3HT donor polymer as well some low
band gap polymers. Addition of alkyl thiols, which are bad solvents for P3HT, to
P3HT/PCBM blend solution in toluene can increase the photoconductivity and carrier
lifetime, owing to the enhanced structural order [78]. More recently, Peet et al.
accounted twofold increase in efficiency from 2.8 to 5.5%, with Js. reaching value as
high as 16.2mAcm™ by incorporating a few volume percent of alkane dithiols into the
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:C7;-PCBM polymer blend solution [79]. Such a
great improvement in efficiency was credited to the improved interactions among the
polymer chains and/or between the polymer and fullerene phases upon alkane dithiol
addition, confirmed from the absorption spectra.

0,

« Improvement in Crystallinity and Charge Carrier Mobility

Earlier, the formation of fullerene nanocrystallites by addition of ‘‘bad”’
solvent was reported by Alargova et al. [80]. It was thought that fullerene molecules
have a propensity for crystallization upon contact with a ‘‘bad’’ solvent in order to
decrease the overall energy. The size of these closely dispersed aggregates is thought

to be related to the concentration of fullerene and selections of solvent, regardless of
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the volume of the ‘“bad’’ solvent added. However, further detailed studies brought out
that it is the well ordered crystallization of donor polymer that is responsible for
improved performance of the devices rather than the crystallization of fullerene
component upon addition of the bad solvent. A comprehensive account of alkane
dithiol incorporation was done by Lee et al. to elucidate the mechanism of structural
organization, with the alkane dithiols participating as ‘‘processing additive’’, without
reacting with any of the polymer or fullerene components [81].

The alkanedithiol selectively solubilised the fullerene phase, while the
PCPDTBT remained comparatively insoluble. As a result of the higher boiling points
of the alkanedithiols (b.p. >160 °C), the fullerene phase remained in the solution, and
polymer gets more freedom to self-align and crystallize first. Consequently, the
phase-separation morphology can be controlled by various alkanedithiols and by
tailoring their relative ratios.

Additionally, the polymer domains are retained even after removal of the
fullerene phase, allowing the study of the rendered polymer network. Fig. 1.14 shows
the atomic force microscopy (AFM) and transmission electron microscopy (TEM)
images of the PCPDTBT:C7;-PCBM films with and without 1, 8-octanedithiol (OT),
as well as the exposed PCPDTBT network after selective dissolution of the Cy-
PCBM. These figures noticeably illustrate larger PCPDTBT and C;;-PCBM domains
due to OT addition, representing better percolating pathways for both carriers from
these larger interconnected domains thereby improving the performance of device
[81]. Carrier transport studies also identified enhanced network by the improved

electron mobility [82].

39



CHAPTER I Introduction

Figure 1.14: AFM image of PCPDTBT/C7;-PCBM BHJ film a) without and b)
with 1,8-octanedithiol; AFM image of exposed polymer networks after removal
of C71-PCBM c) without and d) with 1,8-octanedithiol; TEM image of exposed
polymer networks e) without and f) with 1,8-octanedithiol (Adapted from
Reference [81])

The mechanism for introduction of n-dodecylthiol to P3HT:PCBM solution to
improve the P3HT crystallinity and to enhance the P3HT:PCBM phase separation has
been detailed by Liu et al. It was elucidated that n-dodecylthiol played a significant
role in the solution and during the film-forming process. In solution, n-dodecylthiol

decreased the P3HT chains entanglement facilitating coil-to-rod transformation of
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P3HT chains and enhanced the P3HT crystallinity. During the film-forming process,
introduction of n-dodecylthiol reduced the amount of PCBM which dissolved in the
amorphous regions of P3HT, promoting the aggregation of PCBM and hence,
supported uninterrupted crystallization of P3HT contributing to the controlled
nanoscale phase segregation between the domains. Thus, an increased P3HT
crystallinity and a commensurate scale of phase separation balancing for excitons
dissociation and charge transport and/or collection led to nearly threefold increase in
the device efficiency when the volume fraction of additive is 2.0%. An important
conclusion from their study was that the addition of additive promotes the dispersion
of P3HT in solution rather than the aggregation of P3HT, resulting in an increase of
the solution’s shelf lifetime that can promote the relevance of mass production
manufacturing [83].

In view of that, two provisions were recommended for incorporating
alkanedithiols to control the blend film morphology: i) selective solubility of the
fullerene component and ii) a higher boiling point (lower vapour pressure) than the
host solvent. This study paved insight into the mechanism of morphology evolution in
blend film considering addition of a ““bad’’ solvent, and specified a rule for selection
of different solvent additives.

Even though chloroform and chlorobenzene offer good solubility for
conjugated polymers, but they are somewhat poor solvents for asymmetric Co-
fullerene derivatives such as PC7:BM necessitating the involvement of a solvent
additive that can cut down the miscibility gap between the conjugated polymer and
PC71 BM in order to form more-homogeneous films. Particularly, 1, 8-di(R) octanes,

with different functional groups R (such as iodo, thiols), can improve the misciblility
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of PC7:BM with the polymer [84]. Moreover, the chain length of the alkyl group in
the additive can also considerably affect the morphology of the active layer and
hence, influence the performances of photovoltaic device.

The use of processing additive was further investigated for the polymer
poly{bi(dodecyl)thiophene-thieno[3,4-c]pyrrole-4,6-dione}  (PBTTPD) in the
PBTTPD:PC;1BM system by Su et al. and found that PCE of a device with
PBTTPD:PC;1BM (1:1.5, w/w) as the active layer can be improved from 5 to 7.3%
(approximately 45% increase) following the addition of 1, 6-diiodohexane (DIH)
additive having appropriate alkyl chain length during active layer preparation. DIH
provided finest dispersion of PC;;BM due to a balance between the solubility of
PCBM and interaction among the additive and polymer component. They also
revealed precise morphology of active layer with the use of techniques such as
simultaneous synchrotron grazing-incidence small/wide-angle X-ray scattering
(GISAXS/GIWAXS) and transmission electron microscopy (TEM) and ascertained
that apart from inducing higher polymer crystallinity (2.4 and 3.6 times in the out-of-
plane and in-plane directions, respectively) the additive DIH also reduced the average
size of the aggregated fractal-like PC71.BM clusters from 150 to 30 nm by eliminating
the grain boundaries compared to other similar types of solvent additives like 1,4-
diiodobutane (DIB), and 1,8-diiodooctane (DIO) [85].

In addition to solvent additives mentioned above, nitrobenzene solvent was
also known to have the capability of controlling the polymer blend film morphology
[86]. It has been identified that P3HT exists as crystalline aggregates and as
amorphous structures in the polymer blend film, giving rise to a multicomponent

(amorphous P3HT rich and poor in PCBM, and aggregated P3HT rich and poor in
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PCBM) phase separated system. The amorphous-to-aggregated P3HT ratio can be
quantified in both the liquid and solid phases by means of solvatochromatic shift in its
absorption spectra. PCE of this device without any post-treatment reached a value as
high as 4% by addition of 4.25% nitrobenzene in the solution resulting in a
completely aggregated P3HT in the composite film.

With an analogous method of addition of a bad solvent for P3HT, i.e., hexane
into a well-dissolved solution of P3HT Li et al. established the structuring of ordered
P3HT aggregates via interchain n-n stacking [87]. The preformed ordered P3HT
gradually aggregated in the solution and brought about the alignment and
crystallization of the P3HT chains improving the conductivity [88]. Also, addition of
high-boiling-point solvent, 1-chloronaphthalene (Cl-naph), into the common solvent
di-chlorobenzene (DCB) led to better self organization of the P3HT chains by
reducing the rate of solvent evaporation [89]. The improved crystallinity decreased
the series resistance and improved the device efficiency.

Park et al. also detailed the growth of P3HT nanostructures as a function of
the aging time of a precursor solution in a marginal solvent, methylene chloride.
Dilute solutions produced near spherical particles at short aging times, and with
further aging P3HT developed into one-dimensional rod-like structures with lengths
of up to several microns. Dense nanowires were progressively formed at higher P3HT
concentrations and longer P3HT solution aging times, improving the electronic
properties of the films. This improvement was attributed to the change in P3HT
organization in the precursor solution from a random-coil conformation to an ordered

aggregate on account of aging in a marginal solvent, methylene chloride [90].

43



CHAPTER I Introduction

An effective approach to manage self-assembly of the all-conjugated diblock
copolymer  poly(3-butylthiophene)-b-poly(3-hexylthiophene)  (P3BHT) into
nanostructured morphologies by means of mixed solvent approach were looked at in
detail for the first time. The effects of solvent and temperature on the self-assembly
process of P3BHT through cooling and successive crystallization route were also
explored. It was understood that the ratio of poor/good solvent (i.e.,
anisole/chloroform) controls the different kinetic pathways adopted by P3BHT chains,
yielding nanowires at a low anisole/chloroform ratio (< 2: 1), while nanorings in
conjunction with some nanowires were observed at a high anisole/chloroform ratio
(>6:1). The nanowires were considered to be a direct outcome of strong interchain
stacking, whereas the formation of nanorings is a reflection of solvophobic
interactions between conjugated blocks and the poor solvent anisole diminishing the
unfavourable interactions between the poly(3-butylthiophene) (P3BT) block (50 °C)
and later P3HT (below 35 °C) block and anisole [91].

«+ Vertical Phase Seqgreqgation

Polymer blends can probably demix (phase separation) when spin coated from
their blend solutions owing to their low entropy of mixing [92]. The fast quenching of
the solvent leads to nonequilibrium morphology; and accordingly such a film
evolution to a certain extent is a complicated process, wherein both thermodynamic
and Kinetic factors have significant role to play. Vertical stratification results from the
different solubilities and surface energies of the blend components and from the
kinetics of the spin coating process. A volatile solvent is expected to produce a
homogeneous film, while vertical phase separation becomes apparent in a viscous

solvent casted film. Upon vertical phase separation, the component with low surface
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energy is likely to be segregated at the surface or interface in order to decrease the
overall energy of the system. An optimal morphology with lateral and vertical phase
segregation can be obtained by controlling the drying rate of film via adjusting the
solvent viscosity and spin coating condition, as well as with certain surface treatment.
Some “‘bad’’ solvents can act as ‘‘processing additives’’ to form PCBM aggregates,
which aid the self-organization of both components, and encourage vertical phase
separation. If the vertical segregation in the active layer can be controlled to the level
of optimal structural morphology, with a donor-enriched anode and acceptor-enriched
cathode, efficient charge dissociation and charge transport are likely to take place via
interpenetrating network and interconnected pathways, respectively to improve the
performance of photovoltaic device.

Efforts were also concentrated on exploring the insight of vertical stratification
in P3HT:PCBM blend on OT addition. Incorporation of OT was determined to
maintain the crystallinity of P3HT even at heavier loadings of PCBM on the basis of
reorganization among the P3HT and PCBM phases in the blend film. AFM images
revealed more rough surface for the composite films upon OT addition, with fibrillar
crystalline P3HT domains. As ion bombardment methods are known to introduce
artefacts in the film that alter its properties so, top and bottom surface compositions of
the film were analyzed by X-ray photoelectron spectroscopy (XPS) via separating its
top and bottom fractions with unique ‘float-off”” method, without disturbing the film
composition [93, 94]. XPS analysis confirmed a heterogeneous distribution (vertical
phase separation) of the blend components upon OT addition with the interface of
PEDOT:PSS/active blend being populated with PCBM fraction. Such PCBM-

enriched anode is unsuitable for hole collection in the regular device structure, but can
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prove to be beneficial for the inverted configuration, as in such a configuration the

ITO side behaves as the cathode.

Without OT With OT

Figure 1.15: Proposed model of film evolution during the spin coating process.
Black wire: P3HT polymer chain; Large black dots: PCBM; blue dots: DCB
molecules; and red dots: 1,8-octanedithiol molecules; a—c) correspond to three
stages in the spincoating process when DCB is the sole solvent; d-f) when
octanedithiol is added into DCB (Adapted from Reference [95])

Fig. 1.15 demonstrates the effect of OT incorporation during the spin coating
process. The host solvent DCB has a lower boiling point (198 °C) than OT (270 °C),

but offers higher solubility for PCBM. Accordingly, the concentration of OT
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increased progressively during the process of spin coating, with PCBM forming
clusters and aggregates in the OT phase simultaneously. P3HT has a higher surface
energy than PCBM. Thus, in order to reduce the overall energy, P3HT tends to
accumulate at the top (air) surface, while PCBM correspondingly segregates at the
PEDOT:PSS interface. Accordingly, the preformed PCBM aggregated, and resulting
P3HT crystallites formed percolation pathways for both carriers with a favourable
vertical phase-separated morphology in the inverted structure [95].

In accordance with the solvent-mixture criteria proposed by Lee, two more
additives, di(ethylene glycol)-diethyl ether (DEGDE) and N-methyl-2-pyrrolidone
(NMP) with similar benefits were also identified. Their work demonstrated a unique
method to investigate the buried interface without altering the film properties, and
revealed the vertical phase separation of the P3HT:PCBM blend upon ‘‘bad’’ solvent
addition. It was pointed out that the inverted configuration might offer a promising
alternative to the regular structure by taking advantage of the vertical phase
separation. Furthermore, recent studies also inferred the occurrence of vertical phase
separation even without additive incorporation [96].

1.5. Aim

Polymer solar cells (PSCs) are still in the research and development phase. To
bring them closer to the stage of commercial efficient devices, several issues should
be addressed, including further improvements of their efficiency and stability. These,
in turn, are determined to a large extent by the morphological organization of the
photoactive layer, i.e., the layer where light is absorbed and converted into electrical

charges.
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The scope of the present work is to look into the ways to control and
manipulate the morphology of ultra-thin (100-200 nm) donor/acceptor photoactive
layers prepared via solvent-based techniques, and to establish the relationship
between the (three dimensional) morphological organization of photoactive layers and
the PSC performance in an inverted organic solar cell.

1.6. Plan of Work

This work mainly consists of controlling the morphology of ultra-thin (100-
200 nm) donor/acceptor photoactive layers prepared via solvents based technique and
the same is accomplished through the following steps:

a) An unmodified (without cosolvent addition) inverted solar cell with a layer
structure of glass/ITO/ZnO/P3HT:PCBM/MoO3/Ag was prepared and a detailed study
of its efficiency.

b) The concept of solvent induced crystallization of donor poly(3-hexylthiophene)
(P3HT) polymer was extended to the photoactive blend of inverted organic solar cells
c) Different cosolvents (with different solubility index) were evaluated for active
layer preparation.

d) A comparison study of conventional (blended addition) method of cosolvent
addition to the active layer spin coating solution with the new two step individually
mixed cosolvent addition.

e) Ternary solvent mixture approach for active layer preparation was applied to the

inverted OSC.
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2.1 Overview
his chapter throws light on the materials and techniques employed in the
fabrication process of organic bulk heterojunction solar cells. All stages
of solar cell fabrication starting with the methods for cleaning glass
substrates to the techniques used to deposit the different layers have been discussed in
detail.

Fabrication being just the initial step towards realization of the properties and
characteristics of OPV devices, further extensive variety of techniques are available
that can be utilized to characterize OPV devices. The techniques used in this work are
illustrated systematically. The typical measurement methods used comprises of

electrical measurements, such as photoluminescence and solar cell characterization by
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means of solar cell test circuit and current-voltage (I-V) measurements. Different
spectroscopic techniques such as; ultraviolet and visible (UV-Vis) and grazing
incidence X-ray diffraction (GIXRD) have been used to evaluate the optical
performance of the materials. Eventually, microscopic techniques such as atomic
force microscopy (AFM), contact angle measurement have been employed to
envisage the surface characteristic and morphological attributes of the deposited
films. All the phases in solar cell fabrication and characterization are discussed in this
chapter.
2.2 Fabrication Techniques
2.2.1 Laser Scribing

The ITO or transparent conducting layer in thin film solar cell modules has a
considerable effect on its power conversion efficiency [1, 2]. To facilitate reduction in
the resistive losses and active area losses of solar cells, ordered patterning of ITO thin
films is essential in the structuring of interconnect lines and assembly of thin film
solar cells [3]. A variety of techniques have materialized for patterning ITO electrodes
with sharp edges and electrically insulated channels between the conductor contours
for thin film solar cells. Thin film patterning techniques include the most popular
photolithographic technique with wet etching in acidic solutions [4]. However, such a
method involves several process steps and the requirement of costly equipment as
well as lethal chemicals. Also, such methods give rise to grooves with disseminated
edges owing to lesser or excessive etching. Consequently, it became elemental to
produce a nonlithographic or direct patterning approach to put together well defined

structures with fine edges on ITO electrodes.
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Laser ablation is the method of removing materials from a substrate by direct
absorption of laser energy, thus creating the required arrangement of narrow and clean
patterning on account of their assistance in localized heating and material removal [5—
7]. Laser scribing (laser thin film removal) is thought to be an ideal tool as it allows
fast, non-contact, narrow and clear-cut removal of the thin films. For electrical
isolation of the individual segments of electrically conducting substrates from short
circuiting, an insulating layer is required in between these conducting segments of
solar cells. Such a practice includes the irradiation of a glass pane with a strongly
focused laser beam, resulting in the removal of one or more layers of thin film from

either thin film material, or from the glass pane itself.

Figure 2.1: Laser scribing machine (Electrox 600 Group, IR L6 1064 nm)
Maskless patterning of ITO films using a diode-pumped Q-switch

neodymium-doped yttrium aluminium garnet (Nd:Y3Als0;12, Nd:YAG) laser at its

58



CHAPTER 2 Characterization Techniques

fundamental wavelength (A=1047nm) in the infrared (IR) region had been established
to give in clear-cut line in the present work. Experimental setup consists of a Nd:YAG
IR laser, the optical system, the XY table and the computer-based controller (Fig.2.1).
The experimental sample (size 50 mm x 50 mm) fixes on the vacuum chuck
positioned on the XY table which is controlled by a linear motor. The IR laser beam is
directed by the optical system and focused on the test specimen by means of the
focusing lens. Consequently, the focusing laser beam removes the ITO film on the
glass and the ITO circuit patterns would be generated. In the laser patterning
processing, depending on the material to be removed and the depth of scribing, the
process parameters such as the laser repetition rate, the laser power and the feeding

speed of XY table can be altered.

Figure 2.2: ITO pattern produced by IR laser processing system

ITO films on the glass substrate absorbs about 20% of incoming IR laser light
making the exposed regions of the glass substrate completely transparent. Fig. 2.2
shows the ITO patterns which is formed by the IR laser processing system (darker
portion is free of ITO), for which the processing parameters are set as follows: laser

power is 1.0 W, the feed speed is 10 mm/s and the line-width is 20 pm.
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2.2.2 Cleaning of Substrates

There are two essential techniques used in the cleaning of glass substrates such
as chemical cleaning and UV-ozone cleaning processes. The substrate used
throughout this work is ITO coated glass slide (Moserbaer India Ltd., India).
Typically, glass slides were cut into 50 mm squares and laser patterned prior to
cleaning. UV-ozone and chemical cleaning approaches were applied for cleaning of
ITO coated glass.

¢+ Chemical Cleaning

The process steps for cleaning glass substrateare as follows; the entire
procedure was carried out in a clean room excluding the drying process that was
accomplished in a laminar flow bench to make certain of a dirt free surrounding and
to avoid the break out of vapours of the solvents.

The glass slides were arranged tidily in a slide holder or zig and placed in a
beaker with a 5% solution of Triton-X detergent in de-ionised water; this was then
placed in an ultrasonic bath and sonicated for 15 min at 50°C. After this process, the
samples were repeatedly washed with deionised water to completely get rid of the
detergent solution and thereafter, rinsed in fresh deionised water for 15 min in the
ultrasonic bath. The samples were then placed in a fresh beaker filled with acetone
and covered; the beaker was then placed in the ultrasonic bath for 15 min. The samples
were put back to another fresh beaker filled with isopropyl alcohol and ultrasonicated for
15 min. The slides were then placed onto a clean drying rack and blow dried using the
nitrogen gun. The slide holder was then positioned in an oven at 100°C for 1 h to finally
dry the slides. The slides were then cooled, and once cooled then they were set aside in a

clean slide box and stocked up until needed.
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¢ UV-o0zone Cleaning

UV-ozone (Os) cleaning efficiently removes organic compounds, but it is not
helpful in getting rid of dust and inorganic salts. Further, if a thick film is build up by
the organic compounds of contaminants, ultraviolet irradiation may decompose most
of the polymers on the surface. Conversely, the polymers contained within and having
no oxygen crosslink with each other, do not undergo photolysis. For this reason,
effective UV-Og cleaning requires first round of chemical cleaning of the surface. The
initial cleaning is done mainly to eliminate the contaminants such as dust and salts
that may not be transformed into volatile products by the deed of oxidising UV-O3
cleaning, and also to get rid of a thick covering of the contaminants, the most of
which is expected to be converted into a UV-resistant coating by the crosslinking
action of ultraviolet rays radiating from the surface. Fig. 2.3 shows the picture of UV-

ozone cleaner used in this work.

Figure 2.3: UV-ozone cleaner (Jelight Company Inc., 144AX-220)
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The principle of UV-O3 cleaning is based on the fact that the organic
compounds are converted into volatile substances (e.g., water, carbon dioxide,
nitrogen) by a combined action of decomposition via ultraviolet rays and thereafter
strong oxidisation with atomic oxygen (O) produced during the formation and
decomposition of Oz. The volatile compounds thus produced are removed from the
contaminated surface. The major wavelengths of the ultraviolet rays radiated from a
well-known low pressure mercury vapour lamp are 184.9 and 253.7 nm. When
atmospheric oxygen (O,) is irradiated with ultraviolet rays of 184.9 nm wavelength,
the oxygen absorbs the ultraviolet rays to form O3 by the following reaction:

0,-0+0

0+ 0, - 03
Ozone (O3) so formed when irradiated with ultraviolet rays with a wavelength of
253.7 nm, it decomposes. At some point in the process of formation or decomposition
of Oz atomic oxygen is produced which have strong oxidising ability. Then,
contaminant organic compounds are irradiated with ultraviolet rays, and absorb the
ultraviolet rays to cause photolysis and generate the following substances:
Organic compounds irradiated | lons, Free radicals
with ultraviolet rays Excited molecules, Neutral molecules
These excited contaminants, or the free radicals formed by the photolysis, react with
atomic oxygen to form simple molecules such as CO,, H,O, N, and O, that are then
removed from the surface.
2.2.3 Wet Processing of active layers

Several methods are available for depositing thin films of polymers or other

materials onto substrates from its well dissolved solution for example; spin coating,
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drop casting, painting and printing. The fundamental idea following all of these “wet”
processes is to find a suitable solvent for the material(s), i.e., one that will suitably
dissolve the materials to be deposited without spoiling either of the substrate or
disturbing other layers that may already be there as in the case of multi layer devices
[8-10]. During this work, wet processing technique employed for depositing various
layers is spin coating; however, other techniques such as drop casting and printing are
preferred for large scale preparation of films when the eventual blend mixture has
been realized.
2.2.3.1 Spin Coating

Spin coating is the main technique used to deposit the polymeric layers on the
substrate in the present research work. Spin coating is a process wherein, a small
amount of solution is laid onto the substrate which is then spun at high speeds (up to
10,000 rpm) evaporating bulk of the solvent and setting up a thin film of uniform
thickness. In general, the substrate is clenched to a rotating chuck through a vacuum
pump and spun at high speeds, and air or a neutral gas such as nitrogen is flushed in to
the chamber to assist drying the solvent (Fig.2.4). The spin speed goes up to the
desired rate, continues at that speed for a particular span of time and then falls back to
a nil pace, upon which the substrate can be taken out from the spin coater.

Description of the spin coating process is intricate, as different factors such as:
solution viscosity, rate of evaporation, spin speed and air or nitrogen flow rate are to
be taken in to the account. However, a general expression indicating the relationship

between film thickness (d) and the other process parameters can be stated in as:

d=kwa (2.1)
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Where, w is the angular velocity, k and a are empirical constants associated with the
type of solution. The value of «a is typically around -0.5 and the value of k can

depends upon the initial viscosity of the solution [11].

Anrflow

IS

Radial Radial
liquid flow liquid flow

Evaporation :>

Liquid
film

Angular velocity

Figure 2.4: Schematic of the spin coating process (Adapted from Reference [12])

Considering the above mentioned factors, it becomes essential to optimize the
spin coating process by coating an array of samples with the desired viscosity at
various spin speeds to settle on the best possible speed and viscosity for the required
film thickness. Generally, the film thickness is known to decrease with an increase in
angular velocity for a particular concentration of solution. Spin coating is recognized
to be an excellent technique for depositing thin films of organic materials, but
reproducibility of the process to a great extent is reliant on the ability of the operator

to produce films of high quality.
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At a given spin speed, more concentrated or viscous solutions will produce
thicker layers. This affects the fabrication of solar cells as, in most of the cases, pure
polymer is not the sole component in the solution and other materials such as
fullerenes and/or other nanomaterials are added which affects the viscosity and hence,
the thickness of film [12].

There are two types of spin coating processes such as static or dynamic spin
coating process. In static spin coating, the solution is dropped on the substrate before
starting the spinning while, in dynamic spin coating, the solution is dropped onto the
already spinning substrate. These two types of spin coating (static or dynamic)
processes can bring about variations in film quality and thickness. One of the main
shortcomings of the spin coating technique is that the bulk of the material goes wasted
in this process. While, some share of this loss is due to the evaporation of solvent
however, wastage in terms of polymer and nanoparticles is still a very high percentage
of the original solution.

2.2.4 Vacuum Systems

Several methods followed in the solar cells fabrication use different vacuum
systems. To avoid explaining the concept of vacuum systems repetitively we shall
start by describing the basic principles of the types of vacuum systems used by us and
the following section will describe the vacuum based dry deposition processes. There
are a few important reasons for depositing materials in vacuum given as below:

1. The probability of contamination or oxidation is decreased, as air and other gas
pollutants or dust particles are removed from the chamber before deposition.
2. Superior film quality, as in air the mean free path (MFP) of a molecule is ~10 x 10°

® cm, i.e., a molecule can move about that distance prior to colliding with other
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molecule. The MFP being inversely related to the pressure in the chamber, so that
reducing the pressure, we can increase the MFP and subsequently decrease the
scattering for getting better quality film. For a vacuum of the order 10° mbar, the
MFP is increased to around 5 cm. Typically, a molecule can be involved in up to 10
collisions ahead of any evident divergence as of its original pathway, so fine film
quality will be sustained if the substrate is held within 10 MFP distance from the

material [13].

Vent Valv,

Chamber

Roughing

valve \v NN Pirani Gauge

> AQ Penning Gauge

™~ High vacuum valve

Mechanical
Pump Cryo or diffusion

Pump
&

Foreline valv Pirani Gauge

Figure 2.5: Schematic arrangement of high vacuum system

The typical arrangement of a vacuum system is shown in Fig. 2.5. Two pumps
are exploited in all the systems. A mechanical (usually rotary) pump is used to take
the system down to a pressure where the high vacuum pumps can function (~107
mbar). The Hind High Vacuum (HHV) system has two types of high vacuum pumps,
the thermal evaporators use diffusion pumps as shown in Fig.2.6 and the RF

Magnetron sputterer uses a cryopump.
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Figure 2.6: Schematic of diffusion pump (Adapted from Reference [15])

The working of diffusion pump can be summarized as heating of the oil which
evaporates all the way through a chain of concentric tubes [14]. To cool the oil, water
is forced around the exterior of the pump, which drops back on condensation. The
convection effect of this action pulls down the gas from the chamber which is carried
out by the backing pump. The oil stays behind in the pump until rendered to pressures
in excess of 10 mbar while hot, in such a case the oil can then vent into the chamber
causing contamination. Superior diffusion pump efficiency can be achieved by
including a “cold trap” at the top of the pump into which liquid nitrogen can be
placed. This cools the pump further and avoids “backstreaming”, where oil vapours
leave into the chamber. The oil has to be replaced at regular intervals as it becomes

spoiled following repetitive usage [14].
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Cryopumps operate by freezing gas or vapour from the chamber onto very
cold surfaces; which is cooled to ~15K using liquid helium from a compressor unit,
which is regularly passed throughout the system in the course of operation. The
drained out gases remain frozen in the pump, apart from very light elements which
cannot be frozen out entirely and are frequently isolated with attached carbon traps.
As the gases remain frozen in the pumps so, it becomes essential to “regenerate” the
pump, i.e., warm it to escape the trapped gasses, at regular intervals. Failure of
cryopump regeneration decreases its efficiency [15]. To deposit metal layer, vacuum
based dry deposition technique such as thermal evaporator is used.

% Thermal Evaporator/ Vacuum Evaporator

Thermal evaporation is a process to deposit thin film of metal or small
molecule organic semiconductors in the vacuum. The metal evaporation can be
controlled using the process parameters such as vacuum chamber pressure, source
material purity, and evaporation power, which is related with the evaporation rate. In
order to realize high-quality film deposition, the pressure of the vacuum chamber
should be kept around 6.67 x 10" mbar. When the deposition is carried out at higher
pressure than 1.33 x 10 mbar, hot vaporized metal particles react with left over
oxygen molecules and form metal oxide. Deposited layers in such a circumstance lack
metallic reflection and electrical properties. Fig. 2.7 shows the set up of a vacuum
evaporator. Material purity is also an essential parameter for high quality thin film
deposition. Purity of material should be over 99.99%. High purity of source material
reduces the possibility of side reactions or impurity formation during evaporation. The
evaporation rate ranges from 1 to 3 A/sec. Low evaporation rate of source materials

ensures protection of the sub-layer, which may otherwise be damaged by hot vapours.

68



CHAPTER 2

Characterization Techniques

WVacuum
vessel

Holder
(rotating)

Figure 2.7: Diagram of vacuum evaporator

Fig. 2.8 shows the design of the shadow mask used to deposit various metallic

layers in the devices. The design of the shadow mask depicts four cells each of area

0.09 cm?.

Figure 2.8: Model of the shadow mask for metal deposition
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2.2.5 Glove Box

A glove boxis a fastened box that is proposed where a separate work
atmosphere is considered necessary. The sides of the glove box are fitted
with gloves set up in such a way that the researcher can put their hands into the gloves
and carry out their chores inside the box without violating containment. A part or the
entire box is made transparent for user’s convenience so that they can observe what is
being carried out inside (Fig. 2.9). There are two types of glove boxes: one allows an
individual to work with hazardous substances, such as radioactive materials; the other
allows managing of materials that must be contained in a very clean inert atmosphere,
such as argon or nitrogen. It is also likely to exploit a glove box for keeping the

articles in a vacuum chamber.

Figure 2.9: Pictorial view of glove box from Jacomex
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The gas in a glove box is driven via a series of action mechanisms
removing solvents, water and oxygen from the chamber. Heated copper metal (or
some other finely divided metal) is commonly used to get rid of oxygen. This oxygen
removing column is by and large regenerated by passing a hydrogen/nitrogen mixture
through it while heated: the water formed is exhausted of the box with the excess of
hydrogen and nitrogen. Molecular sieves are commonly used to eliminate water by
adsorbing it in their pores. Such a glove box is more commonly used
by organometallic chemists to move dry solids from one storage place to another.
Inert atmosphere glove boxes are normally held at a higher pressure than the
surrounding air, so that any microscopic escapes are predominantly pouring out inert
gas in preference to allowing air into the box.

2.3 Characterization Techniques
2.3.1 Contact Angle Measurement

When an interface is present between a liquid and solid, the angle between the
surface of the liquid and outline of the contact surface is expressed as the contact
angle 0 (theta). The contact angle (wetting angle) is a measure of the wettability of a
solid by a liquid. In case of complete wetting (spreading), the contact angle is 0°.
When the angle is lying between 0 and 90°, the solid is wettable and above 90°, it is
not wettable. For ultrahydrophobic materials with the so-called lotus effect, the
contact angle comes up to the theoretical limit of 180°. The contact angle is
significant in processes where the extent of the phase contact between liquid and solid
substances is required to be considered such as coating, painting, cleaning, printing,

hydrophobic or hydrophilic coating, bonding, dispersing etc.
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base line
shape line (substrate)

N\

Figure 2.10: Sessile drop fitted with fitted contour

Contact angle measurements were attempted on Drop Shape Analysis (DSA)
system; Model DSA10MK2 from Kruss GmbH, Germany. DSA is an image analysis
method in order to find out the contact angle from the shadow representation of a
sessile drop and the surface tension or interfacial tension from the shadow image of a
hanging drop. A drop is placed onto a solid sample (sessile drop) or is positioned at
the tip of a needle (pendant or hanging drop). A picture of the drop is taken with a
camera and reassigned to the drop shape analysis software. A contour recognition is
initially carried out based on the grey-scale analysis of the image. In the second step,
a geometrical model relating the drop shape is fitted to the contour. The contact angle
is given by the angle between the calculated drop shape function and the sample
surface, the projection of which in the drop image is referred to as the baseline as

shown in Fig. 2.10.
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2.3.2 Atomic Force Microscopy (AFM)

Scanning Probe Microscopy (SPM) is a technique wherein a sharp probe is
moved backward and forward across a sample surface to acquire a 2D or 3D image in
a manner analogous to the creation of image on a television screen [16]. Atomic Force
Microscopy (AFM) was used in this work to take surface images of the polymeric
layers. AFM is a sort of SPM that was initially used in 1986 to look at the surface of
insulators [16]. Fig. 2.11 shows a schematic representation of the operation of AFM.
In this set up, the test sample is positioned on top of a table and instead of moving the
probe tip; the table is moved right through the scanning operation. The tip consists of
a cantilever with a sharp tip towards the end. The material composition of the tip
depends upon the desired scan type, but silicon or silicon oxide is most commonly
used. The tip can be layered with gold or other conducting metal, if a conductive tip is

required for electrical measurements.

Detector and
Feedback
Electronics

Photodiode

™

- PZT Scanner

Figure 2.11: A block diagram of atomic force microscope (Adapted from
Reference [17])

f\}, Cantilever & Tip
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Further, the tip is irradiated with a monochromatic laser and the reflected light
is then identified using a four segment photodiode. The location of the reflected beam
on the photodiode is to be worked out by the detector and response electronics
facilitate the x, y and z arrangement of the cantilever corresponding to the surface of
the sample. In certain modes, such as non contact mode, the tip can also be forced to
vibrate at its resonant frequency by a piezoelectric transducer; the van der Waals force
at the surface enables the tip to be held at an identified distance over the sample as the
resonant frequency is reduced [16].

Depending upon the type of sample to be tested and the measurements
required, an AFM can be operated in three different modes: contact mode, tapping
mode and non-contact mode. In contact mode, the tip is pulled through the test
surface, presenting an accurate topographical idea of the surface, but such an
operation mode can lead to damage of both the sample and the tip on account of
developed forces between the surface and the tip. In tapping mode, the tip has a short
contact with the surface prior to being raised; this process is continued over rest of the
selected surface of the sample. Such a mode is helpful for scanning the surface of soft
or fragile samples. Non contact mode assesses the van der Waals force existing
between the surface and the tip to acquire images of the surface. The van der Waals
force accumulated upon non-contact mode is much weaker than those in either of the
contact or tapping modes and is complemented by additional oscillation of the tip and
application of an AC voltage. As numerous trials have been conducted on polymers in
this work so, the tapping mode AFM was chosen as the most consistent means to

acquire images without spoiling the polymer surface [17].

74



CHAPTER 2 Characterization Techniques

2.3.3 Ultraviolet and Visible light (UV-Vis) Spectroscopy

UV-Vis spectroscopy was employed to consider the absorption and
transmission characteristics of the different materials used in the device fabrication.
The absorption characteristics of the materials were used to determine the regions
with maximum light absorption. UV-Vis spectroscopy evaluates the attenuation of
light while the light transmits through a transparent material or when it reflects from a
surface [18]. A light beam in the UV-Visible range (200-800 nm) was transmitted
through the sample and the absorption is measured. The calculated loss of beam light
can be explained in terms of scattering, absorption, reflection or interference. The
absorbed light results in electronic transitions and creation of either excitons or free
charge carriers thus affecting the electrical properties of the material. Such electronic
phenomenon builds up interest in this technique concerning the absorption
characteristics of solar cells.

The transmittance (T) at each wavelength can be determined from the ratio of
the initial radiant power (Po) and the final radiant power (P) using following equation
2.2 which is expressed in terms of percentage. It can also be stated in terms of initial

and final intensity of the light 1o and I, respectively [18].

P I
T = (P—0 = E) X 100 (2.2)

The absorbance (A) of light in the sample is considered to be linear within certain

limits and obeys the Beer-Lambert’s law as stated in equation 2.3 [18]:
A=aXbXc (2.3)

Where, a is the wavelength dependent absorption coefficient, b is the path length and

c is the analyte concentration. In this work, only thin films have been used on plain
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glass or ITO coated glass slides and so, we can ignore the last term as it is
insignificant when materials are not in solution form. The absorbance is related to the

transmission by equation 2.4 as:

A= —logT = —logpi (2.4)
0

Figure 2.12: Schematic illustration of the (a) sample assembly and (b) pictorial
view of UV-Visible spectrophotometer

Both T and A are unitless quantity and are expressed in arbitrary units, usually
as a coefficient between 0 and 1. Perkin Elmer 35 Lambda UV-Vis spectrometer has
been used to characterize the samples (Fig. 2.12). This instrument is a dual beam
spectrometer that uses a beam splitting device to obtain a background scan of clean
substrate prior to testing the thin films on the same substrate and uses a clean
reference substrate in the scanning process. This allows the substrate to be corrected
automatically during the scanning process and generates a spectrum meant for the
film only and not for the substrate [19].

The spectrometer comprises of a light source with monochromator, a chamber

in which the sample and reference cells are positioned, and a detector. The working
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system includes a double-beam arrangement, such that the source radiation is split
into two beams of identical intensity that pass through the two light pathways of one
and the same length; one through the reference compartment and other through the
sample compartment. Evaluating the intensity of the light which has gone through the
reference and sample cell allows for absorption corrections of the empty cells and
solvent to be applied to the final sample absorption, and also to include the
corrections due to the variations in power of the radiation source.

An ideal light source is the one which has consistent intensity over the whole
range of wavelengths. The Perkin Elmer 35 lambda spectrometer uses a tungsten-
halogen lamp with a useable wavelength range of 400-1100 nm, and a deuterium gas
discharge lamp with a working wavelength range of 190-400 nm. A single grating
monochromator is used to sweep through the wavelength ranges. The monochromator
is a holographic concave grating with 1053 lines/mm in the center. A single grating
monochromator uses broad band light which is diffracted by a slit placed at the
effective focus of a curved mirror. The light reflected from this mirror is efficiently
collimated (parallel light rays). The collimated light is then diffracted by a grating and
reflected off another curved mirror. This second curved mirror refocusses the
dispersed light back through an exit slit onto the end object. Rotary motion of the
diffraction grating causes the dispersed light to move relative to the exit slit, allowing
only certain wavelengths to reach to the sample and reference. UV-Visible
spectrometer used in this thesis work has a low stray light optics, a spectral bandwidth
as small as 0.5 nm, and high bandpass resolution of 0.5 nm sufficient to fully resolve
the absorbance peaks characteristic of all the environmental test procedures, including

the narrow bandwidth chlorophylls.
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This Perkin Elmer spectrophotometer includes a dual silicon photodiode
detector and a peltier-cooled lead sulphide (PbS) photocell. The photomultiplier
consists of an evacuated tube containing a cathode which an incoming photon strikes
leading to the release of an electron. This electron will strike a dynode which is set at
a positive voltage corresponding to the cathode. The dynode releases more electrons,
which then strike a succession of dynodes releasing a pour of electrons which
eventually strikes on to an anode providing a large quantifiable signal for every
received photon. Sample and reference cuvettes are made of quartz, so that absorption
is almost nil at the significant wavelengths, and cuvettes remain chemically
nonreactive to organic solvents. Since, double-beam optics is used in the spectrometer
so, to minimize the error percentage and to have equal or nearly equal absorption of
the two cells, comparable cells were employed.

2.3.4 Grazing Incidence X-ray Diffraction (GIXRD) Measurement

Grazing incidence X-ray diffraction (GIXRD) is a systematic method used for
phase identification of a crystalline material and this technique also supplies useful
informations on unit cell dimensions and other associated aspects of the crystalline
sample. The GIXRD patterns of the samples were recorded on Rigaku Ultima-1VV
grazing incidence diffractometer (Fig. 2.13) employing CuK,,; radiation at a scan rate
of 19min and step size 0.02 as of 20 ranging 3-25°C. X-ray diffraction measurements
of "thin" (1-1000 nm) films using conventional 6/20 scanning methods by and large
generates a weak signal from the film and a strong signal from the substrate. One of
the approaches to avoid such a situation and to get stronger signal from the film itself
is to carry out a 20 scan with a fixed grazing angle of incidence, commonly

recognized as GIXRD. This fixed grazing is usually kept at low angle and is carefully
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selected so that it remains greater than the critical angle for total reflection of the film
material. Compatible with thin films, this technique employs an X-ray beam fixed at a
low angle, typically greater than the angle for total external reflection. So, most of the

signals will be generated from thin film, whereas negligible penetration into the

substrate takes place, ensuring in small, if any signal being produced by the substrate.

Figure 2.13: Grazing incidence X-ray diffractometer (GIXRD, Rigaku Ultima
1V)

Grazing incidence diffraction is a scattering geometry, wherein the condition
of Bragg is merged with the circumstances for X-ray total external reflection from
crystal surfaces. So, such an advanced feature of GIXRD when compared to the other

diffraction systems support three orders reduction in the penetration depth (typically
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from 1-10 mm to 1-10 nm (10-100A) of X-rays inside the slab favouring the study of
thin film surface. As we know that at high energies of X-ray beam, the refractive
index of the majority of materials is slightly less than 1 and therefore, total external
reflection occurs from a surface, if the incident angle is sufficiently small (typically
1-25 milliradians or 0.05-1.5° depending on the substrate electron density and the X
ray energy). At this instant, the substrate is not completely concealed to X-rays, but
only short-lived wave transverses into and scatters from it. The intensity of X-ray
becomes highest at the surface, as required. Surface selectivity can be further
increased by reducing the incident angle and accordingly making the evanescent wave
to emerge faster. So, grazing incidence geometry is thought to be surface selective,
i.e., largely avoids scattering from the substrate, and does not require a transparent

substrate.

incident
beam

2 specular
beam

Figure 2.14: Schematic diagram of a grazing incidence X-ray diffraction
Fig. 2.14 shows a specular beam; if the incident beam is coming in at angle
less than the critical angle for total reflection, the specular beam does not carry useful

information. However, lateral order at the surface (or in a monolayer at the surface)
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can generate diffraction peaks. The diffracted beam need not to be observed only at
grazing exit angles, but may be detected at any angle, resulting in a K that has both

horizontal and vertical components [20].

Detector

Detector

Figure 2.15: Two diffractometers configurations in GIXRD.

Three basic components of an X-ray diffractometer are: an X-ray tube, a
sample holder and an X-ray detector (scintillation counter). X-rays are produced in a
cathode ray tube by heating a filament to produce electrons, which are then
accelerated towards the target for bombardment by means of voltage application.
When the electrons have gained enough energy to knock out electrons from the inner
shell of the target material, distinctive X-ray spectra is formed. These spectra include
many constituents, K, and Ky being the most standard one among them. K, consists of

two parts, i.e., Ky and Ky, Ky is of somewhat shorter wavelength and twofold
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intensity as K,,. The specific wavelengths are characteristic of the target material
(copper Cu, Iron Fe, Molybdenum Mo, Chromium Cr). Monochromatic X-rays
essential for diffraction measurements are normally produced by crystal
monochromators. K,; and K, radiation beams are suitably close in wavelength so that
it can be represented by weighted average of the two. Copper with CuK, radiation
wavelength of 1.5418 A is the most common target material for X-ray generation.
These X-ray beams are rendered parallel and focussed onto the sample. In parallel
beam method for thin films, X-ray tube remains fixed and only detector moves unlike
the Bragg-Bentanno configuration where both the X-ray tube and detector moves.
When the detector is being rotated, the intensity of the diffracted X-rays is recorded.

When the geometry of the incident X-rays falling on the sample satisfies the
Bragg’s equation, constructive interference occurs and a peak in intensity occurs. A
detector records and processes this X-ray signal and converts the signal to a count rate
which is connected to an output device such as a computer. Fig. 2.15 shows the
diffractometer configuration adopted in GIXRD measurements. The geometry of an
X-ray diffractometer is designed in such a way that the sample rotates in the path of
the collimated X-ray beam at an angle 6, while the X-ray detector rotating at an angle
26 1s mounted on an arm to collect the diffracted X-rays.
2.3.5 Photoluminescence Spectroscopy

Photoluminescence (PL) uses light in the near infra-red to the ultra-violet
range to excite the molecules of a sample and record its resultant luminescence.
Excited state electrons return back to ground state energy levels with the emission of
photons or luminescence which is then assessed. Photoluminescence can be

categorised into two types namely, fluorescence and phosphorescence. Fluorescence
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takes place when an electron in the singlet excited state jumps to the ground state with
the emission of photon; this transition is normally a fast process and the lifetime of
excited state electron is typically of the order of 108-10° s (i.e., ns time scale).
Phosphorescence is known to take place when the photon emission is from an electron
in the triplet state to the ground state. And, since the ground state electron has the
same spin orientation as the triplet excited state electron, therefore, such an electron
relaxation process is said to be forbidden. Excited state lifetimes in such cases are
much longer, on an average of milliseconds to seconds.

To probe the energy levels using PL, light energy is used to excite the
electrons from the ground state to excited states, as thermal energy alone would not be
sufficient to populate the excited states on account of the large energy gap between
these states. Photon absorption promotes a ground state electron to one of the
vibrational levels in a higher electronic excited state. And, as the electrons are not
very stable in the higher excited states, so they relax back to the lowest vibrational
level in the first electronic excited state through an internal conversion process within
10™*? s of their excitation, which is much more faster than their decay to the electronic
ground state. Electron then decays to one of the vibrational levels of the electronic
ground state with the emission of a photon. It is this transition from the lowest
vibrational level of first electronic excited state to one of the vibrational states of the
electronic ground state that is measured and builds up the vibrational structure in
emission spectra [21].

Electrons in an excited singlet state can also undertake transition to the triplet
state via intersystem crossing with the reversal of its electron spin and thus, excited

electron is no longer spin paired with the ground state electron. Intersystem crossing
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from a triplet state to the singlet state is forbidden, and so is the decay from the
excited triplet state to the ground state, and hence lifetimes are much longer; this is
known as Phosphorescence. The vibrational levels seen in the luminescence spectra
are similar to those seen in the UV-Vis spectra as the vibrational levels are much the
same for the ground and excited electronic states. Two modes of the operation for
photoluminescence are excitation and emission spectroscopy.

Excitation spectroscopy: In excitation spectroscopy, the wavelength of the incident
light is scanned while one wavelength is examined.

Emission spectroscopy: In emission spectroscopy, the sample is illuminated at a fixed
incident wavelength while the measured light wavelength is varied.

The equipment wused in these experiments was a Luminescence
Spectrofluorometer from Edinburgh Instruments, UK, Model: F900. Set up used in
fluorescence is similar as in UV-Vis measurements, but at this juncture, the emitted
light intensity versus the incident light wavelength is measured. Also the emitted light
has to pass through a monochromator so as to find out the intensity of particular
emitted wavelengths. The Edinburgh Instruments, UK, Model: F900 exploited two
Czerny-turner with a grating monochromator. The light source was a 450 W xenon
short-arc lamp, along with an off-axis mirror for light collection and focusing.
Detection was done by means of a photomultiplier tube.

2.3.6 Current Density-Voltage Characterization

Current density-voltage (J-V) curves give the most fundamental features
regarding the solar cell performance. J-V data were acquired using the Keithley 2420
source measurement unit. The ammeter can measure current from £ 100 pA to 3 A

and can deliver a direct current (DC) voltage from =5 pV to 60 V. The Keithley 2420
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was controlled by a computer connected to the device with a standard interface cable.
The remote instructions were specified using the programs written with the matlab
7.0.1 graphical language environment. The cell is placed under operating conditions
(AM 1.5G solar illumination using Photo Emission Tech. (PET), Inc., Model
SS150AAA solar simulator (Fig. 2.16) for all cells investigated in this work) and the
current through the cell is measured as a function of voltage using a power source.
The measured current is normalized by the active area of the cell, yielding the current
density.

As illustrated in Fig. 1.7 (in previous chapter), the J-V curve supplies the
parameters worth for the cell comprising of the open-circuit voltage (Vo), the short-
circuit current (Js), the power at the maximum power point (Pnax), and the fill factor
(FF). The fill factor is the ratio of Ppax t0 Voc*Jse, and provides a measure of the
rectification quality of the diode. The efficiency of the cell is simply the maximum
power point divided by the total light-power incident on the cell. Current-voltage (I-
V) measurements were taken using a two probe arrangement and the data was then
used to compute the sheet resistance (resistance of thin film with uniform thickness)
and resistivity of the film by the following methodology:

Ohm’s Law (V = IR) can be re-arranged to determine the resistance R = V/I,
which is the slope of the I-V graph and from the resistance, the resistivity (p) can be

calculated from equation 2.5 [22]:

p=—= — (2.5)
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Where p is the resistivity in Qcm, L is the distance between electrodes in the cell and

A is the cross-sectional area of film (cross-sectional area split to width (w) and

thickness (t) of the film).

Figure 2.16: A pictorial view of solar simulator (Model SS150AAA) alongwith
computer controlled Keithley 2420 source measurement unit

Thus, equation 2.5 can be re-written in the following manner:

RWt
P=—" (2.6)
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The sheet resistance (Rsy) is generally accepted term for discussing the
conductivity of uniform thin films which are being used as transparent electrodes. It
has ohms units, but is usually expressed in €/Sq (ohms per square). It is calculated by
dividing the resistivity by the thickness of the film. Because the thickness of film was
measured and the dimensions W, L and t are fixed by the aluminium layer deposited

using the shadow mask calculating the sheet resistance and resistivity was trivial.
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3.1 Introduction

hile, visualizing the framework of different potential technological

applications such as polymer solar cells (PSCs) or organic light

emitting diodes (OLEDS), conjugated polymer electron donor and
electron acceptor system is thought to be of most significance [1, 2]. Remarkable
importance held by this polymer donor and acceptor combination is because this
combination offers feasibility for large scale fabrication by simple solution processing
by means of techniques like spin coating, inkjet printing, roller casting etc [3]. Soluble
fullerene such as [6,6]-phenyl Cgi1-butyric acid methyl ester (PCBM) has been the
foremost choice for the electron accepting component on account of its higher
electron affinity, while among the conjugated donor polymer with electronic and
structural properties similar to semiconductors, poly(3-hexylthiophene) (P3HT)

polymer is predominantly studied [4, 5]. Although, individually these components are
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finest active materials in the current state-of-art for varied relevance however, mixing
of these two potential components offer more attractive structural, electrical, and
optical properties that can be exploited for advancement of existing technologies [6].

The use of solvent-cosolvent mixture for systematizing the P3HT:PCBM
blend has led to improved photovoltaic performance with more defined control over
the crystallinity and phase separation of the blended domains. The cosolvent, which is
introduced in small quantity to the blend, controls the aggregation of P3HT in the
blend mixture on account of the poor solubility of P3HT chains in this added
cosolvent [7]. The nature and quantity of cosolvent added will drive the control over
the crystallinity, domain size and orientation of polymer and also dictates the
miscibility of donor and acceptor materials. So, the selection of solvent system
utilized for active layer preparation is very important for building highly efficient
OSCs based on poly(thiophene) polymer/fullerene blends [8, 9]. As different solvents
have different intrinsic capacities to dissolve the P3HT component, there lies a chance
of precise control over the interconnected percolated nanoscale phase separated
domains of donor-acceptor with the exploitation of different solvents combination
[10].

We intend to achieve a close perceptive of cosolvent addition during active
layer preparation in inverted OSCs and its effect on the elementary parameters of
device performance. Solvent-cosolvent mixture system primarily dissolves one
component (mostly PCBM) of the blended mixture, avoiding interference of this
component in the crystallization process of the other component, i.e., P3HT donor
polymer. Moreover, study of four different cosolvents was completed so as to find the

best solvent mixture for active layer preparation in the inverted architecture device.
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3.2 Experimental
3.2.1 Materials

Poly(3-hexylthiophene) (P3HT) polymer (M, = 87000 g/mol and > 90% head-
to-tail RR) and [6, 6]-phenyl Cg1-butyric acid methyl ester (PCBM) were purchased
from Sigma Aldrich, St Louis, MO, USA. Ortho-dichlorobenzene (0-DCB) and
cyclohexanone solvents of analytical reagent grade were also procured from Sigma
Aldrich. Benzaldehyde, anisole and toluene solvents were obtained from Merck India
Ltd. Indium tin oxide (ITO) coated glass substrates with less than 20 Q/sq sheet
resistance were procured from Moserbaer India Ltd. Zinc acetate dihydrate,
ethanolamine and 2-methoxyethanol for zinc oxide (ZnO) preparation were also
obtained from Sigma Aldrich. Molybdenum oxide (MoO3) and silver (Ag) wire were
procured from Central Drug House (CDH).
3.2.2 Device Fabrication

ITO coated glass substrates were first cleaned thoroughly for 20 min each in a
soap solution at 50°C, demineralised water, acetone and isopropanol sequentially by
ultrasonication. Subsequently, after nitrogen drying these substrates were treated in an
UV-ozone chamber for 26 min. Inverted OSCs with a layer sequence of ITO/
ZnO/P3HT:PCBM/ MoO3/Ag were fabricated. Firstly, a 30 nm thick ZnO film was
deposited from a 0.5M ZnO solution which has been prepared from zinc acetate
dihydrate, 2-methoxyethanol (solvent) and ethanolamine (stabilizer). The deposited
layer was then annealed at 250°C to promote ZnO crystallization. The substrates were
then moved to a glove box for active layer deposition. The spin coating solution for
active layer deposition was prepared by dissolving 37.5 mg P3HT and 22.5 mg

PCBM per 2 mL of good solvent ortho-dichloro benzene (0-DCB) by stirring
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overnight on a hot plate at 50°C. Further, 5 vol % of each of the cosolvents
cyclohexanone, benzaldehyde, anisole and toluene were then individually added to the
above solution of P3HT:PCBM in 0-DCB and stirred for 2 h prior to spin coating. The
active layer was spin coated at 600 rpm for 2 min using the above prepared
P3HT:PCBM solution followed by mild annealing for 30 min at 85°C. To complete
the inverted OSC device preparation, a 7 nm thick hole transporting layer (HTL) of
MoO; and a top layer of 150 nm thick Ag were thermally deposited so as to prepare a
device having four cells, each with an active area of 0.09 cm?.
3.3 Characterization

The photovoltaic performance of devices of area 0.09 cm? under a solar
simulator (Model SS150AAA Photo Emission Technology Inc.) was obtained using a
Keithley (Model 2420) source meter. P3HT:PCBM films prepared with different
solvent mixture were studied by using various techniques. The absorption
measurements were done wusing a Perkin Elmer 35 lambda UV-Vis
spectrophotometer. Surface morphology was studied using atomic force microscope
(AFM) (Model: VEECO DI-3100) with Nanoscope (II1) in tapping mode. GIXRD
(grazing incidence X-ray diffraction) measurements were done using Rigaku Ultima
IV X-ray diffractometer with Cu-K, radiation source. Photoluminescence (PL) spectra
were recorded at an excitation wavelength of 470 nm using a Luminescence
Spectrofluorometer (M/s Edinburgh Instruments, UK, Model: F900).
3.4 Results and Discussion
3.4.1 Optical Characteristics

Fig. 3.1 illustrates the comparative absorption spectra of P3HT:PCBM (1:0.6)

layer which is casted using different solvent mixtures. All films characteristically

93



CHAPTER 3 Cosolvents effect on photovoltaic performance

show one prominent peak at 512 nm proportionate to intrachain transition in P3HT
chains, along with two vibronic shoulders attributable to extended conjugated chain
length resulting from the disorder-order transformation and interchain stacking
interactions, respectively [11]. These absorptions are typical characteristics of a solid
state well structured P3HT aggregates. The creation of such ordered aggregates of
P3HT progresses by transformation from random coiled phase of polymer chains
present in its well dissolved solution (like in 0-DCB) to extended rod like polymer
phases through its solvophobic interaction associated with the addition of a marginal
solvent. The extended coplanar polymer chains then arrange themselves in a most
organized manner with their hexyl side chains positioned in the interlayer spacing in
between these stacked lamellar chains [12].

Again, a difference in absorption intensities in the absorption spectra is found
due to the differences in the dissolution of polymer chains in solution mixtures,
varying with the polarity and other interactions intrinsic to the solvent. The solubility
is expressed in terms of Hansen solubility parameters (HSP) which is mainly having
three contributions, specifically, (atomic) dispersive forces (6 D), (molecular)
permanent dipole-dipole (polar) interactions (6 P), and (molecular) hydrogen-bonding
interactions (& H). In principle, the solubility parameter of solvent should not differ
much from the solubility parameter of solute. In case of P3HT, though the magnitude
of Hansen non-dispersive (polar, hydrogen) component 6 is much smaller than the
dispersive component but the magnitude of this non-dispersive component is affecting
the solubility of polymer in different solvents. Perhaps this is because of the
magnitude of 6 D of different selected cosolvents which do not differ much from o-

DCB and chloroform (known good solvents for P3HT) solvents (Table 3.1).
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Figure 3.1: Absorption spectra of P3HT:PCBM films casted from different
solvent mixtures

Addition of benzaldehyde cosolvent (with P3HT (Spsnt) and PCBM (Spcem)
solubility of 0.1 and 20.8 mg/mL, respectively) resulted in maximum absorption
enhancement as suggested by the highest absorption intensity of its 512 nm main peak
and (550 and 610 nm) shoulder peaks [13]. This increase in absorption intensity is due
to the most ordered growth of P3HT domains in o-DCB-benzaldehyde solvent
admixture. Such enhanced absorption characteristics in 0-DCB-benzaldehyde
admixture solvent can be explained in terms of poor solubility of P3HT chains in this
mixture solvent realized via its solubility parameters. This unfavourable solvophobic
interaction between P3HT chains and benzaldehyde solvent promotes the P3HT
crystallization in the solution and concurrently, the casted film inherits this organized

structure.
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Table 3.1: Hansen solubility parameters (HSP) of different solvents

Solvents BDMPa'® sPMPa'®) §HMPa'? ( mSgP/Sr':\TL) ( ns];m_)
CB 19.0 4.3 2.0 15.9 59.5
0-DCB 19.2 6.3 3.3 14.7 42.1
Chloroform 17.8 31 5.7 14.1 28.8
Toluene 18.0 1.4 2.0 0.7 15.6
Cyclohexanone 17.8 8.4 5.1 0.2 23.6
Benzaldehyde 19.4 7.4 5.3 0.1 20.8
Anisole 17.8 4.0 7.0 0.1 22.0

% D, 6 P, 6 H represent dispersive forces, (molecular) permanent dipole-
permanent dipole (polar) interactions, and (molecular) hydrogen-bonding
interactions, respectively

However, the minimum absorption intensity in case of 0-DCB-toluene solvent
mixture casted layer most likely associates with P3HT chains taking up a randomly
coiled conformation and hence restricting its interchain stacking. This variation in
conformation is owing to the solubility index of the toluene solvent (Spsut=0.7
mg/mL and Spcgm=15.6 mg/mL) that directs more solubility to P3HT chains and
lesser solubility to PCBM when compared to other selected cosolvents, restricting the
ordered growth of P3HT domains and hence, preventing it from efficient photon
absorption [14]. The absorption intensities of anisole and cyclohexanone casted layers
are lying in between these benzaldehyde (highest intensity) and toluene (lowest
intensity) casted films. Anisole solvent being a more poor solvent for P3HT polymer
chains than cyclohexanone cosolvent, P3HT chains undertake faster transition from
solvation to aggregation phase or self-assembly process is faster in anisole cosolvent
[15]. This rapid disorder-order conversion implies greater intensity of absorption

peaks in case of 0-DCB-anisole casted film compared to 0-DCB-cyclohexanone film.
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The solubility of P3HT in different solvents is recorded in the order: Chlorobenzene >
0-DCB> chloroform> toluene> cyclohexanone> benzaldehyde> anisole.  This
suggests that with decrease in solubility, aggregation in solution becomes faster which
in turn, increases the absorption by the casted films (excluding their disparity in terms
of boiling points).

Again, a comparison of the Hansen parameters of four selected cosolvents
with the best available solvents (0-DCB, chlorobenzene, chloroform) for P3HT
implies that disparity in solubility is mainly caused by difference in their non-
dispersive (polar, hydrogen) components. So, while selecting the cosolvent for active
layer preparation, the solvent with balanced polar and hydrogen bonding character is
best for overall performance of solar device. Though, benzaldehyde and anisole could
result in maximum photon absorption among all the solvent mixtures owing to faster
aggregation of P3HT but only improved absorption feature cannot guarantee good
solar cell performance as other processes such as excitons separation and charge
transport are equally important. So, cyclohexanone cosolvent with optimum 6 P, & H
and Spsyr provides the intermediate photon absorption but the best device
performance.

Fig. 3.2 shows the photoluminescence (PL) spectra of P3HT:PCBM (1:0.6)
layer formed using different solvent mixtures. PL emission quenching is suggestive of
successful exciton dissociation at donor-acceptor interface in BHJ blend and
subsequent charge generation. A higher PL intensity or a noticeable reduction in the
PL quenching in anisole casted film reveals larger size of phase separated domains
and recombination of photoinduced excitons ahead of it turning up to the interface for

dissociation. This is agreeing with the calculation of crystallite size in GIXRD
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measurements which showed the P3HT domain size as large as 16 nm in anisole
casted film and hence, results in inefficient exciton dissociation. However,
comparatively more quenched PL signals in cyclohexanone and toluene casted films

indicate closely contacted phase separated domains of small size with larger interface
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Figure 3.2: Photoluminescence spectra of P3HT:PCBM films casted of different
solvent mixtures

area for dissociation. Thus, converting excited energy stored in excitons to successive
photocurrent rather than passing on useless PL emission. It is presumed that for
efficient excitons dissociation, the domain size have to be within the excitons
diffusion limit (of the order of 8-10 nm). However, distant PL quenching seen with
larger grain sized (~ 12 nm) cyclohexanone cosolvent casted film can be manifested
in as the self quenching mechanism in the well organized planar P3HT chains formed

[16]. Such efficient polymer structure presents the interchain excitons formed within
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the blend structure with an easy energy dissipation channel at a diffusion length
farther than the normal excitons diffusion length (8-10 nm) in organic polymers and
consequently, deteriorating the prospects of radiative loss (photoluminescence).
3.4.2 Structural Characteristics

GIXRD measurements were carried out at a grazing incidence angle of 0.3° to
verify the structural order in the casted layers of P3HT:PCBM. In order to have more
intense diffraction peaks, the grazing incidence angle was set above the critical angle
of P3HT and below the critical angle of the substrate so that X-ray can go through the
entire volume of the film. GIXRD confirmed two types of peaks, one of (h00) type

and other of the (Oh0) type where h can be 1, 2, 3 etc., as indexed in Fig. 3.3.

cyclohexanone
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(200) (300)  (010)
T —

/
7
sa/

7

15
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Figure 3.3: GIXRD profile of P3HT:PCBM films casted from blend solution
modified with different cosolvents

Former type of peaks signifies lamellar intrachain orientation in P3HT chains

and other type of peak indicates definite interchain stacking orientation among the
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ordered P3HT chains [17]. However, later peaks of planar interchain stacking were
less prominent in these cases. These well resolved reflection peaks in the diffraction
pattern are characteristics of ordered packing in P3HT crystallites. Comparison of the
intensities of (100) reflection peak from different P3HT:PCBM layer could be used as
a useful means to correlate the extent of overall crystallinity in the different solvent
mixture casted films. Intense (100) reflection peak and higher order reflection peaks
of the type (h00) from different solvent mixture casted films recommend preferable
molecular orientation of P3HT lamellar structure along the a-axis of the
crystallographic plane.

Table 3.2: Interlayer spacing (dig) and P3HT crystallite sizes determined from
the (100) diffraction peak in GIXRD pattern

. Interlayer L
S.No. Device dzeegr(ég) distance FWHM Gr?r:rrlnc;,lze
(d100) (A)

1, Cyclohexanone ¢ 4 16.48 0.654 12.0
modified

2. Benzaldehyde 5.4 16.26 0.588 13.4
modified

3, Anisole 5.4 16.30 0.491 16.0
modified

4, Toluene 5.4 16.31 0.600 13.1
modified

The most favoured crystal structure of P3HT chains is specific of packing its
extended polymer n-system backbone parallel to each other and to the substrate, with
their perpendicular hexyl lateral chains in between these stacked layers.
Interdigitation among the hexyl side chains from parallel polymer backbone happens

inducing the interlayer spacing between the polymer layers [18]. Intensity of (100)
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reflection peaks of different casted films were found relatively the same. However,
variation was noted in the crystallite sizes and interlayer spacing in the donor
molecule. By employing the Debye-Scherrer equation, T = KA/ cos 8 (where, B = full
width half maximum (FWHM), A = wavelength of X-ray and T = size of crystal) we
could find out the mean P3HT crystallite size in the cyclohexanone casted film as
12.0 nm with interlayer spacing of 16.48A. Table 3.2 presents the summary of the
interlayer spacing (dig) intended of (100) reflection peak and crystallite sizes of
P3HT in the blend film casted of different solvent mixtures.

All casted films though have the same intensity of the (100) reflection peak,
however, the largest P3HT crystallites of size 16 nm was found out from (100)
reflection peak at 20 =5.4° in anisole cosolvent with interlayer spacing of 16.30A.
This bigger crystallite size is due to least solubility of the P3HT chains in the 0-DCB-
anisole solvent mixture, which increases the interaction among the P3HT chains in
turn. In case of benzaldehyde and toluene solvents, P3HT crystallite size was found to
be of the order of 13.4 and 13.1 nm, respectively with interlayer spacing of 16.26 and
16.31 A. Benzaldehyde cosolvent also being a non-solvent for P3HT chains compared
to cyclohexanone and toluene cosolvent, supports faster self assembly process in
P3HT and hence, P3HT aggregates of large sizes were formed. So, anisole and
benzaldehyde solvent could form larger and closely packed P3HT crystallites while,
in case of cyclohexanone solvent smaller P3HT crystallites are covering the surface of
film. So, ordered active layer precursor solution produced on account of marginal
solvent addition can improve the crystallization of donor molecule in the casted film.
Extent of crystallinity in the casted film is controlled by evaporation rate and

solubility index of the solvent.
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3.4.3 Morphological Characteristics

Morphological behaviour of the P3HT:PCBM layer was studied using AFM.
Fig. 3.4 illustrates the surface morphology of P3HT:PCBM layers casted by using
different solvent mixtures. There is a clear distinction between the characteristic
features of brighter P3HT phases and darker PCBM phases.

=100
nm

50.0
nm

0.0
nm

=100
nm

50.0
nm

0.0
nm

Figure 3.4: AFM topographic image scans of P3HT:PCBM films casted of
different cosolvents (a) anisole (b) benzaldehyde (c) cyclohexanone and (d)
toluene

102



CHAPTER 3 Cosolvents effect on photovoltaic performance

AFM images reveal that there is a strong influence of solvents used for spin
coating on the surface topography of the casted films. The surface of 0-DCB-anisole
casted film features larger P3HT crystallites supporting our data of crystallite size.
Benzaldehyde casted film depicts the closely packed larger P3HT crystallites with no
apparent phase separation showing smaller interlayer spacing between P3HT chains
which is in conformity with GIXRD data while, o-DCB-cyclohexanone casted film
displays dense coverage of well developed P3HT crystallites [19]. In contrast, toluene
casted film has greatly intermixed domains of P3HT:PCBM all through the surface of
film also verified by highly quenched PL signals. Ordered structure formation in the
active layer is required for presenting improved pathways to carrier transport and
simultaneously for gaining higher device efficiency.

3.4.4 Photovoltaic Characteristics

Fig. 3.5 illustrates the current density (Jsc)-voltage (V) characteristics of
inverted OSCs prepared from different solvent mixtures. Table 3.3 shows the cell
characteristics of the devices. The devices primed with cyclohexanone cosolvent
showed the excellent performance with an open circuit voltage (Vo) of 0.61 V, short
circuit current density (Js;) of 8.04 E-03 A/lcm? and fill factor (FF) of 61%, following
in a power conversion efficiency (PCE) 3.01+0.05%. This improvement in PCE is
attributed to the increase in photocurrent caused by a combined effect of ordered
P3HT crystallite growth, and precise size and phase separation of domains [20].
Although benzaldehyde and anisole casted devices had a greater share of photon
absorption, still they demonstrated poor device performance by reason of inefficient

photoconversion caused by higher series resistance (Rs) and lower shunt resistance
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(Rsh) In their devices owing to their large sized P3HT crystallites and larger phase

separation.
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Figure 3.5: Current density-voltage (J-V) characteristic of devices fabricated
with active layer casted from different solvent mixtures

Thus, merely the use of a non-solvent or marginal solvent for active layer
preparation may not be enough to raise the efficiency of the device. This particular
non-solvent should have an appropriate solubility index so as to produce well
crystallized nanoscale separated domains of appropriate sizes for efficient photon
harvesting. Also, in toluene casted device Ji. was the limiting factor that can be
related to insufficient crystallization of P3HT and hence limited photo absorption due
to interference by fullerene.

In contrast to other employed cosolvents, toluene solvent dissolves more
P3HT chains and lesser of PCBM so, co-precipitation of both components may lead to

intermixed domains of donor-acceptor that limits the apparent crystallization of P3HT
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chains in the blend film due to the interference by PCBMs. So, the photon absorption
and harvesting would be limited as P3HT is the foremost absorber of the photo
radiation. Studies carried out in this direction made us to realize the importance of the
active layer casting solvent on the crystallinity of the blended domains, photon
absorption, charge transport, and final efficiency of the inverted device. 0-DCB-
cyclohexanone solvent mixture was found to be the best combination among the four
studied combination of solvent mixtures for active layer preparation. An increased
efficiency is due to the optimum solubility of blend materials which leads to efficient
crystallization and enhanced photon absorption by the casted layer along with fine
separation between the phases for charge generation and transport.

Table 3.3: Photovoltaic device parameters under AM 15 G white light

illumination for inverted polymer solar cell with active layer casted with
different solvent mixtures

Substrate Device X;; ( A;]c:srct12) FF %E (Qi?]hwz) (QI;'STIZ)
1 Cyclohexanone 0.61 8.04E-03 0.61 3.01+0.05 700 12
2 Anisole 0.60 7.37E-03 0.57 2.56+0.04 477 15
3 Benzaldehyde 0.61 7.66E-03 0.58 2.72+0.05 600 16
4 Toluene 0.62 7.78E-03 0.59 2.85+0.04 667 13

3.5 Conclusion
The effect of different solvent mixtures on parameters inherent to photovoltaic

performance of an inverted OSC was studied thoroughly. The solvent mixture
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consisting of 0-DCB and cyclohexanone was realized to provide optimal polymer
crystallinity and proportionate lateral phase separation between the blended domains
in the BHJ blend of inverted OSC. This results in an increase in the generated
photocurrent density 8.04E-03 A/cm? ensuing in an efficiency as high as 3.01+0.05%.
This increase in efficiency of the inverted device was associated to the collective
effect of increased photocurrent generation and improved fill factor. Increased
photocurrent generation was ascribed to increased crystallinity and enhanced

photoabsorption with cyclohexanone addition to the main solvent.
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4.1 Introduction
he discovery of semiconducting conjugated polymers by Heeger,
Shirakawa and Mac Diarmid set the route for the growth and
development of research on organic solar cells (OSCs) based on a
semiconducting polymer donor and fullerene acceptor combination [1]. Compared to
their inorganic semiconductor counterparts, organic semiconductors such as
conjugated polymers have the advantage of low cost solution processing, simple large
scale production and also present the possibility of flexible device fabrication.
However, to achieve a competitive space in the energy sector and to become a
promising replacement to the expensive silicon technology, organic semiconductors
still have a long way to go [2, 3].
The issues of limited life time and smaller power conversion efficiency related

with the polymer based solar cells limit their prospects of commercialization. At the
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beginning of organic solar cells research and development, an efficiency of 1% was
accounted for the bilayer organic donor-acceptor combination. This structure
however, suffered from high photocurrent loss caused by insufficient donor-acceptor
interfaces in the vicinity of the photo generation point, as the photo generated excitons
in organic materials can diffuse only short distances of up to 8-10 nm before they
undergo a radiative or non-radiative decay. To overcome this limitation of reduced
donor-acceptor interfaces in a bilayer structure, a new structure with homogenously
distributed donor-acceptor interfaces throughout the active layer was investigated [4].

With the advent of bulk heterojunction (BHJ) concept in the photoactive layer
composed of conjugated polymer donor and soluble fullerene acceptor, advantage of
thicker photoactive layer implementation can be extended to organic solar cells
(OSCs). Also, distinct from their inorganic counterparts, organic materials need
external driving force for excitons separation and charge generation from their
strongly bounded electron-hole pair (excitons). So, BHJ model with intermixed
domains presents extended interfacial area between the blended photoactive
nanophases for bulk separation of photogenerated excitons [5]. As a whole, the BHJ
blend of poly(3-hexylthiophene) (P3HT) donor and [6, 6]-phenyl Cs;-butyric acid
methyl ester (PCBM) acceptor has been the most commonly proposed system for
photocurrent generation.

In the recent past, there has been a great improvement in the efficiency of
OSC with this donor-acceptor mixture in its photoactive layer [6]. One of the key
parameters which is continuously explored for further possible improvements in the
performance of solar devices prepared with this donor-acceptor pair is the

morphology transformation with the changes in processing parameters. Best possible
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morphology pertaining to the donor-acceptor pair corresponds to the balanced
equilibrium between the crystallinity (molecular ordering) within each phase and
nanoscale phase separation between its intermixed domains [7, 8]. Definite order in
the donor and acceptor moieties dictates photoabsorption and carrier mobility.
Furthermore, bi-continuous interpenetrating phases separating the nanoscale donor-
acceptor domains contribute to the successful exciton dissociation and bidirectional
pathways for carriers transport to their corresponding electrodes [9].

Solution processing method for active layer preparation allows control over
many process parameters including blending ratios of the two components, solvent
system employed; post treatment processes such as thermal and solvent annealing
etc., for organizing the photoactive blend morphology [10]. Though, post treatment
methods such as solvent vapour annealing and thermal annealing have shown to be
beneficial for improving the morphology and hence, the efficiency of OSCs.
However, such post treatment processes may not be effective for large scale
manufacturing practices.

Further, solvent system engaged in preparing active layer spin coating solution
has enormous effects on the morphology of the casted thin film. Earlier practice was
used to get a single solvent solubilising for both the components of blend. Such a
practice though may appear straightforward however; it is allied with the difficulties
of intervention from one component in the crystallization process of the other
component in the blend. Moreover, the different materials have different solubilities
in a particular solvent, so single solvent may not be suitable to accomplish the

required part.
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Recently, solvent-cosolvent mixture approach has been recognized to provide
the desired morphology to the photoactive blend. In this approach, a host solvent
dissolving both the components of the mixture evenly, and the second solvent is also
added which presents incomplete solubility to one of the component (predominantly
P3HT component) [11]. As a result, PCBM can remain dissolved in the solution
mixture so that undissolved P3HT chains start to crystallise out first in the solution

without being hindered by the completely dissolved component (PCBM).

- —

Glass
Inverted Cell Normal cell

Figure 4.1: Schematic representation of inverted and normal architecture of
polymer based solar cell

Until now, this solvent-non-solvent mixture approach has been opted to
practice for modifying the morphology of the active layer in normal architecture of
OSCs [12]. However, declining prospects of the normal architecture in OSCs as a
result of its non-stability and degradation from oxygen and moisture in the
atmosphere shifted the focus towards inverted configuration. This non-stability is
attributable to the existence of low work function reactive metal like aluminium at the
top, interfacing with the air. Replacement of low work function metal by a high work

function metal like silver (Ag) or gold (Au) can work to stabilize the overall system
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from the damaging effect of moisture or air [13]. Fig. 4.1 shows a recognized layer
sequence in inverted and normal architecture of polymer based solar cells.

As, there has been very limited reports on morphological modification of the
photoactive blend in inverted OSC via solvent mixture approach therefore, we
considered performing a detailed study on the effect of ortho-dichlorobenzene (o-
DCB)-cyclohexanone solvent mixture on P3HT:PCBM layer in case of inverted OSC.
Such a modification is worth considering, as the underlying and overlying layers
placed with the active layer in inverted configuration will cause the P3HT:PCBM
mixture to act in a different way to the solvent mixture modification from that of the
normal configuration OSCs.

4.2 Experimental
4.2.1 Materials

Poly(3-hexylthiophene) (P3HT) polymer (M,=87000 g/mol), [6, 6]-phenyl
Cei-butyric acid methyl ester (PCBM), ortho-dichlorobenzene (0-DCB),
cyclohexanone, zinc acetate dihydrate, ethanolamine and 2-methoxyethanol were
procured from Sigma Aldrich. Solvents used in this study like were of analytical
grade. Indium tin oxide (ITO) coated glass substrates (5 x 5 cm) with sheet resistance
of less than 20 Q/sq were purchased from Moserbaer India Ltd. Both, molybdenum
oxide (MoOs3) and silver (Ag) wire were obtained from Central Drug House (CDH),
India.

4.2.2 Device Preparation

Constituent layer structure in inverted polymer based solar cells comprises of

ITO/ ZnO/P3HT:PCBM/M003/Ag. ITO coated glass substrates were first patterned

using a laser scriber and cleaned thereafter via ultrasonication for 20 min each in a

113



CHAPTER 4 Optimization of processing conditions

soap solution at 50°C, demineralised water, acetone and isopropanol in succession.
The cleaned substrates were then dried using nitrogen and treated further in an UV-
ozone chamber for 26 min. Firstly, a ZnO (30 nm) layer was deposited on ITO using a
0.5M ZnO solution prepared by mixing (0.46 @) zinc acetate dehydrate with
ethanolamine (stabilizer) and 2-methoxyethanol (solvent). Subsequent curing of the
deposited ZnO layer was carried out at 250°C for 10 min. Active layer spin coating
solution was prepared by dissolving 18.7 mg of P3HT polymer and 11.3 mg of PCBM
in 1 mL of good solvent, i.e., 0-DCB by means of stirring overnight at 50°C on a hot
plate. For active layer modification, cyclohexanone cosolvent (5 vol %) was added to
the above prepared active layer spin coating solution and stirred further for 2 h.
Active layer was then spin coated using the solution and deposited layer was cured at
85°C for 30 min. Thereafter, 7 nm thick molybdenum oxide (MoO3) and 150 nm thick
silver (Ag) layers were thermally deposited at a deposition rate of 0.5 and 1.0 A s,
respectively, in a vacuum chamber maintained at a base pressure of 5 x 10° mbar.
Final photovoltaic devices with an active area of 0.09 cm? were prepared with and
without cosolvent modification in the active layer. Further, a comparison of the
performance of these devices with and without cosolvent modification was made.
4.3 Characterization

Device preparation was carried out in the nitrogen environment within a glove
box from Jacomex with pressure gradient of 3.0 mbar and oxygen level of 0.3 ppm.
The current density (J)-voltage (V) characteristics of the photovoltaic devices were
measured using a Keithley (Model 2420) source meter under a solar simulator (Model
SS150AAA Photo Emission Technology Inc.) equipped with AM 1.5 G filter with an

illumination intensity of 100 mW cm™. The UV-Visible absorption measurements

114



CHAPTER 4 Optimization of processing conditions

were carried out using a Perkin Elmer 35 lambda UV—Visible spectrophotometer.
Surface morphology studies were done using atomic force microscope (AFM)
(VEECO DI-3100) with Nanoscope (I11) in tapping mode. Grazing incidence X-ray
diffraction (GIXRD) measurements were carried out using Rigaku ultima IV X-ray
diffractometer (A=1.54 A) with Cu-K, radiation source at grazing incidence angles of
0.11%and 0.3°.

4.4 Results and Discussion

4.4.1 Effect of Ageing of Precursor Solution

P3HT:PCBM blend solution in solvent-non solvent mixture assumes P3HT
aggregation like a pure P3HT bulk solution in a non-solvent or marginal solvent. The
aggregation of P3HT is identified by conversion of P3HT from coil to extended rod
on account of solvophobic interaction with a marginal solvent and subsequently, n-n
stacking of these extended chains [14]. Aggregation can be settled as disordered to
ordered transformation of crystallizing P3HT chains in a marginal solvent. Cosolvent
used in this work is cyclohexanone. This solvent is a marginal solvent for P3HT
providing limited or poor solubility to P3HT chains and more solubility to PCBM
aggregates.

Aggregation process of P3HT in P3HT:PCBM blend solution in 0-DCB-
cyclohexanone solvent mixture will be different from the aggregation of P3HT chains
in pure P3HT solution caused by intervention from the dissolved PCBM portions in
the former [15]. Such an aggregation on marginal solvent addition in P3HT:PCBM
solution is manifested in terms of increased absorption and better P3HT crystallinity
together with changes in the colour of the solution from orange to purple. This

process of aggregation is more pronounced with ageing, i.e., retaining the solution for
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an adequate period at room temperature, marked by increased viscosity and darkening
of solution colour attributable to growing amount of non-dissolved P3HT segments in
the solution [16]. But, an extensive ageing and higher fraction of cosolvent can result
in gelling of the solution accordingly, making the solution unsuitable for the spin
coating process [17]. Thus, an optimization of the ageing period and cosolvent

amount is required for efficient casting of the active layer.

N g bt
» o o
1 1 I

Normalised absorbance (a.u.)

o
N
1

T T
500 600
Wavelength (nm)

Figure 4.2: Absorption spectra of P3HT:PCBM films casted of precursor
solutions aged for different time periods in 0-DCB-cyclohexanone mixture

The absorption spectra of P3HT:PCBM films casted from o-DCB-
cyclohexanone solvent mixture aged for different time period was measured (Fig. 4.2)
for establishing the dependence of ageing time on aggregation and successive
absorption enhancements. The absorption spectra of the P3HT:PCBM films were
characterized by main peak around 512 nm, with two “shoulders” towards the higher
wavelength region. The main peak is distinctive of intrachain transitions in P3HT

chains supporting decreased chain entanglement. Absorption shoulders in the higher
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wavelength are inter-related to extended chain length absorption and interchain
lamella stacking [18]. With ageing, these spectral features seem to be more
prominent. From the absorption spectra, it’s evident that there is a substantial
improvement in absorption with ageing for 1 to 4 h at room temperature representing
growth of ordered P3HT structures. However, a decrease in the absorption was
perceived in the solution aged for 5 h probably due to larger aggregate formation with
no further development of ordered P3HT chains [19]. Again, as the variation in
absorption intensity between 2, 3 and 4 h aged solution was modest. So, for our study,
we optimized the ageing period to be 2 h, as longer treatment time may not be a
realistic proposal for large scale production practice.

To attain better viewpoint on the effect of ageing and crystallinity
improvement, grazing incidence X-ray diffraction (GIXRD) measurements were
performed for P3HT-PCBM films at a grazing incidence angle of 0.3° as shown in
Fig. 4.3. GIXRD can give important facts about the crystallinity of P3HT in the blend
film. An indication of crystallinity in P3HT:PCBM films casted from precursor
solution aged for different times (1-5 h) was evaluated by comparing the (100)
reflection peak intensities observed at 20 value of 5.426°. Further, 2 h aged precursor
solution with highest (100) peak intensity reveals most well organized arrangements
of P3HT chains [20]. Also, equally intense higher order diffractions in films prepared
from 2 h aged solution suggest higher crystallinity and self organization ability in the
blend film. So, aging time could be used as a management control towards attaining
highly oriented crystals of P3HT in P3HT:PCBM blend films via solvent mixture
approach. Such a molecularly ordered film of P3HT:PCBM can be taken advantage

of, as an active layer of OSCs.
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Figure 4.3: GIXRD patterns for P3HT:PCBM films casted of precursor solutions
aged for different time periods in 0-DCB-cyclohexanone mixture

Again, the amount of marginal solvent was also optimized to be 5 vol %. It is
noticed that cosolvent amount lesser than 5 vol % could not lead to significant
crystallization in the blend film. And also, larger amount of the cyclohexanone
cosolvent would give rise to greater non-dissolved P3HT crystallites in the precursor
solution and subsequent gelling of the solution occurs on keeping the same for few
hours. The detailed studies have been carried out to see the effect of introducing
modified P3HT:PCBM layer as an active layer in case of inverted OSC with an
optimized ageing time (2 h) and cosolvent amount (5 vol %).

4.4.2 Morphological Characterization

Fig.4.4 a & b shows the topographical AFM image of P3HT:PCBM film
without any modification and with cyclohexanone addition, respectively. Surface
images confirm the significant dependence of film morphology on solvent mixture

used to dissolve the blend materials.
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Figure 4.4: Tapping mode AFM image scans of P3HT:PCBM films (a) without
modification (b) with cyclohexanone addition

In case of conventional film prepared with single good solvent (0-DCB)
dissolving both the components of the mixture, no apparent separation between P3HT
(brighter region) and PCBM (darker regions) phases was noticeable from AFM
micrographs. Such a homogenous feature all through the conventional film could

possibly be resulting from co-precipitation of both components from the mixture at
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the same time. However, with further addition of cyclohexanone, the extent of phase
separation between two components seems to be improved. Such a phase separation
could be a result of preferential crystallization and aggregation of P3HT component
directing further demixing of the phases on spin casting [21]. Such a lateral phase
separation between the components of the blend at all depths of the film is required
for efficient dissociation of the photoinduced exciton for charge generation. So,
cyclohexanone addition seems to be beneficial for giving the desired morphology in
the blend film.

4.4.3 UV-Visible Absorption Measurements

The absorption spectra of P3HT:PCBM films were assessed to understand the
effect of cyclohexanone addition on the relative light absorption properties and crystal
structure arrangement of P3HT chains in the active layer. Fig. 4.5 shows the UV-
Visible absorption characteristics of P3HT:PCBM layer from a solution with and
without cyclohexanone addition. As discussed earlier, the absorption spectra feature
one main peak at around 512 nm and two absorption shoulders in the lower energy
region equivalent to the absorption by highly organized solid P3HT aggregates. Upon
cyclohexanone addition, a small shift in the peak to higher wavelength side and an
increase in intensities of absorption peaks (main absorption peak and low energy
vibronic bands) were seen.

Absorption spectra of modified film identify the growth of well ordered P3HT
crystals. This well controlled growth in P3HT crystals is sustained by coil to extended
rod spontaneous transition which is induced by the poor interaction between polymer
and solvent. This transformation leads to aggregation in polymer domains by stronger

n-1 interaction set among these extended P3HT chains [22]. However, in case of
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conventional P3HT:PCBM film, a transformation from coil to rod does not seem to be

reasonable due to the well dissolved P3HT chains in 0-DCB which is a good solvent.
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Figure 4.5: Absorption spectra of P3HT:PCBM films with and without cosolvent

4.4.4 Grazing Incidence X-ray Diffraction (GIXRD) Measurements

To study the effect of cyclohexanone addition on the crystalline structure and
molecular ordering in the active layer of inverted OSC, GIXRD measurements were
carried out on spin coated films of P3HT:PCBM. GIXRD measurements were done at
two grazing incidence angles for outlining the structural attributes via depth profiling
of P3HT:PCBM thin film. As per the recent literature available on GIXRD
measurements using lab instruments for stronger scattering films, it is suggested to
carry out the depth profiling of P3HT:PCBM thin film with laboratory source GIXRD
instrument [23]. Total exterior reflection takes place with X-ray penetrating to merely

~10-12 nm underneath the surface of film at grazing incidence angle less than the
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critical angle (i.e., at 0.11°) for P3HT:PCBM film. So, diffraction patterns at 0.11°
grazing incidence angle consist of reflections mainly occurring from the interlayer
spacing between P3HT crystallites present at the surface of the film [24]. While,
continuing with an incidence angle greater than the critical angle for P3HT:PCBM
film but less than the critical angle of the substrate (i.e., at 0.3°), X-ray can be made to
penetrate the entire thin film. So, at 0.3° grazing incidence angle, reflections from the
whole bulk of the film can be obtained.

Fig. 4.6 a & b represents the X-ray diffractograms of P3HT:PCBM film at
grazing incidence angles 0.11° and 0.3°, respectively. Interlayer distances (d) and
crystallite sizes of P3HT domains calculated of the (100) diffraction peaks are
presented in Table 4.1. The crystallite sizes are calculated using the Scherrer’s

formula from the peak broadening in the corresponding diffraction patterns.

KA
- Lcos6

where, B = full width half maximum (FWHM), A = wavelength of X-ray (1.54 A) and
T = crystallite size. It is noticed that both the diffractograms mainly show three peaks
corresponding to reflections from (100), (200) and (300) axis orientation of lamellar
P3HT chains [25]. A comparison of the (100) reflection peak intensities at 0.11°
grazing incidence angle from unmodified and cyclohexanone modified P3HT:PCBM
films were done to analyse the crystalline characteristic of P3HT phase at the film
surface. An increase in the intensity of (100) reflection peak observed at 20= 5.4° in
the cyclohexanone modified film as compared to unmodified film signifies higher
level of ordering and orientation of P3HT chains at the surface of the film on

cyclohexanone addition. However, higher order diffraction peaks of two films were
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less pronounced as only a transient beam of X-ray was made to fall on a smaller depth

of P3HT:PCBM film at 0.11° incidence angle.
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Figure 4.6: (a) Grazing incidence X-ray diffraction (GIXRD) profiles of
P3HT:PCBM composite films at grazing incidence of 0.11° and (b) 0.3°

A comparison of the crystallite sizes and interlayer spacing between P3HT

chains reveals larger well developed closely spaced P3HT crystallites in
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cyclohexanone modified sample as compared to smaller crystallites at the surface of
unmodified sample. The reason for such a unique feature observed with mixed solvent
approach is associated with the cyclohexanone (poor solvent for P3HT) induced
preferential self assembly of P3HT in the solvent mixture.

TABLE 4.1: Interlayer distances (d) and the size of P3HT crystallites of (100)
diffraction peak at two grazing incidences 0.11° and 0.3° in the XRD pattern

Grazing

incidence 20 val Interlayer Grain
S.No. Device value distance FWHM size
angle (degree) dioo(A) (nm)
(degree) 100
y,  Cyclohexanone 4,40 5.4 16.27 0608  13.0
modified
o, Cyclohexanone 4 4o 53 16.48 0654  12.0
modified
3. Conventional 0.11° 54 16.29 0.654 12.0
4. Conventional 0.3° 5.4 16.37 0.585 13.4

Again, a comparison of (100) diffraction peak intensity at grazing incidence
angle of 0.3° revealed slightly more number of better crystallized P3HT domains in
the bulk of conventional unmodified film as compared to cyclohexanone modified
P3HT:PCBM film. Higher order diffraction peaks (200) and (300) were also more
pronounced in the bulk of conventional unmodified sample than the cyclohexanone
modified sample. As, the blend films with identical thickness and concentration have
same number of P3HT chains so, it can be stated that the solvent-non-solvent mixture
method not only brings about the preferential crystallization of P3HT domains but

also, stimulates upward distribution of P3HT fractions. Although, it is known that in a
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solution processing technique such as spin coating, the P3HT fractions with the lower
surface energy factor have a tendency to occupy surface of the film [26]. Such a
probability is however, found to be more enhanced with the practice of solvent-non-
solvent mixture for spin coating.

This vertical concentration gradient in the blend film with cyclohexanone
modification must benefit the inverted device prepared thereof with the modified
P3HT:PCBM layer being employed as active layer for photoabsorption. In case of
cyclohexanone modification, the crystallized P3HT domains occupy the surface of
active layer in contact with MoOs (hole transporting layer, HTL) layer so, hole
transport to the silver anode would be enhanced. In addition, leakage current due to
the wrong carrier ion transport to anode would be minimised. GIXRD measurement
thus confirms favourable vertical concentration gradient of P3HT fractions with
cyclohexanone addition.

4.4.5 Photovoltaic Characteristics

We have designed an inverted device with layer sequence of
glass/ITO/ZnO/P3HT:PCBM/Mo00O3/Ag, to evaluate the effect of cyclohexanone
addition to active layer, on the photovoltaic performance. Each photovoltaic device
consists of four cells each with an active area of 0.09 cm? and device properties were
measured underneath solar simulator with an illumination intensity of 100 mwW cm™
and AM 15 G condition. Fig. 4.7 illustrates the current density-voltage (J-V)
characteristics of the devices prepared with and without cyclohexanone modification.
Photovoltaic parameters of these prepared inverted devices are summarised in the

following Table 4.2.
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Figure 4.7: Current density-voltage (J-V) characteristic of devices fabricated
with and without cosolvent modification

It is seen from the figure that a power conversion efficiency (PCE) of 2.77%
resulting from the short circuit current density (Js) in order of 7.41E-03 A cm™, open
circuit voltage (Vo) 0.61 V and fill factor (FF) 0.61 is achieved from the conventional
photovoltaic device fabricated with active layer casted from a single good solvent.
However, 0-DCB-cyclohexanone mixed solvent casted active layer in a typical
inverted device could result in a PCE of 3.09% with a Js. value of 8.14E-03 A cm?,
Voc 0.61V and FF 0.62. This increase in efficiency from 2.74+0.05% to 3.01+0.05%
with the addition of poor solvent (cyclohexanone) to the main solvent (0-DCB) during
the preparation of active layer could possibly be attributable to the increase in
photocurrent generation and also increasing fill factor of the device. Improved
crystallization in the polymer donor could be the reason for realising increased current
density in the modified devices as evident from the UV-Vis and GIXRD

measurements [27].
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TABLE 4.2: Photovoltaic device parameters for I1TO/ZnO/P3HT:
PCBM/Mo0O3/Ag polymer solar cell

Ce” - VOC ‘]SC 0 Rsh Rs
Substrate No. Device V) (Acm'z) FF 9%E (Qcmz) (Qcmz)
1 1 Cyclohexanone .0 g0iE 03 061 301 700 12

modified
1 p  Cyclohexanone o gi4r 03 062 300 600 12
modified
cyclohexanone §
1 3 i fied 0.62 7.94E-03 061 3.00 1167 12
1 4  oyclohexanone . o eor 03 ge4 301 1391 12
modified
2 1 Conventional 0.61 7.41E-03 061 277 1123 14
2 2 Conventional 0.61 7.66E-03 058 2.72 634 15
2 3 Conventional 0.61 7.45E-03 0.60 2.74 489 13
2 4 Conventional  0.62 7.28E-03 0.60 2.69 654 14

4Conventional device = device with active layer prepared from a good solvent (o-
DCB)

cyclohexanone modified = device with active layer prepared by cyclohexanone
addition

PSubstrate = 5cm x 5cm ITO glass with inverted cell layer sequence comprising 4
cells each of area 0.09 cm?

‘Rsh & Rs = shunt and series resistances of the device, respectively

Favourable upright concentration gradient must have brought about the
observed increase in FF of the device. As the fractions of P3HT near the HTL layer
increases, series resistance in the device decreases which provides efficient pathway

for hole transport. So, cyclohexanone addition in the active layer preparation of
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inverted OSC benefits the device in two ways. Firstly, the improved crystallization of
the donor polymer enhances both the photo-absorption and hole transport. Secondly,
hole transport to anode is enhanced by favourable upright concentration gradient in
the active layer with better crystallized P3HT at the top in close contact with HTL.
4.5 Conclusion

The work presented in this chapter is describing the optimization of amount of
non-solvent addition and ageing period of the precursor solution for obtaining the best
possible crystallization in the donor phase. Increasing the order of precursor solution
by addition of poor solvent (cyclohexanone) appreciably enhances the crystallinity in
the P3HT:PCBM films as compared to films prepared from disordered precursor
solution. Practice of the cyclohexanone modified P3HT:PCBM film as active layer of
inverted OSC improves the PCE to a value of 3.01+0.05% as compared to
2.74+0.05% in the unmodified device. This improvement is related to the increased
current density and fill factor of the device with cyclohexanone addition.
Characteristics of well ordered donor phase in the active layer and favourable
concentration gradient with encouraging distribution of donor domains closer to hole

transport layer are being introduced to the inverted OSC.
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5.1 Introduction

he trend of organic semiconducting molecules (donor/acceptor mixture)

to act as the active layer in polymeric solar cell has been extensively

progressing these days [1]. The barriers of vertical phase separation and
device instability of normal architectures suggest taking up an inverted configuration
as a reliable option. Inclination towards the inverted configuration with reversed
polarity is favourable because this architecture offers air stability in such devices [2].
This inverted architecture offers the complimentary advantage of favourable vertical
phase separation for charge carrier transport which affects negatively in case of
normal device configuration [3]. Also, with the recent bridging of the efficiency gap
between normal and inverted architectures, inverted device with better lifetime is

practised more [4]. But, in both of these configurations, morphology of photoactive
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organic thin film has a crucial role to play for successful performance of the solar
device.

Disparity between the hole and electron mobility is responsible for low power
conversion efficiency in OSC. The hole mobility is also unfavourably affected in
donor-acceptor composite films, as thin film coating technique such as spin coating
do not sustain ordered growth of P3HT crystals on account of fast solvent evaporation
[5]. Previous reports have shown that the solubility of acceptor molecules does
influence the crystallinity of donor in the composite. So, the acceptor present in the
composite material produces amorphous P3HT domains and the amorphous segment
so produced restricts the charge carrier mobility due to the hopping movement. This
structural growth defect limits the hole transport and consequently producing low
efficiency in devices based on the crystallisable polymer like P3HT in the presence of
PCBM [6]. To overcome such problems, few reports in literature also suggest the
mixing of pre-organized fibrillar poly(3-alkylthiophene) (P3AT) with the acceptor.
However, such devices had low efficiency because of larger phase separation between
the donor and acceptor domains in the composite mixture. Therefore, they
recommended mixing certain quantity of low molecular weight amorphous P3HT
again into the sorted P3HT nanofibers solution to have the connectivity between its
crystalline domains resulting an interpenetrating network structure for improved
device efficiency [7].

Several processing methods initiated to improve the device efficiency in the
course of achieving appropriate active layer morphology, using thermal annealing [8],
solvent annealing [9], solvent-non-solvent mixture method [10], etc. Treatments such

as thermal and solvent annealing though doing well to certain point for modifying the
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morphology of the active layer are difficult to give to practice taking into
consideration their incompatibility with flexible substrates and the probable danger of
explosive solvent vapours. The solvent-non-solvent mixture method has been
developing even with flexible substrates, and combination of solvents can offer better
solubility of the components in the composite mixture [11]. Alkane dithiol non-
solvent has been used for modifying the morphology of polymers including classical
P3HT polymer as well as group of some low band gap polymers. A significant
enhancement in the photovoltaic device efficiency is seen on incorporating 1,8-
octanedithiol as a result of change in the morphology of the active layer. The non-
solvent was found to dissolve the fullerene phase selectively, providing freedom for
the 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) polymer to crystallize sufficiently in the
composite mixture [12]. Further, efforts were made by many other researchers
providing a means for exploring other solvent mixtures such as 1, 8-diiodooctane/
chlorobenzene for active layer preparation [13].

Nevertheless, we are still far away from the optimal composite morphology
and from the realm of commercialization. A precise control over the morphology of
the composite in the solvent mixture was complex as the P3HT crystallization and
basic phase separation of components happen in a single stage. The different solvents
offer variation in solubility to P3HT polymer and PCBM acceptor consequently, the
solvent mixture method resulting a large number of arrangements among the
components of the composite. Hence, this method can be useful in transforming the
donor-acceptor interface areas and charge carrier mobility in P3HT:PCBM

composites as a function of solvent system [14, 15]. Since, there have not been many
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reports on utilization of solvent-cosolvent mixture method for transforming the active
layer (P3HT:PCBM) morphology in an inverted device so, we have considered the
processing techniques for cosolvent addition. Our main aim is to improve the P3HT
reorganization or self assembly by nullifying the influence of the acceptor component
to enhance the device performance. In order to have an efficient P3HT crystallization
and simultaneously maintaining the effectual connectivity between these crystalline
P3HT domains, amorphous P3HT segments are dispersed among them which results
in interpenetrating donor-acceptor networks.

In comparison to one step conventional process of direct marginal solvent
addition to the P3HT:PCBM solution in good solvent (like o-dichloro benzene), the
two step process is found to be better. The two step process consists of crucial P3HT
crystallization by marginal solvent addition (like cyclohexanone) to a solution of
P3HT in good solvent followed by second step where mixing of PCBM solution in
good solvent to the same takes place. And, ultimately mild thermal annealing of the
casted films was done for further phase separation of both the domains in the
composite film.

5.2 Experimental
5.2.1 Materials

In this work, we have fabricated inverted BHJ polymer solar cells with a
constituent layer structure of indium tin oxide (ITO)/ zinc oxide (ZnO)/ poly(3-
hexylthiophene) (P3HT):[6,6]-phenyl-Cs;-butyric acid methyl ester (PCBM) blend
(P3HT:PCBM)/Mo00O3/Ag. Poly(3-hexylthiophene)(P3HT) (M,, = 87000 g/mol and >

90% head-to-tail RR), [6,6] phenyl Cs; butyric acid methyl ester (PCBM), zinc
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acetate dihydrate (C4H1006Zn), 2-methoxyethanol (CsHgO,) and ethanolamine
(C2H7NO) have been procured from Sigma Aldrich.
5.2.2 Device Preparation

Inverted polymeric solar cells were assembled over the patterned ITO coated
glass substrate with less than 20 Q/sq sheet resistance. ITO glass substrates were
cleaned via ultrasonication for 20 min each sequentially in a boiling soap solution,
deionised water, acetone, and isopropanol, followed by drying with nitrogen and then
26 min of UV-ozone exposure. A 30 nm thin ZnO film was deposited by spin coating
on the cleaned ITO substrate using a 0.5M ZnO solution prepared by mixing zinc
acetate dihydrate, ethanolamine and 2-methoxyethanol. The curing of coated film was
carried out at 250°C for 10 min to crystallize the ZnO. For active layer preparation,
P3HT and PCBM (1:0.6 weight ratio) were dissolved in 1 mL of good solvent, i.e.,
ortho-dichlorobenzene (0-DCB) by means of continuous stirring overnight at 50°C,
and it was spin coated over the ZnO coated substrate. Thereafter, the substrates were
transferred to nitrogen ambient and annealed at 85°C for 30 min. Molybdenum oxide
(Mo0s) and silver (Ag) layers were thermally deposited in a vacuum chamber at a
pressure of 5 x 10 mbar. A 7 nm thick MoOs layer (hole transporting layer, HTL)
was deposited with a deposition rate of 0.5A s which is followed by deposition of
150 nm Ag as a top electrode with a deposition rate of 1.0 A s™.

The performance of devices was studied under illumination using a solar
simulator AM 1.5G with intensity of 100 mW cm 2. In order to understand the effect
of cosolvent addition on the active layer preparation, a comparison of two different
methods of cosolvent addition was studied in detail. The cyclohexanone having a

boiling point of 155°C was used as cosolvent in this study. The choice of
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cyclohexanone cosolvent was made keeping in mind the solubility index of the
solvent that implies more solubility of PCBM than P3HT. The amount of cosolvent
for active layer preparation was optimized to 5 vol %, as an amount higher than 5 vol
% results in gel formation in precursor solution over a period of time at room
temperature while, lesser than 5 vol % cosolvent did not result in significant
improvement. For all these modifications, cosolvent was added and the solution was
stirred for 2 h in nitrogen atmosphere before further processing. The composite films
have been referred here as BLND in case of blended addition, where films were
prepared from solution with cyclohexanone added directly to P3HT:PCBM blended
solution in 0-DCB solvent and individual where films were prepared from solutions
firstly, with cyclohexanone added to a P3HT solution in 0-DCB, followed by stirring
for 2 h and mixing of PCBM solution.
5.3 Characterization

The current density (J) — voltage (V) characteristics of the photovoltaic
devices were measured using a Keithley (Model 2420) source meter under
illumination intensity of 100 mW cm™ from a solar simulator (Model SS150AAA
Photo Emission Technology Inc.) with AM 1.5 G filter. The device was prepared in
nitrogen atmosphere (which was maintained inside a glove box from Jacomex with
AP= 3.0 mbar and oxygen level of 0.3 ppm). The UV-Visible absorption
measurements were performed using a Perkin Elmer 35 lambda UV-Visible
spectrophotometer. The surface morphology was studied by using an Atomic Force
Microscope (AFM) (Model VEECO DI-3100) with Nanoscope (11) in tapping mode.
Grazing incidence X-ray diffraction (GIXRD) measurements were done at three

grazing incidence angles of 0.11°, 0.13° and 0.3° using a Rigaku ultima IV X-ray
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diffractometer (A = 1.54 A) employing Cu-K, radiation source. Contact angle
measurements were made on Drop Shape Analysis System (Model DSA10MK?2) from
Kruss GmbH, Germany. These measurements are based on sessile drop method which
employed to evaluate the hydrophobic/hydrophilic nature of the surface. The picture
of the drop placed on the P3HT:PCBM coated glass substrate surface was taken using
a video camera and image-analysis system then records the contact-angle (0), based
on the shape profile of the drop.
5.4 Results and Discussion
5.4.1 UV-Visible Absorption Measurements

Fig. 5.1 shows the comparative UV-Visible absorption spectra of both the
P3HT:PCBM composite films prepared using two different methods (blended
addition and individually mixed addition). We have studied the effect of cosolvent
addition pathway on the radiation absorbed by the polymer chains in the composite
mixture. Spectra of both these films consist of an absorption peak at around 512 nm,
with shoulders at 550 and 610 nm, noticeably proving the presence of strictly
controlled P3HT chains in the composite mixture. The absorption peaks at 512, 550,
and 610 nm indicate intrachain n-* transition, extensive conjugated chain absorption
and interchain transition, respectively in the highly ordered solid state P3HT [16]. An
increase in the intensity of the absorption peak at 512 and 550 nm in case of
individually mixed modified (Individual) sample as compared to blended (BLND)
cosolvent modified film suggests a well organized growth of P3HT crystals. This
improved crystallization of P3HT in individual cosolvent modified sample is because

of the diminishing interruption of PCBM next to P3HT crystallization.
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Figure 5.1: UV-Visible absorption spectra of P3HT:PCBM composite films

The growth of P3HT crystals in P3HT solution occurs by self organization
from random coil conformation to rod like conformation [17]. A similar transition is
responsible for the crystallization of P3HT in composite (P3HT:PCBM) film also.
However, such a transition is restricted to some extent due to the co-precipitating (or
co-existing) PCBM content in the composite.

The coil to rod transition was found to be more favoured in an individual
cosolvent modified sample consistent with an increased intensity of 512 and 550 nm
absorption peaks. So, the sufficient P3HT precipitation must have occurred in the
individual cosolvent modified solution prior to introduction of PCBM. The
crystallization step is followed by diffusion of PCBM to the amorphous phases of
some fully dissolved (un-precipitated) polymer in 0-DCB/cyclohexanone mixture to
form an interpenetrating network and achieving the best P3HT crystallization in the

composite mixture. However, such a route would have resulted in a bit larger sized
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P3HT domains, causing larger phase separation between the components of the
composite mixture as recommended by Kozub et al [18].

A decreased P3HT absorption in the BLND film reveals that the intra-chain
transition of P3HT chains is not achieved up to the mark. Though, the cyclohexanone
addition must have influenced the precipitation order changeover to P3HT first;
however, the probability of PCBMs presence in the disordered regions of P3HT
hinders the maximum crystallization [19].

5.4.2 Grazing Incidence X-ray Diffraction (GIXRD) Measurements

In order to understand the crystalline order in the active layer of inverted OSC
grazing incidence X-ray diffraction (GIXRD) measurements were carried out on
cosolvent modified P3HT:PCBM films. GIXRD measurements were made using the
lab source instrument as reported in the previous chapter. These measurements were
recorded at three grazing incidence angles, i.e., 0.11°, 0.13°, and 0.3°, to observe the
vertical phase separation through the composite film. It is seen from the data that the
bending of the electromagnetic radiation such as an X-ray occurs due to the refraction
in case of solid material with refractive index less than unity. So, using a fixed
grazing incidence angle of 0.11°, i.e., smaller than the critical angle for P3HT, total
reflection occurs and only a short-lived beam transverses just few nanometres beneath
the surface, giving diffraction largely from the surface of the composite film. At
grazing incidence angle slightly higher than the critical angle for external reflection
(i.e., 0.13°); the X-ray diffuses deeper in the film giving rise the diffraction from the
depth of the film. The probed depth for an organic material increases rapidly with a
small increase in the incidence angle near the critical angle region. Once, we are

keeping incidence angle well above the critical angle (i.e., at 0.3°), it provides
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diffraction from the whole volume (bulk) of the composite film [20, 21]. Thus, by
varying the probe depth with the incidence angle, X-rays can be used to study the

morphology of surface, underlying interfaces, and bulk material.
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Figure 5.2: (a) Normalised grazing incidence X-ray diffraction (GIXRD) profiles

of P3HT:PCBM composite films at grazing incidence of 0.11°, (b) 0.13°, and (c)
0.3°

For both the BLND and individual mixed films at 0.11° incidence angle, three
diffraction peaks were identified as (100), (200) and (300) which characterizes
layered intra-chain P3HT orientation along a-axis of crystallographic plane while,
(010) peak corresponds to the interchain n-n stacking orientation of P3HT backbone
along b-axis of crystallographic plane (Figure 5.2a) [22]. The intensities of the (100)
reflection peaks at 20= 5.4° for BLND cosolvent modified films and for individually
mixed films imply improved crystallite orientation along a-axis of the crystallographic
plane in case of individually mixed film. The better P3HT crystallization is detected
in case of individually mixed cosolvent modified sample which may be attributed to
the small interruption by PCBM crystallites during P3HT crystallization in solvent-

cosolvent mixture.
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Table 5.1: Summary of interlayer distances (d) and the size of P3HT domains

Grazing .
L 20 Interlayer Grain
S.No. Device mg:;zlglr;ce value distance FWHM size
(degree) (degree) dio(A) (nm)
1. BLND 0.11° 5.4 16.27 0.608 13.0
2. BLND 0.13° 5.4 16.21 0.632 12.4
3. BLND 0.3° 5.3 16.48 0.654 12.0
4, Individually 4440 5.4 16.23 0580  13.7
mixed
g,  Individually 450 5.4 16.18 0616 127
mixed
.  Individually 0.3 5.3 16.43 0638 123
mixed

Table 5.1 presents the data of interlayer distances and crystallite sizes of P3HT
domains of the (100) diffraction peak in the GIXRD patterns at three grazing
incidence angles. Further implication from the study of the n-m stacking (010) peak
intensity emphasized that the polythiophene backbone in individually mixed
cosolvent modified sample form superior n-n stacked domains as compared to BLND
film [23] (inset of Fig. 5.2a). So, the surface of individually mixed cosolvent modified
composite film includes greater number of well crystallized P3HT domains. Also, at
an incidence angle of 0.13° (Fig. 5.2b), it has been noted that individually mixed
cosolvent casted film has more number of well crystallized P3HT chains. However,

the differences in diffraction intensities (related to the crystallinity and number of
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P3HT crystallites) that existed at the surface of BLND and individually mixed
cosolvent sample film were reversed once bulk of these films was looked (Fig. 5.2c,
at incidence angle of 0.3°). This effect may be seen as a result of greater fraction of
PCBM in the bulk of individually mixed cosolvent casted film as compared to
blended cosolvent modified film.

To consider the vertical phase separation in both the cosolvent modified
composite films, a comparison of P3HT diffraction peaks at 0.11°, 0.13°, and 0.3°
grazing incidence angles was made. By and large, the intensity of the diffraction
peaks should increase with an increase in the grazing incidence angle and maximum
P3HT intensity is observed at angle slightly larger than the critical angle. In
individually mixed cosolvent modified composite film, the P3HT crystallization was
found more at the surface than the bulk of film, as it gets more space to build up
efficiently and the least hindrance from PCBM. As we go into the bulk of the film,
slightly reduced P3HT diffraction peak intensities are seen which may be due to the
reduced polymer crystallization or an increase in PCBM interruption. As the
concentration of P3HT in both the schemes is same (number of P3HT crystallites also
be the same) so, the slightly reduced intensity of the (100) reflection peak in the bulk
of individually mixed cosolvent casted film may possibly be due to the lesser portion
of oriented P3HT crystallites in the bulk. It reveals that there is possibly a
redistribution of the P3HT through the film with more oriented P3HT crystallites at
the surface and lesser of them in the bulk. However, in blended cosolvent modified
films lesser number of P3HT crystallites were perceived at the surface as compared to
the bulk. These revelations point to a concentration gradient in the active layer of

inverted OSC primed via cosolvent addition.
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Moreover, individually mixed cosolvent modified films have more number of
P3HT crystallites and lesser PCBM domains at the surface, i.e., next to hole
transporting layer, i.e., M0oOs. Also, the bulk of these films (in the neighbourhood of
electron transport layer (ETL), i.e., ZnO) consist of fewer numbers of P3HT
crystallites and more PCBM domains. This upright phase separation or concentration
gradient is an added advantage to inverted architecture. The complimentary
concentration gradient or upright phase separation is more significant for individually
mixed cosolvent modified casted film, which may consecutively benefit the OSC
device. Using the Scherrer formula, we successfully worked out the size of P3HT
crystallites near the surface as 13.0 and 13.7 nm for BLND and individual mixed
films, respectively, while in the bulk of film, the crystallite size was found in the order
of 12.0 and 12.3 nm, respectively [24]. Larger crystal size of crystallisable polymer in
active layer was formed using modified cosolvent addition method. Such larger
crystals are crucial for the charge transport process, which may be a contributing
attribute for high photocurrent generation in OSC [25].
5.4.3 Surface Characteristic
5.4.3.1 Atomic Force Microscopy

The morphological study of P3HT:PCBM composite films was made using
tapping mode AFM. Fig. 5.3 (a & b) represents the topographical AFM images of
individually mixed and BLND cosolvent modified films, respectively. All the films
were found homogeneous and the initial optical scans did not include any micrometer
sized flaws of dust, scratch, or overgrown PCBM aggregates. AFM topographic
images show greater crowding at the surface of individually mixed cosolvent casted

film with consistently formed crystalline P3HT phases relative to partially crystallized
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broken phases in its counter film. This result is found in agreement with the GIXRD
data. The continuous and well ordered P3HT domains show higher hole mobility and
hence these P3HT domains are fundamental for increasing the efficiency of the OSC

device [26].

0.0 5.0 um 0.0 5.0 um

Figure 53: AFM images of P3HT:PCBM composite films modified (a)
individually mixed cyclohexanone (b) blended cyclohexanone addition
approaches (¢) & (d) are their height images, respectively
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Further, a decrease in surface roughness (1.4 nm) in case of individually
mixed sample is related with well organized and unhindered P3HT crystallization as
well as decrease in PCBM domains as compared to BLND film. The BLND film has
higher root mean square roughness (2.0 nm) as shown in Fig. 5.3d owing to limited
P3HT crystallite growth as a result of greater fraction of disordered PCBM phase at
the surface [27]. Perusal of the root mean square roughness data and topographic
images of BLND and individually mixed films illustrate denser and ordered P3HT
crystallites with lesser PCBM segment in individually mixed cosolvent modified
sample. The root mean square roughness values also agreeing with the surface
morphology data taken from the GIXRD measurement. A uniform and homogenous
active layer is essential for photon harvesting, as the non-uniform active layer may
end up causing a short circuit or exciton recombination. Thus, this modified method
of cosolvent addition is found useful for fabricating smoother and uniform films.
5.4.3.2 Contact Angle Measurements

In order to evaluate the surface properties of P3HT:PCBM thin films, water
contact angles were studied (Fig. 5.4) in detail. The conventional P3HT:PCBM film
has a contact angle of 60.94° without any cosolvent addition while an individually
mixed and blended cosolvent modified films have shown the contact angle of 83.29°
and 62.01°, respectively. These surface properties are also supported by GIXRD
measurement data. The water contact angle of conventional P3HT:PCBM film is
representing the lowest build up of hydrophobic P3HT at the surface of the film while
after cosolvent addition a transformation in the surface morphology of these films is
noticed [28]. Individually mixed cosolvent addition encourages the maximum

crystallization in P3HT domains which are found on the surface of the film owing to
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the lower surface energy of P3HT polymer [29]. This is found in agreement with the
highest water contact angle monitored for individually mixed cosolvent modified
film. While, in case of blend cosolvent modified film, the water contact angle (62.01°)
is lesser than individually mixed cosolvent modified film because of the suppression

of P3HT crystallization in the presence of PCBM.

Figure 5.4: Water contact angle images of P3HT:PCBM films (a) individually
mixed cyclohexanone modified (b) conventional and (c) BLND addition

5.4.4 Photoluminescence Emission
Fig. 5.5 describes the photoluminescence (PL) emission spectra of

P3HT:PCBM composite films casted using individually mixed cosolvent addition and
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blended cosolvent addition. Photoluminescence measurements were made to see the
possible effects of two different methods of cosolvent addition on the
nanomorphology of donor-acceptor domains and charge transfer mechanism in
composite layer. As we know that the photoluminescence is a measure of
photoinduced charge transfer between the donor and acceptor phase, and supposed to
be quenched in an intimately mixed donor-acceptor composite.

The weakly coupled H-aggregate model which is used for describing the
coupling interaction in aggregates failed in case of P3HT nanowhiskers as its PL ratio
(PLoo/ PLo4, i.e., ratio of PL peak intensity of zero-phonon transition to the
vibrational replicas) reaching a value as high as two which is exceeding Huang-Rhys
parameter (HR) limit. This implies that the allowed zero phonon (0-0) transition is not
because of disorder in the structure of macromolecule but due to the intrachain
excitons coupling interaction which is expected for a J-type of aggregate. This
intrachain excitons coupling interaction also favour in case of P3HT aggregate
formation in individually mixed cosolvent casted film, where PL spectra present
larger PL 0-0/0-1 ratio (though not of the order of two but of 0.973) as compared to
0.96 in blend cosolvent modified sample. In addition to the above factor, a slight
reduction in PL 0-2/0-1 intensity is also observed in case of individually mixed
cosolvent casted film which suggests intramolecular interaction (through bonds
coupling) in the P3HT chains.

Exciton bandwidth ‘W’ of aggregate being proportional to HR (PL 0-2/0-1
ratio) is slightly reduced in individually mixed film resulting in efficient charge
transfer to PCBM. A further evidence of intrachain structural order (or J- aggregate

formation) in individually mixed cosolvent casted film was reported by a decrease of
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5 nm in stoke’s shift (difference in nanometre between peak excitation and peak
emission wavelength) similar to that of P3HT nanofibers [30]. So, a decrease in PL
emission in individually mixed sample is owing to weaker radiative transition from

the lowest lying excitons in the film.
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Figure 5.5: Photoluminescence spectra of P3HT:PCBM composite films modified
by individually mixed and blended cyclohexanone addition

Reduced PL intensity in individually mixed modified film provides an
indication of larger critical exciton dissociation at the interface between the domains
of composite film compared to incomplete quenching or higher PL intensity in
blended cosolvent modified casted film. This higher PL intensity in blended cosolvent
mixed casted film shows a coarser P3HT:PCBM mixture or inconvenient phase
separation between the domains of larger sizes. All the excitons generated in one
polymer do not reach at the interface of the other polymer within the same film [31].

It verifies the adverse decrease of efficiency in blended cosolvent casted device,
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suggesting more carrier recombination in devices and hence reduced short circuit
current density (Jsc). However, an individually mixed cosolvent casted film offers the
precise equilibrium phase separation for efficient charge separation and transport.
Phase separation is less coarser in individual mixed sample assuring close contact of
donor and acceptor domains to undergo a charge transfer. Further in this case, the
grain size relaxation and substantial quenching is noticed because of the novel long-
range excitons quenching mechanism [32]. An unusual PL quenching is observed in
case of bit larger grain sized (~ 13.7 nm) individually mixed cosolvent casted film
driven by self quenching mechanism. The more ordered and planar P3HT chains
formed in case of individually mixed film provide a secure dissipation pathway for
the interchain excitons to discharge its energy at a diffusion length which is beyond
the normal excitons diffusion length (8-10 nm) in organic polymers. Thus, the
probability of photoluminescence radiative decay is diminishing [33].
5.4.5 Photovoltaic Properties

Fig. 5.6b shows the current density-voltage characteristic of the devices in
dark. These devices were primed with active layers modified by two different routes
such as blended and individually mixed cosolvent addition method. Particulars of
these two processing pathways for cosolvent addition are presented in the previous
sections. The solar cell devices that have been fabricated by both the schemes
demonstrated diode like characteristics. A large increase in the forward and reversed
biased current at higher voltages for the solar device with an individually mixed
cosolvent modified active layer in comparison to blended cosolvent modified device
is due to the shrinkage in interfacial charge injection barriers between the active layer

and electrodes. This shrinking of charge injection barriers is resulting because of
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greater crystalline P3HT phase and lesser PCBM (hole blocker) domains near to HTL
in individually mixed cosolvent modified device. Fig. 5.6a illustrates the current
density-voltage characteristics of the illuminated solar devices prepared via adopting

two different approaches of modification with cyclohexanone solvent in the (1:0.6)

P3HT:PCBM composite layer.
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AM 1.5 G white light illumination (b) OSC devices tested in dark
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Fig. 5.7 represents an inverted polymeric solar cell primed on 5 cm x 5 cm
ITO/glass substrate comprising of 4 cells each of 0.09 cm? area. A summarized report
of all the device parameters is presented in Table 5.2. It is revealed that an
individually mixed cosolvent addition approach proved to be favourable for getting
better device performance. A particular case of individually mixed cosolvent modified
device had short circuit current density (Js.) of 9.01E-03 A cm™, open circuit voltage
(Vo) of 0.61 V and fill factor (FF) of 0.61, resulting in an efficiency of 3.39%. While
on the contrary, a device modified with blended cosolvent addition had device
parameters Js; 8.04E-03 A cm, Vo 0.61 V and FF 0.61, resulting in an efficiency of
3.01%. A 10% increase in efficiency in the devices primed with individually mixed
cosolvent approach compared to blended cosolvent addition approach is a result of the
apparent increase in the device current attributable to improved crystallization of

P3HT in the photoactive layer avoiding PCBM interference to a great extent.

- -’nﬂi

4 cells of 0.09 cm2 area

Figure 5.7: Pictorial view of inverted organic solar cell primed on 5 cm x 5 cm
ITO/glass substrate comprising 4 cells each of 0.09 cm? area
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An improved crystallinity of P3HT donor benefits the device performance in
two ways. Firstly, an enhanced crystallinity brings about the greater optical absorption
of solar spectrum by the photoactive layer. This improved crystallinity also result in
an efficient hole transport and its collection at anode [34].

Table 5.2: Photovoltaic device parameters for ITO/ZnO/P3HT:PCBM/MoOs/Ag
polymer solar cell

Substrate ﬁ%l.l Device X;; ( Ag;;'z) FF  %E (QFE?;F) (ersnz)
1 1 BLND 0.61 8.04E-03 0.61 3.01 700 12
1 2 BLND 0.61 8.14E-03 0.62 3.09 600 12
1 3 BLND 0.62 7.94E-03 0.61 3.00 1167 12
1 4 BLND 0.62 7.62E-03 0.64 3.01 1391 12
2 1 Individual 0.61 9.01E-03 0.61 3.39 1008 12
2 2 Individual 0.61 9.16E-03 0.60 3.37 355 12
2 3 Individual 0.61 8.78E-03 0.62 3.33 750 11
2 4 Individual 0.62 8.99E-03 0.60 3.32 700 12

%Individual and BLND devices refer to the different processing conditions
Individual = individually cyclohexanone added mixed device
BLND = P3HT:PCBM blended cyclohexanone added device

PSubstrate is a 5cm x 5cm ITO glass substrate with inverted layer sequence
comprising 4 cells each of area 0.09 cm?
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It is inferred from the data that an increase in efficiency of the device primed
with individually mixed cosolvent casted active layer was attributed due to the
increased size of P3HT crystallites on the surface. The Chiu et al. work also supports
an enhancement in efficiency of their device via annealing, to the increased crystallite
size of the components in the composite mixture to a limit of successful exciton
dissociation [35].

As discussed in previous section, the P3HT crystallites of the order of 13.7 nm
is sufficiently small for successful exciton dissociation permitting long distance
exciton quenching relaxation which is favoured in highly crystalline and planar
chains. Again, an increase in the shunt resistance of device with an individually mixed
cosolvent casted active layer results in lesser recombination losses and leakage
current agreeing with the smoother film observed by AFM and reflected from
additional quenched PL intensity.

5.5 Conclusion

Power conversion efficiency (PCE) of a distinctive device, primed with the
cosolvent modified active layer was ascertained to improve 3.01+0.05% to
3.39+0.05% by altering the cosolvent addition method from conventional blended
mixture addition to individually mixed method. This improvement in the device
efficacy is related to an improved characteristic surface morphology as seen in AFM
images, proven by improved crystallization of donor polymer supported by the UV-
Visible, GIXRD and PL data. A fine coverage of homogenously distributed well
grown P3HT crystallites is evident in an individually mixed cosolvent casted film.
This morphology supports the enhanced photoabsorption and charge transport

properties which benefit the device in terms of increased Jsc and power conversion
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efficiency. GIXRD data also support more favourable upright concentration gradient

in individually mixed films which eases the charge transport in the devices.
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6.1 Introduction

inary solvent mixtures obtained by incorporation of small quantity of a

single bad solvent in the host solvent (frequently used chlorobenzene or

dichlorobenzene) have been most successfully utilized for the
optimization of active layer morphology in bulk heterojunction blend of donor and
acceptor molecules. This solvent mixture is essentially identified in terms of relevant
solubility index and vapour pressure of the secondary solvent added [1]. An addition
of small amount of 1, 8-octanedithiol (OT) solvent additive into the active layer
casting solution (prepared of 0-DCB) was ascertained to produce crystallization of
P3HT accompanied by an increase of photocurrent density and fill factor of fabricated

OSC device [2, 3].
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The ternary solvent mixture concept applied for a long time in the field of
lithium ion batteries, has now been extended to the OSCs [4]. Recently, this concept
of ternary solvent mixture was applied to transform the morphology of the donor-
acceptor (diketopyrrolopyrrole (DPP) polymer-fullerene) combination in the OSC
device. The use of ternary solvent system consisting of dichlorobenzene-chloroform-
diiodooctane (DCB-CF-DIO) could successfully increase the power conversion
efficiency (PCE) of the device to 6.71% owing to the growth of long-range ordered
structure with coarser interfaces between the domains [5]. Moreover, the ternary
mixture was helpful in improving the performance of photovoltaic devices based on
DPP-PCBM blend however, it can also be extended to other donor-acceptor pair such
as P3HT:PCBM blend. In addition to the above system, more such ternary solvent
mixtures can be considered to modify the morphology of donor-acceptor pairs.

In the present study, we focus on the morphological changes in the
P3HT:PCBM blend using a ternary solvent mixture approach. Such a ternary solvent
mixture modified blend layer was then applied as an active layer of inverted organic
solar cell. The effect of morphological modification on the performance of inverted
OSC was evaluated in detail.

6.2 Experimental
6.2.1 Materials

Poly(3-hexylthiophene) (P3HT), [6, 6]-phenyl-Cg;-butyric acid methyl ester
(PCBM), zinc acetate dihydrate (C4H1006Zn), 2-methoxyethanol (C3HgOy),
ethanolamine (C,H;NO), ortho-dichlorobenzene (0-DCB), cyclohexanone and toluene

were purchased from Sigma Aldrich (St Louis, MO, USA). Molybdenum oxide
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(MoQ3) and silver (Ag) wire were procured from Central Drug House (CDH). All
materials were used as received during the studies.
6.2.2 Device Fabrication

Patterned indium tin oxide (ITO) coated glass substrates (< 20 Q sq™
resistance, Moserbaer India Ltd) were cleaned prior to deposition by successive
ultrasonication in boiling soap solution, deionised water, acetone, and isopropanol
solution, respectively followed by UV-ozone exposure of these nitrogen dried
substrates for 26 min. Bulk heterojunction inverted polymer solar cells with
ITO/ZnO/P3HT:PCBM/Mo00Os/Ag layer structure were assembled over the cleaned
patterned ITO coated glass substrates. A 30 nm thin ZnO film was spin casted for 45s
at 2000 rpm from a solution made using zinc acetate dihydrate, ethanolamine and 2-
methoxyethanol. The substrate was then cured at 250°C for 10 min. Further, an active
layer was spin coated using a 30 mg/mL blend solution of P3HT and PCBM (1:0.6
weight ratio) dissolved in a good solvent like ortho-dichlorobenzene (0-DCB) by
means of continuous stirring overnight at 50°C. The substrates were thereafter dried at
85°C for 30 min in a nitrogen glove box. A 7 nm hole transport layer (HTL) of
molybdenum oxide (MoO3) layer was thermally deposited in a vacuum chamber with
a deposition rate of 0.5A s™. Finally, a silver (Ag) layer of 150 nm thickness was also
deposited in a vacuum chamber maintained at base pressure of 5 x 10 mbar with a
deposition rate of 1.0 A s™.

The performance of the inverted photovoltaic devices of area 0.09 cm? was
studied under a solar simulator with AM 1.5G filter. Active layer spin coating
solutions were prepared using a ternary solvent mixture consisting of a good solvent

(o-DCB) and two marginal solvents like toluene and cyclohexanone. This spin coated
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active layer was compared with a P3HT:PCBM film prepared by a single good
solvent. Cyclohexanone and toluene cosolvents have been selected in the present
work because of their solubility index which favours more solubility of PCBM than
P3HT. The total amount of cosolvent to be added to the active layer spin coating
solution was optimized and found to be 5 vol %. For all such modifications, 2.5 vol %
of each of these cosolvents was added and the solution was stirred for 2 h prior to spin
coating.
6.3 Characterization

The current density (J)-voltage (V) characteristics were measured with a
Keithley (Model 2420) source measurement unit. A solar simulator (Model
SS150AAA) from Photo Emission Technology Inc. with an illumination of 100 mW
cm? and AM 1.5 G filter reproduced the solar spectrum. Device preparation was
carried out in a glove box from Jacomex with AP= 3.0 mbar and an oxygen level of
0.3 ppm. The absorption spectra of the P3HT:PCBM films were recorded using a
Perkin Elmer 35 lambda UV—-Visible spectrophotometer. Surface morphology studies
were carried out using VEECO DI-3100 Nanoscope (Ill) atomic force microscope
(AFM) in tapping mode. Grazing incidence X-ray diffraction (GIXRD) measurements
were done at a grazing incidence angle of 0.3° (Cu-K, radiation, > = 1.54 A) using a
Rigaku Ultima IV X-ray diffractometer. Photoluminescence measurements were
carried out on a Luminescence Spectrofluorometer from Edinburgh Instruments, UK,

Model: F900.
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6.4 Results and Discussion
6.4.1 UV-Visible Measurements

It is known to us that the incorporation of small amount of non-solvent to the
well dissolved solution of P3HT:PCBM blend stimulates the aggregation in P3HT
phases which supports an increase in the absorption of photoradiation. The molecular
ordering in P3HT by and large happens from the interchain n-n interaction among the
polymer chains reducing its unfavourable association with the added non-solvent.
Such an interchain interaction is linked to a decrease in energy of the system with
effective increase in the conjugation length of P3HT chain fragments. The amount of
additional solvent added to initiate the growth of such ordered aggregates differs from
solvent to solvent as a function of its solubility index. As the solubility of P3HT
chains in the added non-solvent decreases, there is an increase in the viscosity of the
solution caused by an increase of non-dissolved P3HT segments and also speeds up
aggregation kinetics [6]. So, a choice of the quantity and quality of non-solvent is
very important for the efficient performance of OSCs. In this study, we have chosen
two non-solvents, viz, cyclohexanone and toluene. Further, 2.5 vol % of each of the
non-solvent is added to the well dissolved blend solution of P3HT and PCBM in o-
DCB. Fig. 6.1 shows the UV-Visible absorption spectra of P3HT:PCBM blend films
casted using a single good solvent and ternary solvent mixture. The absorption spectra
of both these films show the main absorption band at 512 nm along with two
absorption shoulders in the low energy region (i.e., at 550 and 610 nm). These
characteristic bands correspond to well ordered and structured chains of P3HT
polymer. The main absorption peak at 512 nm is related to the crystallization process

in P3HT polymer, i.e., an intra-chain transition of its random coiled conformation in
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its well dissolved form to a less entangled rod like conformation. The other two
absorption shoulders arise from the increased conjugation length in P3HT as a result
of coiled to rod transformation and interchain m-n stacking interaction among the

extended P3HT chains, respectively [7].

a. Mixed cosolvent
b. Conventional

Lorentzian fit for b, r’= 0.9889

o
[«
1

Lorentzian fit for a, r’= 0.9892

o
(-]
|

Absorbance (a.u.)
:

o
N
|

I ' 1 ' I
500 600 700
wavelength (nm)

Figure 6.1: UV-Visible absorption spectra of P3HT:PCBM blend films

It is seen from the spectra that the increased intensities of the absorption peaks
in the conventional P3HT:PCBM (using single good solvent o-DCB) film correspond
to greater number of more ordered aggregates as compared to more disordered P3HT
domains in the mixed cosolvent casted film. This may possibly be attributed to the
presence of two non-solvents which must have complicated the crystallization process
in mixed cosolvent film. The 0-DCB solvent (P3HT (Spsyt) and PCBM (Spcem)
solubility of 14.7 and 42.1 mg/mL, respectively) dissolves both the components of
mixture whereas, the added cosolvents (toluene and cyclohexanone) offer greater

solubility to one of the component (PCBM) of blended mixture. An evaluation of
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these two cosolvents suggests lesser solubility of P3HT chains in cyclohexanone
cosolvent (P3HT (Spaut) and PCBM (Spcem) solubility of 0.2 and 23.6 mg/mL) as
compared to the toluene solvent (P3HT (Spsyt) and PCBM (Spcem) Solubility of 0.7
and 15.6 mg/mL). Accordingly, a variety of solvophobic-solvophilic interactions arise
between the P3HT chains and non-solvents. A competition continues among the non-
solvents for P3HTs interface which results in insufficiently crystallized P3HT
domains. This insufficient crystallization of polymer domains has led to less efficient
photon absorption and poor device performance ultimately.
6.4.2 X-ray Diffraction Measurements

The GIXRD measurements were carried out to study the molecular orientation
and crystallinity modifications in P3HT:PCBM blend films with ternary solvent

mixture modification.
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Figure 6.2: GIXRD intensities of P3HT:PCBM films

Fig. 6.2 shows a comparison between the out of plane grazing incidence

diffraction patterns of P3HT:PCBM blend films casted of a single good solvent and
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ternary solvent mixture. The higher reflection intensities were achieved from the bulk
of the blend films by using grazing incidence angle at 0.3°. Both the P3HT:PCBM
blend films show characteristic reflection peaks at 5.3° (100) and analogous higher
order weak peaks at 10.6° (200) and 16.1° (300). These (h00) peaks are distinctive of
lamella stacking of P3HT chains in an edge on orientation with their polymer
backbone oriented parallel to the substrate and side chains perpendicular to the
substrate. A decrease in diffraction intensity of the (100) peak in mixed cosolvent
casted P3HT:PCBM film attributes the disoriented crystals along the (100) plane
normal to the substrate. However, the increased intensity of the (100) reflection peak
from the conventional film reveals the larger fraction of (h00) oriented crystallites
normal to the substrate [8]. The presence of two competing cosolvents
(cyclohexanone and toluene) having different interaction with P3HT are responsible
for the formation of disoriented crystals in mixed cosolvent solution.

Table 6.1: Interlayer distances (d) and P3HT crystallite sizes using different
solvent mixtures

Grazing 20

incidence  value Interlayer Grain
S.No. Device . . distance FWHM size
angle (in (in dioo(A) (nm)
degree)  degree) 100
1. Mixed 0.3° 5.3 16.43 0.655  12.0
Cosolvent
2. Conventional 0.3° 54 16.37 0.585 13.4

Table 6.1 presents the interlayer distances and crystallite sizes of P3HT
domains which were calculated for (100) diffraction peak in the GIXRD patterns of
two blend films. The crystallite size was found to be 12.0 and 13.4 nm in the mixed

cosolvent casted P3HT:PCBM film and conventional film, respectively. A better
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crystallization in the unmodified film as compared to ternary solvent modified film is
related with an extensive development of P3HT crystals along the (100) molecular
axis.

6.4.3 Surface Morphological Study

Surface morphology of an active layer of OSC was evaluated using AFM. Fig.
6.3 shows the AFM topographic images and three dimensional (3D) images of
P3HT:PCBM films casted without any cosolvent and with mixture of two cosolvents.
The dark regions in the images are attributed to the PCBM clusters while brighter
phases signify P3HT aggregates.

The casting solvent was found to have a profound effect on the morphology of
film and hence, on the performance of the device. AFM topographic images reveal
well-mixed and uniform phases in the conventional film owing to co-precipitation of
both the components of mixture at the same point of time during the spin coating
resulting in a smoother film. In the mixed cosolvent casted film, PCBM remains
soluble and P3HT gets the choice of movement to form aggregates in the solution
causing final demixing and phase separation in the casted film, resulting in a
relatively rougher surface [9]. This aggregate formation in the modified film may not
be regular and randomly structured due to the presence of two opposite non-solvents
with different solubility.

The root mean square (rms) roughness values determined from the AFM 3D
surface image analysis are 2.1 and 4.5 nm for conventional P3HT:PCBM film and
mixed cosolvent casted P3HT:PCBM film, respectively. Such high surface roughness
of the mixed cosolvent casted film signifies irregular and disordered arrangement of

P3HT phases in mixed cosolvent film. A non-homogenous active layer can result in
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short circuit or exciton recombination in OSC devices. Thus, a detailed examination
of proper solvent combination is required for successful utilization of this concept of

ternary solvent mixture in active layer preparation of inverted OSC devices.

Figure 6.3: AFM topographic images of P3HT:PCBM films in tapping mode (a)
ternary solvent mixture (b) single good solvent and (c) & (d) 3D images of these
films, respectively
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6.4.4 Photoluminescence Emission

The optical excitation in molecular material without charge separation exhibits
continuous emission of light for relaxation from excited to ground state which is
recognized as the process of photoluminescence (PL). So, photoluminescence
emission measurement in the P3HT:PCBM blend can provide an information on the
size of P3HT domains or the distance of successive donor-acceptor interfaces from
the point of photogenerated excitons. These excitons dissociation in organic
semiconductors are limited by their small diffusion length of the order of 8-10 nm.
The effect of solvent on the nanomorphology and phase separation of donor-acceptor
domains in the P3HT:PCBM film was studied by means of PL measurement. Fig. 6.4
demonstrates the photoluminescence (PL) emission spectra of P3HT:PCBM blend
films casted from solutions modified by mixed cosolvent addition and without any
cosolvent modification. PL spectra were taken by exciting the blend film at the
wavelength of maximum absorption (i.e., at 512 nm). PL emission is supposed to be
quenched by effective charge transfer between the donor and acceptor molecules
when they are in close contact [10].

A strong PL emission (incomplete quenching) from conventional
P3HT:PCBM film suggests an insufficient or small interface area between the donor-
acceptor phases for exciton dissociation. The co-precipitation of P3HT and PCBM
results in a mixed structure without enough phase separation in the conventional film.
This smaller interface region between the two components of the mixture might have
resulted in exciton recombination even before their separation and hence more
radiative emission is seen. However, a slightly red shifted spectrum with more

distinguishable vibrational shoulders and decreased (quenched) PL emission in mixed
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cosolvent casted film signifies more efficient charge separation between phase
separated domains of PCBM clusters and P3HT aggregates. The weakly coupled H-
aggregate model framework was found to be in agreement with the PL emission in
P3HT films owing to coupled intermolecular interactions among the H-type
aggregates. The PL spectrum of P3HT:PCBM films shows characteristic peaks of
zero-phonon transitions (0-0) and vibrational replicas (0-1, 0-2). This zero phonon

transition is characteristic of interchain exciton coupling of H-aggregates [11].
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Figure 6.4: PL emission spectra of P3BHT:PCBM films

Here, we compare the emission spectra of conventional P3HT:PCBM and
ternary solvent mixture modified films. The PL ratio (PL 0-0/0-1) was found to be 1.0
in mixed cosolvent casted films as compared to 0.98 in conventional P3HT:PCBM
films. This increase in PL ratio (and also the relaxation in symmetry forbidden zero
phonon transition) can be accounted by an increase in the energetic disorder in mixed

film. An increase in the relative intensity of zero-phonon transition cannot be related
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to the intrachain excitons coupling in case of J-type aggregates as the intensity of side
band (0-2) with respect to (0-1) (i.e., of the order of 0.73) also increases in mixed
cosolvent casted film as compared to a value of 0.70 in conventional film. So, the
formation of H-type aggregate with disorder induced relaxation in (0-0) transition is
accounted in mixed cosolvent casted film [12]. An aggregate exciton bandwidth ‘W’
being inversely proportional to PL 0-0/0-1 ratio is also reduced in an individually
mixed film resulting in efficient charge transfer to PCBM. So, PL quenching in mixed
cosolvent casted film may be attributed to non-radiative (thermal loss) transition of
excitons in the film.

6.4.5 Photovoltaic Characteristics
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Figure 6.5: Current density (J)-Voltage (V) plot of P3HT:PCBM solar cells

Fig. 6.5 shows the current density (J)-voltage (V) curves for inverted
P3HT:PCBM bulk heterojunction solar cells with photoactive layer spin coated from

blend solutions modified by mixed cosolvent addition and without any cosolvent
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modification. The photovoltaic parameters of the OSC devices have been presented in
Table 6.2. The photovoltaic device with an active layer casted of the ternary solvent
mixture  (0-DCB-cyclohexanone-toluene) exhibited relatively poor device
performances (power conversion efficiency (PCE) of 2.64+0.07) with short circuit
current density (Jsc) of 6.96E-03 A cm™, open circuit voltage (Voc) of 0.61 V and fill
factor (FF) of 0.63 when compared to a similar device without any cosolvent
modification. A relatively better performance was found in unmodified or
conventional devices (PCE of 2.74+0.05%) which can be attributed to the improved
value of Ji (7.41E-03 A cm™®). This indicates that the PCE of a typical inverted solar
cell based on P3HT:PCBM blend is mostly dominated by Js. factor. Further, a small
increase in FF for ternary solvent mixture casted device was not enough to overcome
the increased Js in the conventional device [13].

Table 6.2: Photovoltaic parameters of inverted organic solar cell based on
P3HT:PCBM active layer

; Voc Jsc o) Rsh Rs
Substrate Device V) ( Acm'z) FF YoE (Qcmz) (Qcmz)
1. Mixed 61 606E-03 063 268 454 13
cosolvent
2. Conventional 0.61 7.41E-03 0.61 2.77 1123 14

It is well known that the factors contributing to the Js are light absorption,
exciton dissociation and transport of separated charges to the respective electrodes.
Disordered and unsuitably oriented P3HT domains formed in case of mixed cosolvent
casted device owing to a competition among the cosolvents for P3HTs interface must

have resulted in a decrease in light absorption and poor charge transport. These two
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unfavourable factors have contributed to the decrease in Jsc and hence a decrease in
efficiency of OSC device.

The solvent mixture method is known to yield extensively crystallized and
oriented P3HT domains in the blend film as compared to a single good solvent [14].
However, in the present case of the ternary solvent mixture, the process of
crystallization was complicated and disordered crystal formation was noticed. So, a
more comprehensive study on the choice of cosolvents, its amount and other
processing parameters are required for proper control over the crystallization kinetics
and final morphology of the blend layer.

6.5 Conclusion

A mixture of three different functional solvents like 0-DCB, toluene and
cyclohexanone was utilized for an active layer preparation of inverted OSC based on
bulk heterojunction blend of P3HT:PCBM. The PCE of the ternary solvent mixture
modified photovoltaic device was found to be 2.64+0.07% as compared to a PCE
value of 2.74+0.05% observed in case of unmodified device. This drop in
performance of the ternary solvent modified device can be attributed to the decreased
Jsc which may be because of the reduced light absorption and hindered charge
transport through the disordered domains of P3HT. AFM images depict a rougher
surface of the ternary solvent modified active layer and this rough surface can be one
of the reasons for decrease in shunt resistance or leakage pathway in OSC device. PL
measurement reveals quenching of the PL emission owing to the non-radiative
transition (thermal loss) of energetically disordered excitons in mixed cosolvent

modified film.

172



CHAPTER 6 Ternary solvent mixture approach

References

1. K. Kawano, J. Sakai, M. Yahir and C. Adachi, Sol. Energy Mater. Sol. Cells, 2009,
93, 514.

2. H. -Y. Chen, H. Yang, G. Yang, S. Sista, R. Zadoyan, G. Li and Y. Yang, J. Phys.
Chem. C, 2009, 113, 7946.

3.Y.Yao, J. Hou, Z. Xu, G. Liand Y. Yang, Adv. Funct. Mater., 2008, 18, 1783.

4. D. Peramunage, D. M. Pasquariello and K. M. Abraham, J. Electrochem. Soc.,
1995, 142, 1789.

5. L. Ye, S. Zhang, W. Ma, B. Fan, X. Guo, Y. Huang, H. Ade and J. Hou, Adv.
Mater., 2012, 24, 6335.

6. Y. D. Park, H. S. Lee, Y. J. Choi, D. Kwak, J. H. Cho, S. Lee and K. Cho, Adv.
Funct. Mater., 2009, 19, 1200.

7.J. S. Kim, J. H. Lee, J. H. Park, C. Shim, M. Sim and K. Cho, Adv. Funct. Mater.,
2011, 21, 480.

8. S. -J. Kang, Y. -S. Kim, W. B. Kim, D. -Y. Kim and Y. -Y. Noh, ACS Appl.
Mater. Interfaces, 2013, 5, 9043.

9. M. N. Yusli, T. W. Yun and K. Sulaiman, Mater. Lett., 2009, 63, 2691.

10. R. Koeppe and N. S. Sariciftci, Photochem. Photobiol. Sci., 2006, 5, 1122.

11. X. M. Jiang, R. Osterbacka, O. Korovyanko, C. P. An, B. Horovitz, R. A. J.
Janssen and Z. V. Vardeny, Adv. Funct. Mater., 2002, 12, 587.

12. N. Banerji, S. Cowan, E. Vauthey and A. J. Heeger, J. Phys. Chem. C, 2011, 115,
9726.

13. P. W. M. Blom, V. D. Mihailetchi, L. J. A. Koster and D. E. Markov, Adv. Mater.,
2007, 19, 1551.

14. J. -H. Kim, J. H. Park, J. H. Lee, J. S. Kim, M. Sim, C. Shim and K. Cho, J.
Mater. Chem., 2010, 20, 7398.

173



Chapter 7

Conclusion &I Future Scope




v

CONCLUSION & FUTURE SCOPE

7.1 Conclusion
7.2 Future scope

7.1 Conclusion
n inverted organic solar cell with a layer sequence comprising
glass/ITO/ZnO/P3HT:PCBM/Mo0Os/Ag was successfully prepared. An
active layer of inverted OSC device was prepared using four different
solvent combinations. Study of these solvent mixtures revealed a better role of ortho-
dichlorobenzene-cyclohexanone solvent mixture to produce optimal polymer
crystallization and phase separation for efficient performance of inverted solar cell.
The concept of solvent induced crystallization of donor polymer, i.e., P3HT
was then effectively extended to an active blend of inverted OSCs. An improvement
in its efficiency from 2.74+0.05% in unmodified device to 3.01+0.05% in
cyclohexanone cosolvent modified device was achieved with an optimized
concentration of cyclohexanone cosolvent with ageing period of 2 h. This
improvement is related to an increase in current density and fill factor of the device.
An increase in P3HT crystallinity is observed with cyclohexanone addition which
leads to an efficient photoabsorption. The commensurate vertical concentration
gradient in P3HT fractions of the blend is possibly responsible for efficient hole

transport and betterment of the photovoltaic parameters in the inverted OSC device.
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The P3HT:PCBM composite films prepared using simple marginal solvent
such as cyclohexanone addition in poly(3-hexylthiophene):[6,6]-phenyl Cgi-butyric
acid methyl ester (P3HT:PCBM) solution were not found to be effectively
crystallized. So, two steps individually mixed method was adopted with
cyclohexanone addition to P3HT solution in first step and subsequently mixing of
PCBM solution in second. This modified method presents an improvement in the
efficiency to 3.39+0.05% which is attributable to improved crystallization of P3HT
donor. This improved crystallization of modified film is found because of negligible
interruption caused by PCBM domains during the crystallization of P3HT.

Further, an introduction of newer concept of ternary solvent mixture for active
layer preparation led to a decrease in efficiency to 2.64+0.07% in the inverted OSC
device when it was compared with a device fabricated without any cosolvent
modification. However, a comprehensive study of ternary solvent mixture method is
further needed to explore the possibility of improvement in efficiency of inverted
photovoltaic device which can replace the existing silicon technology in the energy
harvesting sector by considering various parameters such as the choice of cosolvents,

its amount and processing etc.
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7.2 Future Scope

One may possibly carry forward this work in future to realize better efficiency
in inverted organic solar cells by extending the concept of ternary solvent mixture
approach to other donor-acceptor including low band gap materials. Additionally,
more of such ternary solvent mixtures can be explored to modify the morphology of
donor-acceptor pairs. Although a lot of work has already been carried out in this area
however, researchers have not reached to optimum blend morphology for
commercialization of organic solar cells which still remains a challenge. So, we
anticipate a better prospect for organic solar cells market in the near future especially
in a developing country like ours (India) with optimized morphology of the

photoactive blend for maximum possible harvesting of solar radiation.
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