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ABSTRACT

Solution processed bulk heterojunction organic solar cells (BHJ-OSCs) have gained consid-
erable attention during the last two decades and have become one of the future photovoltaic
technologies in the production of inexpensive electricity power. This Ph.D. thesis deals with
the fabrication and characterization of BHJ-OSCs based on w-conjugated polymers such
as: poly(3-hexylthiophene) (P3HT) and poly [[4,8-bis [(2-ethyhexyl)oxy| benzo(1,2-b:4,5b)
dithiophene 2, 6 diyl] [3fluoro2 [(2 ethylhexyl) carbonyl] thieno [3,4-b] thiophenediyl]] (PTB7)
as electron donor materials. The donors were used in combination with [6,6]-phenyl-C61-

butyric acid methyl ester (PCBM) as electron acceptor.

Different techniques were employed to improve the performance of BHJ-OSC devices. In
this research the necessary efforts were made to optimize the composition of the photoactive
layer in order to improve the power conversion efficiency (PCE) of the devices. To address
the issue of environmental stability of the OSC devices we have conducted research on inter-
facial layer properties and morphology of the photoactive films. Experiments were carried
out using both ternary and binary molecules blend photoactive layers in an effort to improve
the photon absorption band of the medium. In most of the devices fabricated in these inves-
tigations a thin film of poly(ethylene -3-4-dioxy thiophene):poly styrene sulphonate, known

as PEDOT:PSS, was formed by using spin coating which is used as a hole transport and



electron blocking layer (HTL). However, the acidic and hygroscopic nature of PEDOT:PSS
has negative consequences for the performance and stability of BHJ-OSC devices. This
problem was partially addressed using vanadium pentoxide (V205) thin films deposited by
two electrochemical cells (TECC) as an alternative to PEDOT:PSS. We found encourag-
ing results on the use of 1505 to replace PEDOT:PSS as HTLs which effectively improved
the performance and stability of the BHJ-OSC. The main cell parameters derived from the
best-performed device with V5,05 HTL showed PCE, FF, V.., and J,. are 2.43 %, 45 %, 550
mV, and 10 mAem 2, respectively. These values are higher than those parameters measured
from PEDOT:PSS HTL devices using the same active layer. The lifetime measurements
conducted on the various OSC devices provided us with information about the extent to
which the devices were stable under ambient environment. We found OSCs with V505 as

HTL exhibited more stability than PEDOT:PSS based devices by a factor of about ten.

The optical properties of transition metal oxide films such as V205 and ZnO/TiO, bilayer as
a buffer layer in OSC devices showed high optical transmittance in the range from 400 nm
to 700 nm. These films (V205 and ZnO/TiO, bilayer ) exhibited a wide energy band gap of

2.4 eV and 3.4 eV, respectively.

In an effort to improve photon harvesting in OSC active layer, we have conducted experi-
ment on both the binary and the ternary bulk-heterojunction active layer design prepared
under ambient laboratory condition. The devices were composed of active layer using P3HT
and PTB7 as donor and PCBM as acceptor materials. The devices have exhibited PCE
ranging from (2 to 5)% depending on the type of the donor/acceptor blend active thin films
and condition of buffer layers. The ternary blend showed generally better light harvesting

compared to the binary counterpart.

The research also includes issues related to the deposition and characterization of some inor-
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ganic thin films such as V505, ZnO, TiO, by using TECC for application in the OSCs. The
thin films were characterized by employing several spectroscopic techniques such as double-
beam UV-VIS spectrophotometer, scanning electron microscopy (SEM), energy-dispersive
analysis X-ray (EDAX), transmission electron microscopy (TEM), Raman spectroscopy, pho-
toluminces (PL), and X-ray diffractometer (XRD). The details of device preparations and

characterization of the films are discussed extensively in the thesis.
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Chapter 1

INTRODUCTION

Global environmental degradation, climate change and global warming are often associated
with the emission of carbon-dioxide into the atmosphere mainly by the use of fossil fuels. This
has led to the quest for environmental friendly alternative energy sources. Moreover, fossil
fuels are not sustainable in the long term which calls for alternative and renewable energy
sources to address the issue of both environmental degradation and sustainability. The
renewable energy source based on the conversion of solar energy to electricity via photovoltaic
devices is one of the solutions which is sustainable and environmentally friendly and is also
an inexhaustible source. The extensive use of solar energy in the world will contribute to

the reduction of carbon dioxide emission and decreases our dependence on fossil fuel [1-5].

Although producing electricity from renewable resources is fundamentally dependent on
their fabrication cost, the main challenge remains the reduction of the high overall cost of
electricity production. Electricity generated by inorganic photovoltaic (PV) is still expensive

compared to electricity produced by diesel, hydroelectric and nuclear power plants.



In order to address this issue, many research efforts have been dedicated to the development of
alternative low cost thin film PV technologies such as organic photovoltaics (OPV). Although
the OPV market is still at its infancy, production, integration and installation costs of this
type of solar cells are expected to remain very low compared to the existing silicon based
technologies. In particular, organic solar cell devices based on m-conjugated polymers have
recently emerged as another substitute for the conventional inorganic solar cells due to their
considerable potential in reducing the cost of device production, mechanical flexibility, light

weight and the ease of thin film fabrication [6-15] (see Fig. 1.1a).

Organic materials are abundant in nature, environmentally safe and possess good optical as
well as electrical properties [16-25]. Moreover, OSC devices can be fabricated by solution

processing techniques that allow large-area device fabrication which is compatible with roll-

to-roll (R2R) printing and coating approaches [0, [7, 12, 20, 27] (see Fig. 1.1b).

Figure 1.1: OSC devices a) flexible [28] b) roll-to-roll [29].

Despite the low charge mobility of organic semiconductors compared to inorganic semicon-
ductor media, there has been rapid progress in improving the power conversion efficiency
(PCE) of the OSC which currently stands over 10 % due to the synthesis of novel low energy
band gap organic photoactive materials, introduction of suitable buffer layer materials and

the modification of device architectures [30-34].



In spite of the tremendous progress in the PCE of organic solar cells environmental stability
still remains a great challenge in harnessing solar energy using OSC (Fig. 1.2). This is due to
the fact that organic materials are by nature more susceptible to degradation in the presence
of oxygen and moisture. Fig. 1.2 represents the major challenges of the OSC devices such
as improvement of the light harvesting, charge transport, devices environmental stability,
open circuit voltage and device architecture, which should be roll-to-roll compatible. The
environmental stability of OSCs has recently been partially addressed by employing new
materials with enhanced optical and electronic properties, device engineering of photoactive
layers such as inverted, tandem and ternary architectures as well as optimizing buffer layers,

using stable metal oxide electrodes and encapsulation [35], 36].

Challenges

Improving \
Electrodes
and device
stability

Figure 1.2: The OSC devices major challenges [37].



1.1 Justifications

An increasing trend of global atmospheric temperature due to the high concentration of
carbon dioxide in the atmosphere demands alternative green energy sources. Solar energy is
one of the alternative green energy options that remains an untapped potential at present.
However, the search for efficient mechanisms to convert solar energy into electricity has been
the challenge ever since the realization of the concept of using solar energy. In the last few
decades silicon based solar panels have been successfully used in the generation of electric
power, but the cost of device fabrication is still expensive in spite of the recent declining
trend. Organic solar cells emerged as a possible substitute for silicon based solar cells for the
generation of low cost solar energy. Organic solar cells have attracted a lot of attention in
recent years because of its ease of solution process ability, and possible large area fabrication

on flexible substrate and light weight.

1.2 Aim of thesis

The aim of this Ph.D. research is to investigate the properties of organic molecules based
solar cells fabricated under ambient environment. This can be achieved via optimizing the
properties of the photoactive medium by blending various donor conjugated molecules as well
as incorporating different charge transport buffer layers. Part of this research deals with the
deposition and characterization of semiconductor oxide such as V5,05, ZnO and 77O, thin
film on transparent and conductive electrodes for the purpose of using the layer as an effective
charge transport medium. The investigation will also include the determination of device
degradation in unprotected condition. This will provide information about the rate at which

the devices degrade in ambient environment.



1.3 Objectives of thesis

The project focused on fabricated devices incorporating binary (PTB7:PCBM and P3HT:PCBM)

and ternary (PTB7:P3HT:PCBM) blends as photoactive layers.
The specific objectives were to:

e Fabricate and characterize BHJ-OSC device under ambient laboratory condition as well

as to improve the devices performance and stability.

e Enhance the PCE and life time of OSC devices by introducing transition metal oxide

materials such as V5,05 as hole transport layer to replace PEDOT:PSS.

e Synthesize and characterize buffer layer for application in OSC such as V5,05 thin films and

Zn0O/Ti0, bilayer by using low cost methods such as electrochemical deposition technique.

1.4 Outline of this thesis

This thesis contains eight chapters. Chapters one and two provide information about the
introduction and general background of the study. Chapters three to seven discuss the
research results in terms of published articles. Each of these chapters contains an abstract,
introduction, experimental details, results and discussion as well as conclusion. These articles
were submitted and published in different journals. Chapter eight is the conclusion of the

work.



Chapter One (Introduction):
This chapter covers general information about the justification, aim, objectives and the

outline of this thesis.

Chapter Two (Literature review):

This chapter describes the general background information of research, including the main
types of the OSCs, basic processes in BHJ-OSCs and the factors limiting the performance of
OSC devices with reviewed current-voltage characteristic, PCE parameters and the photoac-
tive layer, electrodes, interfacial layer materials and their synthesis and characterization. It

also covers the charge transport theory of the free carrier generation in OSCs.

Chapter Three (Article One):

In this chapter, we deal with synthesis and characterization of V505 thin films which is used
as hole transport layer (HTL) in BHJ-OSC devices with resultant enhancement in PCE
and stability, compared to devices with PEDOT:PSS as HTL under ambient environmental

conditions.

Chapter Four (Article Two):

Chapter four discusses the growth of V505 thin film by using electrochemical deposition
technique for OSCs application. The effect of annealing temperature treatment on the V505
thin films properties such as surface morphology, optical, photoluminescence properties and

crystal structure were investigated.

Chapter Five (Article Three):
This chapter deals with the demonstration of layer deposition of transparent metal oxides

structures from inorganic reagents that could be used as cathode buffer layers in OSC devices.



We also describe the preparation technique of a laminated ZnO/TiO, bilayer by two-steps
growth on ITO coated glass such as electrochemical deposition and vacuum thermal evapo-

ration.

Chapter Six (Article Four):

This chapter deals with fabrication and characterization of ternary blends BHJ-OSCs based
on two electron donor materials (PTB7 and P3HT) incorporating to one electron acceptor
material (PCBM). The optical, electrical and morphological properties of the ternary blend

thin films were studied.

Chapter Seven (Article Five):
In this chapter, we reported fabrication, characterization and the stability of the BHJ-OSC
devices in ambient laboratory conditions using PTB7:PCBM binary blends as photoactive

layer.

Chapter Eight (Conclusion and Future work):
This final chapter gives an account of the summary and conclusion of the study carried out

with recommendations and possible future works.
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Chapter 2

LITERATURE REVIEW

2.1 INTRODUCTION

The photovoltaic effect was discovered in 1839 by French physicist A.E. Becquuel [1]. In
1954, the first crystalline silicon photovoltaic (PV) device was established at Bell laborato-
ries. These devices, based on Si thin films, represent the first generation of PV which gained
rapid improvement in power conversion efficiency from about 6% to 10% [2]. Afterwards,
the devices based on CdS/CdTe, Cu(In,Ga)Sey CIGS) and multijunction a-Si/a-SiGe were
fabricated and formed the second generation of PV technology. These generations have
relatively reduced the fabrication cost by using R2R processing on flexible stainless steel
with ~ 20% efficiency [3]. In 1977, in an attempt to further reduce the fabrication cost,
polyacetylene was doped to the level of metallic conduction and since then 7-conjugated
polymers are seen as an alternative for inorganic semiconductors [4]. The search for inex-
pensive photoactive materials that are low temperature solution processable and compatible

for large scale throughput led to the discovery of the third generation of PV which is based
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on organic materials [5]. Recently, organic solar cells (OSCs) have achieved efficiency above

10% threshold [6].

The commercialization of OSC devices has been slowed due to low power conversion effi-
ciencies and short lifetime. However, there has been steady progress in the field. Fig. 2.1
shows the improvement of solar cell devices efficiency as reviewed by the National Renewable
Energy Laboratory (NREL) USA. As shown in Fig. 2.1, crystalline silicon materials (blue
colour) have displayed more stable and high efficiency devices of 25% compared to OSC
(red colour) with device efficiency slightly above 10%. However, the fabrication cost and
environmental waste in the fabrication of Si solar cell is still high. OSCs serve as a potential
inexpensive alternative in terms of cost of materials and fabrication process, recording a

dramatic improvement in efficiency|[7, §].
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Figure 2.1: Report progress of power conversion efficiency of solar cell devices reviewed by

NREL [Accessed 25 May 2016] [9].
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Organic semiconductors are carbon-based materials possessing semiconductor characteris-
tics. OSCs can be divided mainly into three different categories depending on the molecules
viz: small molecules, dye-sensitized and polymer based OSCs. This classification is based
on difference in methods of their synthesis, purification and device fabrication processes.

I- Small molecule solar cells (SMSCs):

These are fabricated by using thermal evaporation deposition in a high vacuum condition.
The vacuum-based deposition technique is a costly throughput production process, therefore
the solution processing has been currently employed to fabricate SMSCs [10].

II- The dye-sensitized solar cells (DSSCs):

The dye-sensitized solar cell (DSSC) technology separates the two requirements as the charge
generation is done at the semiconductor-dye interface and the charge transport is done by
the semiconductor and the electrolyte. In a dye-sensitized solar cell, a photon absorbed by
a dye molecule gives rise to electron injection into the conduction band of nanocrystalline
oxide semiconductors such as TiO or ZnO [I1]. The spectral properties optimization of
DSSC can be done by modifying the dye alone, while the carrier’s transport properties can
be improved by optimizing the semiconductor and the electrolyte composition [12-15].

ITI- Organic solar cells (OSCs):

Organic solar cells can be solution processed which enables the roll to roll (R2R) produc-
tion with low cost deposition techniques such as spin coating [16], inkjet printing [I7] and
spray deposition [I8]. Organic semiconductors are composed of organic molecules which are
formed by a m-conjugated system. The m-bond system can have different bonding configu-

rations according to the electron wave function overlap of neighbouring atoms.

In organic semiconductors, the Highest Occupied Molecular Orbital (HOMO) and the Lowest
Unoccupied Molecular Orbital (LUMO) characterize the hybridization between bonding and

anti-bonding of the m-conjugated electrons. When an electron is excited from the HOMO to

14



the LUMO of an organic semiconductor, the molecule itself is excited into a higher energy
state [19-21].
Depending on the device’s photoactive layer architecture, the OSCs can be divided into three

basic types: single layer, bilayer, and bulk heterojunction.

2.1.1 Single layer OSCs:

Single layer organic photovoltaic cells are the simplest device structure and are comprised of
only one photoactive material sandwiched between the TCO’s bottom electrode (high work
function) such as ITO and a metallic top electrode (low work function) such as Al (Fig. 2.2a).
Single layer organic solar was established in 1994 by R. N. Mark et al. using a photoactive
layer of poly(p-phenylene vinylene) (PPV), but the cells performed poorly with a low power
conversion efficiency which is less than 0.1% [22]. The properties of this cell are strongly
dependent on the nature of the electrodes. A disadvantage is that the electric field resulting
from the difference between the two conductive electrodes is not sufficient to dissociate the

exciton, thus the electrons recombine with the holes without reaching the electrode [23] 24].

2.1.2 Bilayer OSCs:

Bilayer cells contain two materials with varying electron affinity and ionization energy layers
in between the transparent and back electrodes (Fig 2.2b), therefore electrostatic forces are
generated at the interface between the two layers. The materials are chosen to make the
differences large enough that these local electric fields are strong, which dissociates excitons

much more efficiently compared to a single layer OSCs [25].
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Figure 2.2: Architectures and energy levels of the photoactive layer OSC devices: a) single

layer, b) bilayer, and ¢) BHJ [30].

The electron acceptor layer materials have higher electron affinity and ionization potential
than the electron donor layer materials. This structure is also called a planar donor (D) -
acceptor (A) heterojunction [24], 26 27]. Planar D-A heterojunction OSCs structure was
established for the first time in 1986 by C. W. Tang from Kodak, and the device photoactive

layer comprised of copper phthalocyanine (CuPc) as electron donor and perylene tetracar-

16



boxylic derivative (PTC) as electron acceptor and the reported PCE was ~ 1% [28]. The
photoactive layer is coated between ITO for collection of holes and silver (Ag) to collect
the electrons. In 2003 Peumans et al. reported PCE of 3.5% by using fullerene Cgq as an

alternative to PTC derivative as electron acceptor with the same device structure as above

[24], 29].

2.1.3 Bulk heterojunction OSCs:

Bulk heterojunctions are designed in such a way that the photoactive layer is composed
of the blends of donor and acceptor molecules. These molecules are desolved in organic
solvent after being coated on the substrate. The molecules then form an interpenetrating
nanoscale structure which enhances the dissociation of excitons in the medium (Fig. 2.2c).
The photoactive layer blend forms domains of nanostructured morphology giving room for
excitons with short lifetimes and diffusion length to reach an interface and dissociate into

separate charge carriers [30].

Most bulk heterojunction solar cells use two components, namely binary BHJ-OSCs, al-
though three-component cells denoted as ternary BHJ-OSCs have been explored. The
ternary BHJ-OSCs are based on two donors and one acceptor (D1:D2:A) or one donor and
two acceptors (D:A1:A2)] (Fig. 2.4a) [31, B2]. The additional donor or acceptor polymer
in this structure helps to extend the photon absorption band to a high wavelength, thereby

increasing the light harvesting [33-37].

These ternary cells operate through one of three distinct mechanisms: charge transfer, energy
transfer or parallel-linkage as shown in Fig. 2.3, which are fundamentally different from each

other. Each of them has its own advantage and limitations [3§].
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Figure 2.3: Three distinctly different mechanisms that can potentially improve the perfor-

mance of ternary OSCs: i) charge transfer, ii) energy transfer, and iii) parallel-linkage [3§]

In an attempt to further extend photon harvesting to cover a larger part of the spectrum,
double-junction cell (tandem) solar cells offers the distinct advantage that photon energy
is used more efficiently, because the voltage at which charges are collected in each sub-cell
is closer to the energy of the photons absorbed in that cell (Fig. 2.4b). Moreover, the
performance of the tandem cells is higher than single-junction cells (binary and ternary)

BHJ-OSC devices [39-43].

Figure 2.4: The BHJ-OSC device architecture a) Ternary blend [38] b) tandem structure

.
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2.2 Charge carrier transport theory

The solar cells based on organic materials have a low charge carrier mobility in the range
of 1077 to 1073 lower by 10 orders of magnitude than silicon semiconductor [45]. This low
charge mobility is attributed to the complex structure of organic molecules and the nature
of photon induced charge generation and transportation mechanisms in the organic medium.
The main charge transport mechanism in organic medium is, however, hopping from one
site to another which depends on space and applied electric field. The methods employed
to understand the charge transport in inorganic semiconductors can, in principle, be applied
to the organic medium too. In general, the current derived from OSC devices is caused by
drift and diffusion of charge carriers and is also dependent on the device thickness. The high
absorption coefficient of the organic materials (> 103¢cm™!) allows for the usage of a very
thin film as photoactive layer which in turn minimizes undesired electrical resistance such
as series resistance which has a significant impact on charge carrier transport through the
photoactive layer [40, [47]. Regardless of device operation principle and the effect of charge
traps in the medium, the mechanism of charge carrier transport can be described by the

drift-diffusion current density equations [47-49]:

Jrotat = Jarift + Jdif fusion (2.1)
Jp = quné +qD, 7 n (2.2)
Jp = qup§ +qDp 7 p (2.3)

Jeond. = JIn + Jp (2.4)

where n and p are the concentrations of electrons and holes in the conductor, ¢ is the

elementary charge, ¢ is the applied electric field. The diffusion constants for the two types
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of charge carriers are denoted D,, and D, for electrons and holes respectively. The electron
(hole) mobilities are given by the letters p, and p,. Using the Poisson’s and continuity

equations, the one dimensional current densities are £ can be expressed as:

= =(p-n) (2.5)

For the one-dimensional case and using the Einstein diffusion equation, Eqs (2.2) and (2.3)

become [48]:

KgT
Dn,p = (

)t p (2.6)

where Kp is the Boltzmann’s constant and T is temperature in degrees Kelvin.

n = Gun()(a) + 4D G = 4 ((2)€(a) + ) 2.)
Jy = aupla)é(e) + D, = any(pla)e(o) + -2 2.5)

where x is the x-direction of the flow of charges.

2.3 Space charge limited current (SCLC)

The space charge limited current in the device is observed when the current reaches a steady
state condition, where the traps in the medium are filled and the current is mainly dependent
on the bulk properties of the medium. In bulk heterojunction solar cells a better under-
standing of charge carrier transport phenomenon across two different electrodes is critical to
improve the performance of the OSC devices. BHJ devices have unbalanced charge-carrier
mobility, with the hole mobility being at least an order of magnitude lower than that of

the electron mobility. This results in build-up of space charge, leading to a decrease in the
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fill factor (FF) as well as power conversion efficiency of the device. For the fabrication of
efficient BHJ-OSCs the photoactive film needs to be thin enough (less than 200 nm) to avoid

recombination of the charge carriers [45].

Space charge limited current (SCLC) regime is a region dominated by charge carriers injected
from the electrode contacts and the current density-voltage characteristics becomes quadratic
(J oc V). In the SCLC region of the J-V curve, the current density can be described using
electric field and temperature dependent mobility equation which obeys the Poole—Frenkel

law [50]:

1= o exp(71/€) (2.9)

where p is charge carrier mobility, po is the zero field mobility and v is the field activation

factor.

Under the condition of SCLC, in the absence of traps in the medium, the drift current controls
the total current density flow and the diffusion part is neglected, therefore the Poisson’s and

continuity equation becomes:

J = eu,n(x)é(z) (2.10)

4 _a J

de e T ceomné() 21

Analytical expression of SCLC can be derived for a constant mobility and drift dominated
transport. Under the assumption of negligible trap density, solving the current density

equation together with the Poisson equation gives as:

9 V2
J = —eeopin

— 2.12
8 L3 ( )

where € and g are the relative dielectric permittivity of photoactive medium and free space,
respectively, L is the thickness of photoactive thin films layer and this equation is known as

Mott-Gurney law [45], 50, 51].

21



2.4 Working Principles of BHJ-OSCs

The photoactive medium of bulk heterojunction design of organic solar cells is composed of
donor polymer and acceptor organic molecules blend. The nature of the molecular blend
determines the effectiveness of the medium for photon harvesting. The molecules in the pho-
toactive layer create the so-called donor/acceptor (D/A) interfacial layers at the molecular
level which significantly contributes to the efficient dissociation of charges. In OSCs, the
creation of free charge carriers is the result of a number of necessary processes to achieve a
high performance device (Fig. 2.5). These are:

1) Photon absorption and Exciton generation. 2) Exciton diffusion and dissociation.

3) Charge separation and charge transport. 4) Charge collection by the electrodes.

Bulk-heterojunction structure based on
phase separation of polymer/polymer blend

Acceptor polymer Donor polymer
(Electron transport) N\ Charge (Hole transport)

eneration
Electron transport 9 x E

N
M/\“
Hole transport

Exciton dlf"l’usm
MM =7

Light absorption &
Exciton generation —___

/4\_,

100 —

Figure 2.5: Operating principles of BHJ-OSCs [67].
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Organic materials usually have low dielectric constant (¢ = 3—4) and weak non-covalent elec-
tronic interactions among the molecules, resulting in strong attractive Coulomb electrostatic

interaction between electron and hole [52].

2.4.1 Light absorption and exciton formation:

To obtain a highly efficient collection of photons in organic photoactive layers the absorption
bandwidth of the molecules should be matched with the solar emission spectrum [53]. In
addition, the layer should have sufficient layer thickness to absorb most of the incident
photons [54, 55]. By lowering the band gap of the polymer material it is possible to harvest
more incident photons [50] [57]. Low charge mobilities in organic photoactive materials limit
the film’s thickness to less than 250 nm. Also, additional losses in photons absorption
might originate from optical interference which modifies the light absorption profile in thin
multilayer films [52]. The photoactive layer of OSCs absorbs an incident photon through
TCO electrode, so the photon should have minimum energy to excite electron from the
highest occupied molecular orbital (HOMO) level to the lowest unoccupied molecular orbital
(LUMO) of the donor molecules. As a result, the electron in LUMO and the associated hole
in HOMO level are attracted by strong electrostatic Coulomb force which creates a quasi-

particle called exciton [58-61].

When the energy of the incident light is larger than the band gap of the organic molecules
in the photoactive layer (hv > E,), the excess energy (hv — E;) is lost due to thermalization
processes and non-optical absorption of the solar spectrum which has restricted this process

and therefore affected the open circuit voltage (V) of the device [62].
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2.4.2 Exciton diffusion and dissociation:

The formed exciton must diffuse and dissociate at the D/A interface with support of the
extra energies of the absorbed photons [61], 63]. This is restricted by the short diffusion length
(Lexze) of the exciton in conjugated polymers (~ 10 nm), resulting in charge recombination
before being able to diffuse to the D/A interface. The diffusion length is proportional to the

square root of the exciton life time 7.,. and the diffusion coefficient D.,., which is given by:
Lewc - TemcDerc (213)

Moreover, the higher the exciton diffusion length, the higher the probability of exciton
dissociation at D/A interface with lesser probability of recombination and trapping [52,

53, 162).

2.4.3 Charge separation

In order to be sure of the charge separation, the exciton binding energy (F...) is mostly
greater than the difference between ionization potential of the donor (Ip) and electron affinity

of the acceptor (x4); this condition can be expressed as[53, [60]:
Eewc > ID — XA (214)

Exciton separation provides additional energy to overcome the Coulomb binding energy
which depends on the energy between LUMO levels of donor and acceptor at D/A interface,

as well as the HOMO levels difference between donor and acceptor [61), 63].
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2.4.4 Charge transport and collection:

As a result of exciton dissociation, the holes are transported through the back of the donor
polymer chain while the electrons are transported via the acceptor domain. However, if
the carriers’ separation and transport efficiency are higher it reduces the chances for charge
recombination [57, [64]. The drift velocity (V) of the charge carriers acquired under the

influence of an electric field (E) is given by the relation:

where p1; is charge mobility. The mobility in organic materials is relatively small because of

the charge carrier localization and formation of polaron [65] [66].

The charge carriers move to the electrodes, therefore the holes and electrons are collected
at the anode and cathode electrodes, respectively. This process is limited by the so-called
non-geminate recombination losses which may occur during charge transport to electrodes

53, [65].

2.5 Characterization of OSC device

The characterization of OSCs is often determined by measuring current density-voltage char-
acteristics of the devices, the so-called J-V curve, which provides the necessary information
about the solar cell. Experimentally, it is possible to extract most of the important parame-
ters of the device from the J-V curve, namely short-circuit current density (Js.), open-circuit

voltage (V.), fill factor (F'F') and power conversion efficiency (PCE) (Fig. 2.6).
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Figure 2.6: J-V characteristic of OSCs [52].

2.5.1 Short-circuit current density (Jg.):

The short-circuit current density (Js. ) is the photo-generated current of the solar cell mea-
sured at zero applied voltage or zero load resistance. The J,. relies on a number of factors
such as the effective area of the photoactive layer (A), the incident light intensity and the
spectrum of the incident light of power density which is 100 mW/cm? under AM1.5 solar
irradiance. Fig. 2.7 shows the emission of the solar spectrum that is used to characterize

the performance of solar cells under standardized conditions such as AM1.5.
The optical and electrical properties of the photoactive layer material and the carriers collec-

tion probability of the solar cell depends on the surface passivation and the minority carrier

lifetime in the base [68], 69].
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Figure 2.7: The emission of the solar spectrum [70].

The dark current is mainly caused by thermal generation and charge injection by electrodes

and flows in the device in the opposite direction. It is reverse current and can be expressed

as [71]:

Jaark = Js[(exp] ;ZT) —1] (2.16)

The general equation for the total current density can be expressed by Schockley solar cell
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equation [72]

V
JV) = i = Jul(expl g

) —1] (2.17)
where J,, is the photogenerated current density. J, is the saturation current density, and V

is the applied voltage in the dark. In an ideal solar cell, J, is equal to the J,. measured in

mA/cm? and is given by:
Joe = — (2.18)

where I, is the short circuit current in Ampere and A is an affective area of the cell. Also,

Jse can be expressed by:

Jo=4 [ b(E)QE(E)IE (2.19)

where QFE(FE) is the quantum efficiency of cell and is defined by the probability that an
incident photon of energy E will deliver one electron to the external circuit, which depends
on the absorption coefficient of the solar cell material and bs(FE) is the incident spectral

photon flux density [69].

2.5.2 Open-circuit voltage (V,.):

The Open-circuit voltage is the maximum voltage created in the solar cell when no current

is flowing in the device due to infinite load resistance is given by:

_ HKBT ln(@

q Js

Voc +1) (2.20)

The V,. can be also determined from carrier concentration by relation:

v, = Dol (Na + ?")A”) (2.21)

q n;
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where % is the thermal voltage, N, is the doping concentration, and n; is the intrinsic

carrier concentration [69]. The V,,. mainly depends on the band gap of the molecules involved
in the active layer as well as the work function of the electrodes. In organic solar cells based
on BHJ the V,. is determined by the energy difference between the HOMO level of the donor
and the LUMO level of acceptor assuming electrodes making ohmic contact with active layer.

Therefore, V,. can be expressed as [39] [73]:

1
‘/oc - 5(EHOMO—donor - ELUMO—(zcceptor) — AV (222>

where AV is an experimental constant that is concerned to the dark J-V curve of the diode.

The AV is determined by [52]:

Apomo < AV < Aruvmo (2.23)
where,
Agovo = HOMO Oofacceptor — HOM Qo fdonor (2.24)
whereas,
Aruvo = LUMOo facceptor — LU M Qo fdonor (2.25)

2.5.3 Fill factor (FF):

The FF is defined as the ratio of the maximum power output of a solar cell to the product

of the V,. and J,., is given by:

Pmaz Jmax X Vmax

FF = =
‘/ocXJsc ‘/ocXJsc

(2.26)

The FF is also defined as the measure of the squareness from the J-V curve of the solar cell

[32, 53, [69]. The FF relies on the cell technology and on the active layer morphology [53].
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2.5.4 Power conversion efficiency (PCFE,n):

The PCE is the most commonly used parameter to compare the performance of one solar
cell to another. The PCE is defined as the percentage ratio between the output power from

the solar cell to input power from the sun, which can be expressed by [52 [71]:

Pelectrical Pmax FF‘/:)C X Jsc
" P P 2

(2.27)

where the input power for efficiency calculation is 100mW/em? at AM 1.5.

2.6 J-V curve and the equivalent circuit of the solar

cells:

For equivalent circuit of ideal solar cells, there are many important concepts which should

be studied and understood such as:

2.6.1 External quantum efficiency (EQE):

The EQE of device is defined by the ratio of the collected electrons (n.(\)) to the number
of incident photons (IPCE)(n,,())) at a particular wave length of the incident photon. The

EQE as a function of wave length can be given by [62]

Ne(N) s«(A)  he Jse(N)
EQE(\N) = = — = 1240—2277 2.9
QEN =) = Pty “ex ~ OB (2:28)
The EQE is also given by:
EQE(N) = NANIQEX = Na X Nep X Ncs X Ncc (2.29)
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where n;gp is internal quantum efficiency, 74 is absorption efficiency of the cell, ngp is
exciton diffusion efficiency, ncg is charge separation efficiency and 7o is charge collection
efficiency. The 7n;gr defines as the ratio between the number of the charge carriers collected
at an electrode and the number of photons absorbed in the device. n;gr can be expressed

as:

_ _ NBQE
MeE =TT _ 1 (2.30)

where T and R are transmissivity and reflectivity, respectively [53], 62, [74].

2.6.2 The parasitic resistances:

In real cells, the current is lost through the contact resistance as well as through the leakage
currents around the side of the device. Therefore the series resistance R, and shunt resistance
(Rsp) are introduced into the equivalent circuit (Fig. 2.8) to take into account the possible
resistances in real devices. The R, is derived from the bulk resistances of photoactive layer
and electrode, whereas the Ry, originates from the leakage current induced by the panel in
the cell, or the current leakage from the edge of the device. This includes the influence of
the local shunts between the two electrodes. The parallel resistance relies on charge carrier
losses owing to short circuit pathways and carrier recombination. In an ideal solar cell the
series resistance is near to zero (R, = 0) and the shunt resistance is equal to an infinite value

(R, = o0)[52, B3]

From the equivalent circuit model (Fig. 2.8) and including R, and Ry, the net current
density in dark can be derived from J-V characteristics of a solar cell and expressed by using

Shockley equation:

— 2.31
7, (2.31)



and, under illumination the net current density is given by:

q(V — JRy) V — JR;

IW) = Lllexpl T ) 1)+~

— Jon (2.32)

where n is the diode ideally factor [11], 52, [69, [7T], [74] [75].
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Figure 2.8: Equivalent circuit of the solar cell[30].

For an experimental case where parasitic resistances Ry and R, become important, the

current in Eq. (2.31) becomes:

a(V —JARs), . V- JAR,

IV) =V = JARg) (el T2y L2 (2.33)
whereas Eq. (2.32) becomes:
IV = gV = JARs el 820y L8R o)

If the Ry is very small and Ry, is large, the net current density may be equal to zero. In this

case, V. in Eq. (2.20) can be derived from Eq. (2.34):

Q<VOC> Voc _
nKBT]) 1]+ AR, o =0 (2.35)

Jo(Voe)[(exp]

where (V' — JARg) is equal to V. [74].

2.6.3 The properties of the J-V curve taken under dark:

Fig. 2.9 shows the J-V curve. The forward bias characteristic in dark can be divided into

three regions, where the first region (I) is straight line at negative and positive voltage with a
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slope determined by the 1/Rg, which is the ohmic conduction. The current density depends
linearly on voltage (J o V) due to leakage current (shunt) through R, until the current
through diode is sufficiently large. The next region (II) is an exponential line (injection),
where the current depends exponentially on the voltage (InJ oc V') and depends on the
current injected by electrodes. In the third region (III), the J-V curve is a second straight
line at high voltages with the slope controlled by 1/Rs. If R is large, then the increase in
current density with increasing voltage will lead to less squareness of J-V curve (lower FF)

since J oc V2. However, in the reverse bias condition, there is only one region [52, 57, 71,

75-77).
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Figure 2.9: J-V curve region [52].
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2.6.4 PCE limiting factors

As indicated in the earlier discussions, the improvement of power conversion efficiency of
BHJ-OSC devices has been achieved through the enhancement of J., V,., and FF. This
means PCE is strongly correlated to material properties, device structure and interfacial

materials effects [78].

The photocurrent density of BHJ-OSC is affected by numerous factors including generation,
exciton separation rate and the mobility of free charge carriers in the photoactive medium.
The exciton separation rate in BHJ films is quite effective due to the existence of several dis-
sociation sites (D/A interfaces) within the reach of exciton diffusion length. The method of
blending conjugated polymers such as P3HT (2.0 eV) and PTB7 (1.8 V) as donor with high
electron affinity molecules, such as fullerene Cry (PC7 BM) and C60 (PCBM) derivatives,
has become the most efficient and rapid exciton dissociation method resulting in solar cells
with relatively high power conversion efficiencies. This is due to the fact that the interpen-
etrating networks between the polymer and fullerene derivatives give rise to ultra-fast (less
than 100 fs) electron transfer between the donor and acceptor molecules [70]. However, the
efficiency of BHJ-OSC can be limited by the exciton generation rate and collection efficiency
of free charge carriers. In the case of the BHJ-OSC containing P3HT as donor material which
harvests photons in solar emission spectrum of less than 650 nm in the visible range, it can,
however, only absorb ~ 25% of the incident photons due to the high optical band gap energy
of P3HT [70]. Several other conjugated polymers with low optical band gap of about 1.1 eV
can absorb ~ 80% of the light, resulting in an improved solar cells power conversion efficiency
[70]. However, in order to increase the optical absorption of the photoactive medium it is
necessary to optimize the thickness of the film without compromising the charge transport

process.
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The mobility of charge carriers in most conjugated polymers is quite low compared to inor-
ganic counterpart. Consequently, in thick films most of the photo-generated carriers disap-
pear through recombination processes or form space charges that limit the flow of current
[77, [79, [80]. The low optical band gap polymer usage to ensure good harvesting of photons
extends to the red and near infrared portion of the solar spectrum [80].

The second factor that limits efficiency is the V., which itself is affected by several factors
including interfacial layer work functions, shunt losses, interfacial dipoles and morphology of
the photoactive layer [77]. The third important factor that limits efficiency is the fill factor
which is related to the properties of the device properties which can be influenced by the
choice of electrodes, interfacial layers and the device preparation conditions. As such, high
series resistance is also one of the limiting factors as observed in BHJ-OSC devices caused

by device preparation conditions [77, [79, [80].

The other challenge of organic solar cells is environmental stability and lifetime which is
dependent on the chemical composition of the organic materials and ambient moisture condi-
tions. These might affect the optical and electric properties of materials to generate electric-
ity from ambient electromagnetic radiation (Fig. 2.10). An instability of BHJ-OSC devices
can be attributed to chemical and physical degradation of photoactive layer and electrodes

which is due to the presence of oxygen and humidity in the polymer matrix [81], [82].

2.7 Photoactive layer materials

The most common types of organic molecules often used in the preparation of bulk - het-

erojunction (BHJ) OSCs are m-conjugated polymers such as Poly(3-hexylthiophene) (P3HT)
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Figure 2.10: Degradation process in the BHJ-OSCs [82].

(HOMO and LUMO levels at -5.2 and -3.2 V), PTB7 (HOMO level of -5.15 ¢V and a LUMO
level of -3.31 ¢V), PCPDTBT (HOMO level of -5.3 eV and a LUMO level of -3.6 V) and
PBDTTBT (HOMO level of -5.5 ¢V and a LUMO level of -3.7 €V), with fullerene derivatives
such as [6,6]-phenyl-Cg;—butyric acid methyl ester (PCg BM) or [6,6]-phenyl-C'7;—butyric
acid methyl ester (PC7; BM). PCPDTBT has deeper HOMO compared to others and there-
fore leads to higher Voo of ~ 1 V [70, [75]. Figure 2.11 shows some donor and acceptor
materials structure. In BHJ-OSC devices, suitable phase segregation allows the formation

of donor and acceptor interfaces in the medium.

2.8 Electrodes buffer layer materials

The interfacial materials incorporated as buffer layers at the photoactive layer and electrodes

interfaces are very important for the improvement of the performance and stability of the
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Figure 2.11: Some BHJ-OSCs photoactive layer materials structure.

OSC devices due to their potential to serve as electron transporting layer and hole blocking
layer which allows for the selective transporting of one type of charge carrier and blocking
the other one from reaching the electrode (Fig. 2.12). In addition, the buffer layers can
play the role of an insulating layer capable of prohibiting the chemical reaction between the
photoactive layer and electrodes, as well as the diffusion of the metal atoms into the photoac-
tive layer during the thermal evaporation deposition of the back electrode which causes high

electric resistance of the OSC devices thereby restricting their performance and stability.

On the other hand, buffer layers are also used to reduce roughness and to modify the work

function of the transparent electrode [75] [83].

2.8.1 Anodic buffer layer materials

Transparent conducting oxides (TCOs) such as indium tin oxide (ITO) and fluorine doped

tin oxide (FTO or F:SnO,) are commonly used as transparent electrodes (anode) in opto-
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Figure 2.12: Schematic illustration of photogenerated charge carriers by photoactive layer,

extracted by interfacial (buffer) layers, transported to be collected at the electrodes [95].

electronic devices due to their attractive unique properties such as high optical transparency
and high electrical conductivity. FTO exhibits a similar sheet resistance, and is slightly
less transparent and much rougher compared to ITO. Additionally FTO has thermal sta-
bility which enables it to conserve its optoelectronic properties above 600°C, at which the

properties of ITO degrade [84].

Poly(ethylene -3-4-dioxy thiophene):polystyrene sulphonate (PEDOT:PSS) is the most com-
mon hole transport layer (p-type) in OSC devices, which has many advantages such as high
work function which matches the HOMO level of the most used donor polymers, high trans-
parency in the visible range higher than 80%, good electrochemical and thermal stability,
and high electrical conductivity polymer[85]. Moreover, it smooths the surface and has the

ability to reduce or increase the work function of ITO surface roughness for efficient collec-
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tion of holes and protects the photoactive layer from oxidative effect [86], [87]. PEDOT:PSS
is also used in transparent electrode as an alternative to the ITO on flexible substrates. The
conductivity of the PEDOT:PSS ranges from 1073Sem ™! up to 103Sem ™! depending on the

solvent and it can be improved by post-treatments [86].

Despite these advantages, PEDOT:PSS can etch ITO electrodes due to its acidic nature
[88, 89]. But Monein Elshobaki et al. (year) have reported that PEDOT:PSS can etch
only a few nanometers of ITO which does not seriously affect the charge carrier transport
and collection in OSC devices [90]. Besides that, the hygroscopic nature of PEDOT:PSS
[16], OT], 92] facilitates etching the ITO layer, however, boosting sheet resistance which limits
the stability of OSC devices [82] [88]. It has also been reported that PEDOT:PSS is high
hydrophilic, thereby causing inhomogeneous film morphology and worsening electrical prop-
erties and stability [91], 93]. Several strategies have been devoted to reduce the acidic nature
of PEDO:PSS by doping PEDO:PSS with high work function TMOs such as W03, V505
[91, 93] and MoO5 [94]. Alternatively, transition metal oxides (TMOs) such as vanadium,
tungsten, nickel and molybdenum oxide (V505, W03, NiO, and MoOs) are now mostly
being used to replace PEDOT:PSS as buffer layers for OSC devices, which facilitates better

charge carriers extraction in OSCs [94-97].

2.8.2 Cathodic buffer layer materials

In conventional structure BHJ-OSC devices, an energy level offset between the work function
of cathode electrode such as AL (-4.3 eV) and LUMO level of the acceptor material such as
PCBM (-4.3 eV) could result in charge carrier recombination due to carrier aggregation from
undesirable electrons extraction. Therefore, the need to introduce a buffer layer such as Ca,

Ba, LiF, ZnO and T'iO5 between the back electrode and photoactive layer is very important
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[75]. Lithium fluoride (LiF) is commonly used as electron transport layers (ETLs) in OSC
devices which acts as an excellent barrier to limit oxygen and moisture diffusion into organic
photoactive layer, prevents the cathode electrode such as Al from being oxidized, and also
enhances the devices FF and stabilizes high V,.. Due to its insulating nature, the LiF buffer
layer must be thin (0.5-1 nm) because a thicker layer of LiF creates a dipole layer that also

lowers the electrode work function [75, 98-100].

Other alkali metal compounds such as NaF, KF, and Cy have also been used as cathode
buffer layers [95]. Moreover, the use of metal oxides as ETLs has become more popular in

recent years due to their excellent properties as explained below:

Zinc oxide (ZnO) is often used as the electron transport layer in OSC devices due to its
attractive properties such as direct wide band gap (3.37 eV) and Fermi level of 4.3 eV which
matched with LUMO of PCBM. In addition, ZnO is a non-toxic semiconductor material
with good electrical, chemical, physical and magnetic properties. The crystal structures of

ZnO are zinc blend and rock salt [75] [77), 95].

Titanium dioxide (707) is also widely used as an electron transport layer in OSC devices.
TiO5 has a large band gap in the range of 3.02 eV, 3.2 eV and 2.96 eV for the crystalline,
anatase, rutile and brookite structures, respectively. ZnO and T@O; are also used as a hole-
blocking layer, oxygen barrier and optical spacer which improves absorption inside a thin

device by modifying the optical field [77, 05].
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2.9 General processing techniques

Solution processing by roll to roll (R2R) technology to fabricate organic solar cells on large
area flexible substrate with low cost production and high throughput is the main objective
of organic solar cell research. However, in the laboratory scale various deposition techniques
have been employed in the device fabrication processes of OSC to deposit the photoactive
layer, buffer layers and electrodes, respectively. The following sections discuss the different

methods of deposition:

2.9.1 Spin coating

Spin coating is a simple technique that uses solution in the deposition of films on the sub-
strate. The thickness of the films on spin coating can be easily controlled by several pa-
rameters such as the concentration of solution and solvent, drying rate, spin time and spin
speed which are independent of each other. The drying of host solvent from the wet film
by evaporation depends on the duration of spin. The thickness of the film is exponentially
proportional to spin time and spin speed. Many reports on OSCs have used spin coating
technique to deposit photoactive thin film layer and some electrode buffer layers on device
substrates. BHJ photoactive films and buffer layers have been processed from solution mainly

through the spin coating method which is quite easy and cheap [101].

2.9.2 Thermal evaporation deposition

The thermal evaporation deposition involves the heating of materials in vacuum which is

used to deposit a thin film of metal or small molecules organic materials. The substrate is
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placed several centimeters away from the source so that evaporated material may be directly
deposited onto the substrate. This method is useful for depositing many layers of different
materials without chemical interaction between different layers. The control of materials
evaporation depends on several parameters such as vacuum chamber pressure, materials
purity and evaporation rate. In particular, the pressure of the vacuum chamber must be high
enough (107% — 10~7 mbar), because if pressure is insufficient, the hot vaporized material
particles may interact with the remaining oxygen molecules and thereby form metal oxide.
Also, the hot vaporized material can create holes in the film due to shadowing, which causes
an increase in the device series-resistance and short circuit. In addition, the materials that
deposit on the wall of the chamber can contaminate later depositions. There are sometimes

problems with film-thickness uniformity over large-area substrates.

2.9.3 Electrochemical deposition

Electrochemical deposition (ECD) technique is one of the low temperature solution pro-
cessing methods under non-vacuum conditions which is an inexpensive technique involving
relatively simple instruments that consume considerably less energy than thermal evapora-
tion technique. In this technique, electrochemical reactions occur at the electrode electrolyte
interface and charges are transported through the deposits which can be controlled by vary-
ing parameters such as applied potential, deposition time, physical and chemical nature of
the substrate surface and concentration of the suspension [95] [102]. In ECD technique, elec-
tric field has been generally used for the growth of electrically conductive materials, such as
metals, semiconductors, and conductive polymers which offers several advantages such as a
simple control of the microstructure, surface morphology and homogeneity of the deposited

oxide films via easy adjustment of deposition parameters. The investigation of other meth-
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ods is an important issue since the properties of the films are dependent on the deposition
method. ECD cells are divided into two types depending on the number of electrodes which
are: three electrodes cells and two electrodes cells. Fig. 2.13a shows a three electrodes ECD
cell which involves the use of a working electrode (cathode), a counter electrode (anode),
and a reference electrode. A conductive substrate is used as the working electrode, an inert
material is employed as the counter electrode, and the reference electrode exists to measure
and control the potential difference between the anode and cathode. The reference electrode
allows the process to be performed potentiostatically, meaning the potential of the substrate
can be controlled [103]. Fig. 2.13b shows ECD cell containing two electrodes, counter elec-

trode (graphite piece) and working electrode (conductive substrate) [95, 103, T05].
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Fotentiostat

Figure 2.13: Electrodeposition cell a) three electrodes [102] b) two electrodes. (1) electrode
holders with clamps made from stainless steel (2) working electrode (3) counter electrode (4)
glass container (5) rubber gasket. (6) inlet tubes and holes for gases and liquids. (7) screws

for adjusting electrode older height. (8) aluminium stand. [103].
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Abstract Vanadium pentoxide V,Os films were fabri-
cated by way of electrochemical deposition technique for
application as hole transport buffer layer in organic solar
cell. A thin and uniform V,Os films were successfully
deposited on indium tin oxide-coated glass substrate. The
characterization of surface morphology and optical prop-
erties of the deposition suggest that the films are suit-
able for photovoltaic application. Organic solar cell
fabricated using V,0s as hole transport buffer layer
showed better devices performance and environmental
stability than those devices fabricated with PEDOT:PSS. In
an ambient device preparation condition, the power con-
version efficiency increases by nearly 80 % compared with
PEDOT:PSS-based devices. The devices lifetime using
V,0s buffer layer has improved by a factor of 10 over
those devices with PEDOT:PSS.
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3.1 Abstract

Vanadium pentoxide (V50s5) films were fabricated by way of electro-chemical deposition tech-
nique for application as hole transport buffer layer in organic solar cell. A thin and uniform
V505 films were successfully deposited on indium tin oxide (ITO) coated glass substrate.
The characterization of surface morphology and optical properties of the deposition suggest
that the films are suitable for photovoltaic application. Organic solar cell fabricated using
V505 as hole transport buffer layer (HTL) showed better devices performance and envi-
ronmental stability than those devices fabricated with PEDOT:PSS. In an ambient device
preparation condition, the power conversion efficiency increases by nearly 80% compared
with PEDOT:PSS based devices. The devices life time using V505 buffer layer has improved
by a factor of 10 over those devices with PEDOT:PSS.

Keywords: Hole transport; electrodeposition; optical properties; OSCs

3.2 Introduction

Bulk heterojunction organic solar cells (OSC) have achieved remarkable progress in improv-
ing the power conversion efficiency (PCE) in the past ten years. The PCE of organic solar
cell is currently reached the required mass production rate close to 10% [1-6], but the en-
vironmental stability is still remain the major challenge [7-12]. Despite such problems the
OSC offers a number of advantages over the traditional inorganic molecules based solar cells.
Among others the roll-to-roll solution processing techniques in the fabrication of organic
solar cell is expected to reduce the cost of the devices. The mechanical flexibility of the
polymer film is an added advantage that allows the integration of OSC devices in non-planer

surfaces. The standard OSC device structure, composed of a sequence of layers of materials
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as ITO/PEDOT:PSS/Active layer/LiF /Al uses thin film buffer layers for various reasons.
For example, PEDOT:PSS is the most common hole transport layer in OSC which facilitates
the collection and transportation of holes from the active layer to the ITO electrode. How-
ever, the acidic and hygroscopic nature of PEDOT:PSS are among some of the factors that
negatively contributes to performance and stability of OSC. Therefore, a suitable choice of
an interfacial buffer layer can prevent the photoactive medium from exposure to moisture
and oxygen which are the major factors for device degradation. Besides, poor film unifor-
mity and surface morphology would also further deteriorate the environmental stability of
the OSC devices [13-25]. Hence, it was long overdue to find an alternative and suitable
charge transport materials to replace PEDOT:PSS. Transition metal oxides (TMOs) are
found to be a suitable candidates for possible substitute for PEDOT:PSS interfacial layer
such as V505, MoOs, NiO, and W0O3. These semiconductor metal oxides have favorable
electronic and optical properties; such as high optical transmittance, low barrier height at
ITO /photoactive layer/ interface due to their high work functions. Moreover, their high
level of technological compatibility in organic electronics and possibility for low temperature
deposition using solution processing method makes them an ideal alternative [1-16, 25-28].

The V505 particularly interesting in this study because of its potential application in OSC
to be used as hole transport and electron blocking layer [20, 2§]. Several deposition meth-
ods have been employed to synthesis and grow V505 thin film on various substrates. The
most common one is a vacuum deposition method which is relatively expensive and unsuit-
able for large area deposition. Recently, the focus of attentions was diverted into solution
processing methods to fabricate V505 buffer layer which is low cost and produces the same
level of deposition quality as vacuum techniques [13, 15-19, 26, 27]. We are employing here
electro-chemical deposition which has numerous advantages over vacuum deposition such as

the ease of film preparation, low processing costs, low temperature growth, environmentally
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friendly, nontoxic and can be expanded into industrial scale. In electro-chemical deposi-
tion, the film microstructure, surface morphology and homogeneity of the deposited film can
be easily controlled via simple adjustment of deposition parameters. In the present work,
two electrodes electrodeposition cell was used which allows flexibility in the choice of both

counter and working electrodes compared to common three electrodes electrodeposition cell.

3.3 Experimental Details

ITO coated glass substrate (sheet resistance of 152/sq) were purchased from Ossila Ltd
and used in the deposition of V505. Initially, the ITO substrates were partially etched with
acid solution at the concentration of (HCl:H,O : HNOs3 at 48:48:4 ratio by volume). The
substrates were thoroughly cleaned using ultrasonic cleaner in deionized water, acetone and
isopropanol (IPA) for 10 min, respectively. The substrates are then dried in a furnace at

120°C' for 15 min before the V505 film deposition. Cream powder ammonium metavanadate

(NH,VO3) (99.7%, Sigma Aldrich) was used to synthesis vanadium pentoxide (V2,05) film.

3.3.1 Preparation of V5,05 Film

We adopted the synthesis and electrodeposition method developed and reported in the lit-
eratures [29-31]. In a typical synthesis, 0.585g of cream powder ammonium metavanadate
(NH,VO3) at 0.05M concentration was used to prepare a solution. The electrolyte was dis-
solved in 100 ml de-ionized water (DI water) and continuously stirred at 70°C for overnight.
The resulting transparent yellowish solution was kept in room temperature for 5 days to

obtain a dense solution in order to enhance film crystallization. In the current experiment,
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the graphite piece and ITO-coated glass electrodes were used as a counter and working elec-
trodes, respectively. The electrodeposition was performed by applying a potential difference
of 2.5 volt for 5min. The resulting films were rinsed in a fresh DI water after deposition and
then thermally annealed in the furnace under ambient condition at 300°C, 350°C, 400°C,
450°C and 500°C for an hour. Surface morphology of the films were investigated by Zeiss
EVO LS 15 ultra plus FESEM (Field Emission Scanning Electron Microscopy) fitted with
Oxford EDAX (Energy Dispersive Analysis of X-ray) detector (INCA Point ID software for
quant optimization). Optical absorption across ultraviolet to infrared spectrum was mea-
sured using double beam UV/VIS spectrophotometer, respectively. In order to improve
the quality of (V50s5) film and reduce residual impurities we employed three types cleaning
procedures such as, as deposited, 5 minutes ultrasonic cleaning in DI water and 5 minutes
ultrasonic cleaning in DI water, acetone and IPA, respectively. Finally, the substrates were

dried in the furnace at 150°C for 15 min in air.

3.3.2 Preparation of OSC devices

Several OSC devices were fabricated based on standard device structure ITO/ V505 /
P3HT:PCBM/LiF:Al in ambient laboratory condition (Fig 3.1a). The photoactive layer of
the solar cells was composed of poly (3-hexythiophene) (P3HT) and [6-6] phenl-C61-butuyric
acid methyl ester (PCBM) blend at 1:1 ratio by weight. The solution of the polymers blend
was prepared in chloroform solvent at concentration of 20mg/ml and sonicated for 3hrs at
40°C to enhance the miscibility of the molecules. The active layers were then spin coated on
top of V505 at the rate of 1200 rpm for 50 sec and dried in the furnace at 70°C, for 5 min
under nitrogen atmosphere. The samples were then loaded into the vacuum chamber (Ed-

ward Auto 306 deposition unit) at a base pressure of 1075 mbar. Finally, a thin buffer layers
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Figure 3.1: Schematic diagram for a) energy level of organic solar cells based V205 HTL and

b) device structure of OSCs.

of lithium fluoride and aluminium electrode were deposited on top of the active layer with
thickness 0.4nm and 50nm, respectively. The electrical characterization of the devices was
carried out using computer interfaced Keithley HP2400 source-meter and a solar simulator
(model SS50AAA) at AM1.5 operating at an integrated power intensity of 100 mW /cm?.
The resulting diodes had effective area was 0.04 cm?. According to the information pro-
vided in Fig (5.1a) the valence band of V205 (-4.7 €V) is higher than the HOMO of P3HT
(-5.15 eV) which is favorable for hole transport at the interface ITO/ V205 /P3HT [27, [33].
Moreover, the existence of large energy band offset between the LUMO of P3HT (-3.2eV)
and conduction band of V505 (-2.4eV) suggest that 15,05 buffer layer is indeed an electron
blocking layer which prevents electrons from entering into the I'TO electrode. As a result,
the V505 film as an interfacial layer can prevent the recombination of the charge carriers at

the interface between active layer and ITO electrode.
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3.4 Results and Discussion:

3.4.1 Characterizations of V5,05 Films

After electro-chemical deposition of V5,05 on ITO coated glass substrates we studied the op-
tical and microstructural properties of the films. The thickness of the films as determined by
SEM and ellipsometery measurements ranges from (45-65)nm and the deposition parameters
are kept the same. The crystalline structure of V505 thin films were analyzed using X-ray
diffractometer with CuK, radiation (A = 0.15406 nm). Fig. 3.2 shows the XRD pattern
of V505 thin film deposited on ITO coated glass substrate after annealing at different tem-
peratures for 1h. The diffraction peaks are indexed as (101), (301), (400), (211) and (002)
planes of V505 which are located at 20 = 21.4°, 30.4°, 30.4° and 45.2°, respectively. All the
diffraction peaks in the pattern corresponding to the orthorhombic crystal structure of V50s5.
It is evident that the crystallinity of the films increase with temperature and reached maxi-
mum at 450°C as attested by enhanced intensities (Fig. 3.2). Some of the weak diffraction
peaks appeared at lower angles in XRD spectra of the 500°C and 450°C annealed samples
are associated with (200) and (001) planes of V205 crystal located at 26 = 18,7° and 20.5°,
respectively. The peaks marked by (x) are due to the presence of ITO on the glass substrate.
The results confirmed the formation of V505 crystal on the glass substrate which are in
agreement with literature [34-36]. The optical transmittance spectra provided in Fig 3.3a
are taken from the samples which are undergone to various post-deposition heat treatment
in an ambient environment. Generally, the spectra clearly show high optical transmittance
which is suitable for the preparation of organic solar cell. Those samples annealed at 400°C,
450°C, 500°C exhibited high transmittance in the region from 400 nm to 700 nm. The sam-

ples treated below 400°C were found to be less transparent in the same region of wavelengths.
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Figure 3.2: The XRD spectra of V505 films deposited on ITO coated glass substrate

Based on the experimental evidences, from XRD and optical absorption measurements, the
optimum temperature for better transmittance and crystal quality of V505 film was found to
be 450°C. Further investigation was also conducted on the effect of deposition residual im-
purities on V505 films prepared using identical deposition parameters followed by annealing
at 450°C. The samples were then undergone in three types of cleaning procedures; Type 1)
as deposited Type 2) 5 min ultra sonication in DI water
Type 3) 5 min ultra sonication in DI water, acetone and isopropanol, respectively (stan-
dard).

The measured optical transmittance spectra taken from the samples show generally similar

absorption pattern (see Fig. 3.3b) except those samples cleaned under standard procedure
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Figure 3.3: Optical transmittance spectra of V505 films a) annealed at various temperatures

after electrodeposition b) absorbance taken from samples without and with cleaning after

annealed at 450°C.

(type 3) which slightly show better transmittance in the wavelength range from 550 nm to

700 nm. Moreover, the scanning electron microscopic (SEM) images taken from the surface

of the samples distinctly show the effect of cleaning on the microstructure and crystal grain

size distributions of V505 films (see Fig. 3.4). The top panel of Fig. 3.4a is the image taken

directly after the deposition of the film (Type 1) which consists of V505 film covered with

some form of artifacts. In this image, it is evident about the existence of larger grain size of

Figure 3.4: SEM images taken from V5,0; films after post-deposition annealing followed by

a) without cleaning b) cleaning with DI water for 5min ¢) cleaning with DI water, acetone

and TPA for bmin.
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V505 molecule. The artifacts largely disappeared from the surface when the sample is cleaned
with DI water (Type 2) but still some defect like structure are evident on the surface (Fig.
3.4b). Finally, we found no defect on the surface of the film as depicted on the bottom panel
(Fig. 3.4c) for (type 3) cleaning procedure. In all cases, the films exhibited uniform and
densely distributed microstructure of poly-crystalline grain of V20s5. The elemental analysis

of the EDAX data confirmed the formation of 15,05 on top of ITO coated glass substrate.

3.4.2 Characterizations of OSC devices

The photoactive layers of the solar cells, composed of P3HT and PCBM blend, were spin
coated on several V505 film coated substrates which were undergone through various post-
deposition heat treatments. The OSC devices fabricated on V505 were compared with sam-
ples produced on PEDOT:PSS hole transport layer (HTL). The current-voltage (J-V) char-
acteristics given in Fig. 3.5 are taken from OSC devices whose hole transport layers were
annealed at various temperatures as indicated in the panel. Devices with 1505 as a hole
transport layer are generally performs better than those produced on PEDOT:PSS(Fig.
3.5). The best device performance was recorded from samples whose V5,05 film was annealed
at 450°C (Table 3.1). The maximum device parameters from this experiment, using V505 as
hole transport layer, are PCE = 2.43%, FF = 45%, J,. = 10mA /cm? and V.= 550 millivolts.
These values are well above the parameters measured from devices produced on PEDOT:PSS
layer (Table 3.1). It is to be noted that only those V205 film depositions annealed at 400°C
and 450°C outperformed those on PEDOT:PSS layer. The rest of post-deposition annealing
temperatures did not yield the desired film property. For example, the power conversion
efficiency grew by 50% when the 450°C annealed V,0s5 film was used as hole transport layer

compared to PEDOT:PSS ( Table 3.1). The reason for such high improvement in PCE is
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Figure 3.5: The J-V characteristics of the devices under illumination with V5,05 hole trans-

port layers which were annealed at various temperatures as indicated in the panel.

mainly due to enhanced short circuit current collected from device with V505 layer. Accord-
ing to the results, it appeared to us that V505 buffer layer prevents the leakage currents by
creating high shunt resistance and lower series resistance at the interface, at least for 400°C
and 450°C annealed films(Table 3.1). The open circuit voltage measured from the sample
whose V505 film was annealed at 500°C was lower than all other devices. This could be
attributed to the oxygen deficiency of the V5,05 film due to high temperature and resulting
in the formation undesirable layer that could change the work function of the ITO electrode.
3.4.2.1 Effect of post-deposition cleaning

The purpose of post-deposition cleaning is to reduce the deposition residual impurities with-
out harming the film properties and to improve device performance. The effect of cleaning

V505 films was discussed in terms of changes in optical and structural properties in the pre-
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Table 3.1: Performance of solar cells fabricated at various V505 processing temperatures

without post-deposition cleaning.

HTL Annealing V. Jse FF PCE R, Ran

material temp. (°C) volt mA/em?* % %  ohms ohms

PEDOT:PSS 150 0.56 7.12 404 1.62 305 2710

V205 300 0.54 9.03 244 119 602 1187
V205 350 0.59 6.22 38.7 143 528 2712
V205 400 0.55 8.74 434 2.09 195 4155
V205 450 0.55 9.95 44.3 243 156 5400
V205 500 0.51 5.94 34.1 1.05 875 4538

vious sections. Devices were produced on several substrates which were undergone in one of
the three cleaning procedure. The electrical properties of OSC devices provided in Fig. 3.6
clearly shows the difference in device performances. We found significant improvement in
device performance after cleaning the substrate with DI water after V5,05 deposition. The
power conversion efficiency was enhanced by 11% compared to samples produced without
cleaning (Table 3.2). However, cleaning the vanadium pentoxide film using (type 3) proce-
dure has significantly reduced the device performance in most of the samples. One of the
device parameter that suffered by the effect is the open circuit voltage which is recorded to
the value of 270 milivolts (Table 3.2). The low device performance in type 3 could be the
result of the interaction between V505 film and ITO electrodes facilitated by the presence
of organic solvents. Such interactions could lead to the formation of interfacial defect layer
between the ITO and V505 buffer layer which reduces the magnitude of V. The presence
of such interfacial layer would modify the work function of the electrode as well as can cause

high series resistance in the medium. Besides, the measured low short circuit current (Jgo
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Figure 3.6: J-V characteristics of OSCs devices under illumination whose V50; films were

annealed at 450°C and followed by three types of cleaning procedures.

= 5.53 mA/cm? is another indication of the presence of high series resistance in the inter-
facial layer. Our results suggest that cleaning the hole transport layer (V20j5) with organic
solvents after deposition would result in poor device performance. However, the films which
were annealed at 350°C after deposition appeared to be more stable in organic solvents than
450°C and the result will be communicated in the near future.

3.4.2.2 Environmental stability of OSC devices

The environmental stability of devices produced with V5,05 and PEDOT:PSS hole transport
layers were compared under exposure to ambient environment. The laboratory condition
such as temperature and humidity level were 21°C and 54%, respectively. The current-
voltage characteristics of the devices were measured in a regular time interval and then the

samples were kept in the Ny atmosphere until the next measurement. According to the
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Table 3.2: Device performances following three types of cleaning procedures after V505

deposition.

V 1,05 film annealed at 450°C

Cleaning V. Jse FF PCE

Procedure volt mA/cm? % %
Type 1 0.55 9.95 44.3 24
Type2 058  10.12 45.6 2.7
Type 3  0.27 5.53 39.7 0.6

results depicted in Fig. 5.7(a) and (b) the solar cell parameters decreases very quickly in

devices with PEDOT:PSS layer than V5,05. In the first one hour of device life time the
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Figure 3.7: Normalized device parameters of OSCs using a)V205 HTL b) PEDOT:PSS HTL.

parameters of the two groups of solar cells do not change very much. Noticeable change of
parameters have been recorded from devices with V5,05 HTL only after 15 hours. However,
in the case of PEDOT:PSS based devices most of the device parameters monotonically de-
creases beginning from the first hour of existence. The power conversion efficiency of these

devices decreases by 50% in 16 hours while devices with V,05 HTL take nearly 130 hours.
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Therefore, V505 buffer layer is not only effective hole transport layer but also protects the
active layer from degradation. The faster degradation of the PEDOT:PSS-based devices
is presumably due to the acidic nature of the molecule as well as it’s tendency to absorb
moisture from the environment [14], 22]. The PEDOT:PSS film is known for its susceptibility
to the formation of the so called pinholes which results in short circuiting and prone to hold
defects. However, the 15,05 films as depicted in Fig. 3.4 are found to be more uniform
and less likely to have pinhole like structure. Furthermore, it has been reported that V505
thin films is more hydrophobic than the PEDOT: PSS which contribute to better device

performance [14], 22].

3.5 Conclusions

We have successfully fabricated vanadium pentoxide (V5,05) layer through electro-chemical
deposition for efficient and stable hole transport layer in the preparation of organic solar
cell. The behavior of the film is found to be dependent on post-deposition heat treatment
as well as cleaning procedure used. The optimum annealing temperature for better crystal
growth of V505 film was found to be 450°C. The OSCs fabricated on V505 buffer layer were
found to be more stable and effective in extraction and transportation of charge carriers
from active layer to ITO electrode than PEDOT:PSS. Moreover, the devices produced using
(V205) exhibited longer life time in an ambient environment. From the current investigations,
we noted several advantages of V505 layer over PEDOT:PSS which include the ease of film
preparation at room temperature, low production cost, high optical transmittance over a wide
range of solar spectrum, and suitable energy level alignment for hole transport compared

to PEDOT:PSS. Because of such attractive behavior of V505 the film preparation can be
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scaled up for mass production of organic solar cell. The investigation need to be expanded
into the deposition of the film on flexible substrate. Therefore, the V4,05 layer has promising
potential to be used as hole transport layer to replace the PEDOT:PSS in the fabrication of

OSC devices.
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4.1 Abstract

Vanadium pentoxide (V505) thin films were grown at room temperature on ITO coated glass
substrates by electrochemical deposition. The resulting films were annealed at 300°C, 400°C
and 500°C for 1h in ambient environment. The effect of heat treatment on the films properties
such as surface morphology, crystal structure, optical absorption and photoluminescence
were investigated. The X-ray diffraction study showed that the films are well crystallized
with temperatures. Strong reflection from plane (400) indicated the film’s preferred growth
orientation. The V5,05 films are found to be highly transparent across the visible spectrum
and the measured photoluminescence quenching suggested the film’s potential application in

OPV device fabrication.

Keywords: V5,05 thin films; electrochemical deposition; optical band gap; PL

4.2 Introduction

Solution processing of the functional buffer layer is desired for large scale and high throughput
production of organic photovoltaics (OPVs). The effectiveness of photo-generated charges
collection in OPV is largely depend on the properties of the interface between the photoac-
tive layer and electrodes because of the built-in potential across the region (Lee et al., 2014).
As much as the built in potentials are useful for the functioning of OPV devices, in some
cases, it is counter productive to charge transport process across the interface because of the
insurmountable barrier heights. It became customary to introduce a thin layer of suitable
materials often called buffer layers in an effort to lessen the barrier caused by built in poten-

tial across electrode/active layer interfaces as well as to improve devices stability (Zhao et
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al., 2010; Sun et al., 2011; Lim et al., 2012; Tan et al., 2012; Voroshazi et al., 2011; Litzov
& Brabec, 2013; Bao et al.,2015;Liu et al.,2016). The generation of free charges in bulk-
heterojunction design of organic photovoltaics begins with the absorption of a photon via
active layer which excite an electron from HOMO to LUMO level of donor molecule and cre-
ate a quasi particle called exciton. The resulting exciton diffuse towards an interfacial region
between the donor and the acceptor molecules. The formed exciton is then dissociated at the
interface to create a free charge carriers which can be transported to the opposite electrodes
(Lee et al., 2014). Hence, the performance of OPV devices heavily dependent on the effi-
ciency of charge extraction from the photo-active medium by reducing lose of the free charge
carriers (Bao et al., 2015). The most common buffer layer that facilitate hole-extraction
in OPV is Poly (3, 4-ethylene dioxythiophene): poly (styrene sulfonate) (PEDOT:PSS).
However, the acidic and hygroscopic nature of PEDOT:PSS can cause etching to indium
tin oxide (ITO) film from the substrate which eventually degrade the photoactive film and
contributing to poor device stability (Escobar et al., 2013; Lee et al., 2014; Bao et al., 2015;
Cho et al., 2015). The transition metal oxides (TMOs) thin films have a significant role to
play in manufacturing of OPV devices as buffer layers owing to their suitable characteristics
such as optical and electrical properties as well as energy band gap and high work function
(Lee et al., 2014, Escobar et al., 2013, Wu et al., 2013, Arbab & Mola, 2016). Among these
oxides, vanadium pentoxide has drawn significant interest in the past decades due to their
various application potentials in the area of electrochromics, microelectronic, gas sensing,
optical switching, and optoelectronic devices. It can also be used as cathode materials in Li

batteries (Lee et al., 2009; Meyer et al., 2012).

A solution processed V.05 layer have been recently employed as buffer layer to improve
the efficiency and stability of OPVs (Arbab & Mola, 2016). Vanadium pentoxide is one of

the most promising buffer layer material because of its non-toxicity and stability in ambient
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environment. Other properties such as high optical transmittance in the visible light region,
lowering energy barrier at the interface of ITO/photoactive layer and high level of technolog-
ical compatibility in organic electronics as well as the ease of processing at low temperature
make it suitable in the area of nanotechnology (Escobar et al., 2013; Bao et al., 2015). Many
deposition methods have been reported for the synthesis and growth of V505 thin films.
Some of these are electron beam evaporation, magnetron sputtering, pulsed laser deposition,
chemical vapor deposition, spray pyrolysis, thermal evaporation, sol-gel, and spin coating
(Bouzidi et al., 2002; Ramana et al., 2005; Escobare et al., 2013; Wu et al., 2013; Abbasi et
al., 2015). Among these techniques, electrochemical deposition offers numerous advantages
such as simplicity, low processing costs, low temperature growth, environmental friendliness,
non-toxicity and the ease of control of the microstructure, surface morphology and homo-
geneity of the deposited oxide films via simple adjustment of deposition parameters (Lee et
al., 2009; Taleatu et al., 2011; Vernardou et al., 2013). Several authors have prepared V,05
thin films by electrochemical deposition predominantly for electrochromics, microelectronics,
gas sensing, optical switching and as cathode materials in Li batteries applications (Lee et
al., 2009; Vernardou et al., 2013). Little has been reported on the application V505 as a
buffer layer in OPV. In this article solution processed V05 film deposition is presented and

discussed in terms of results obtained from several spectroscopic measurements.
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4.3 Experimental Details

4.3.1 Substrate Cleaning

ITO coated glass with surface resistance (15Qsq~!) were purchased from (Ossila Ltd.,Sheffield,
UK) and used as received in the deposition of vanadium pentoxide layers. Prior to the de-
position, the ITO substrates were thoroughly washed with detergent followed by successive
cleaning in ultrasonic bath containing acetone and isopropanol (IPA) for 15 minutes each.
The cleaned substrates were then dried in an open furnace at a temperature of 150°C for 30

minutes in order to remove the water contents in the film.

4.3.2 Materials and method

In electrodeposition, the applied electric field is generally driving factor for the growth of
electrically conductive materials such as metals, semiconductors and polymers on conduc-
tive substrates from electrolyte solution. The reactions occur through the electrolytes and
solid deposits (films) are formed on the working electrode. In this study, a two-electrode
electrochemical cell was used for the growth of vanadium oxide thin films (Taleatu et al.,
2011; Taleatu et al., 2015). The cell allows flexibility in the choice of both counter and
working electrodes compared to the common three-electrode type. In preparing the solution
electrolyte, 0.585 g of cream powder ammonium meta vanadate (NH,;VO3) (99.7%, Sigma
Aldrich) was dissolved in 100 ml of DI water under continuous stirring at 70°C overnight to
yield a concentration of 0.05 M. The pH of the solution was adjusted to 9.2 at 20°C using
NaOH (1.0 M). The resulting transparent yellow solution was kept at room temperature

for 5 days to ensure stability. Stability of precursor enhances film crystallization and dura-
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bility. During deposition, graphite piece and ITO-coated glass substrate were used as the
counter (anode) and working electrodes (cathode), respectively. The growth was carried out
potentio-statically at 2.5 volt for 5 min. After deposition, the resulting films were rinsed in
DI water and then dried immediately in open furnace at 150°C for 30 minutes to remove
residual water content and impurities. The samples were then annealed in air at 300°C,

400°C and 500°C for 1 hour, separately.

The characterization of the films were carried out using several spectroscopic methods such as
surface morphology of the films was investigated by Zeiss EVO LS 15 ultra plus Field Emis-
sion Scanning Electron Microscopy (FESEM) fitted with Oxford Energy Dispersive Analysis
of X-ray detector (EDAX). Crystal structure of the films was studied using x-ray diffractome-
ter with Cu Ka radiation (A = 0.15406nm). Optical absorption across ultraviolet/visible

spectra region was studied using a double beam UV /VIS spectrophotometer.

4.4 Results and Discussion:

4.4.1 X-ray diffraction study

Figure 4.1 shows the XRD patterns of the electro-deposited V,05 thin films after annealing
at various temperatures. Diffraction peaks at 20= 21.4°, 30.4°, 38.2° and 45.6° correspond
respectively to reflections from planes (101), (400), (211) and (002) indicating the formation
of orthorhombic crystal structure of V205 (Wu et al., 2013). Other peaks are due to the ITO
coated glass substrate. In all XRD spectra, it is evident that the peaks are enhanced with
annealing temperature as sign of improvement in the crystallinity of the films. At 500°C,

two new peaks at 20 = 18.7° and 20.5° are apparent corresponding to planes (200) and
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Figure 4.1: XRD patterns of electro deposited V505 thin films. The films were annealed in

air at (300-500)°C for 1h.

(001) associated with different structures. However, there is no obvious difference in peaks
pattern of the samples annealed at 300°C and 400°C, respectively. These new peaks could
be attributed to the structure of the elements beneath V5,05 layer. As-deposited sample was
decorated with two other prominent peaks at 20 = 33.8° and 39.6° which are associated with
adsorbed impurity residing on the surface of the sample. The peaks eventually disappear

from the spectrum at higher annealing temperatures. The crystallite grain size (D) of the
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films were estimated using Scherrer’s formula stated in Eq. 4.1:

94
b_ 09

~ Beosb (4.1)

Where A is wavelength of x-ray beam, [ is full width at half maximum (FWHM) of the
most intense peak and 6 is Bragg’s reflection angle. From Table 4.1, it can be seen that the
estimated crystallite size increased with annealing temperature. This implies that the film
became more crystalline as a result of post-deposition heat treatment. This is in agreement
with the report by Ramana et al. 2005 who have reported that V5,05 film was completely
amorphous as deposited and later found well defined nano-crystal structures after annealing
the samples with 200°C and 500°C. According to their results, film’s grain size increased from
50 to 300 nm with annealing. In this investigation, crystallite size estimated with respect to
peak width broadening using Eq. (1) increased from the As-grown film to the one annealed
at 500°C (see Table 4.1). A closer look at diffraction angles of the prominent peaks show
that there is a shift from 30.76° to 30.41° when the samples were annealed at 300°C and

400°C, respectively. This is a clear indication of enhanced crystallite size.

Table 4.1: Crystallite sizes of electrodeposited V505 thin films.

Annealing temperature 26 FWHM (hkl)  Crystallite size

(°C) (deg) index (400)(deg) D (nm)
As-deposited 30.76 0.688 11.98
300 30.14 0.621 13.25
400 30.41 0.519 15.88
500 30.48 0.427 19.28
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4.4.2 Raman spectral analysis

In view of the fact that Raman spectroscopy has a higher sensitivity than XRD for thin
film-substrate characterization, we have used it to study the crystal phase of V505 thin film.
The Raman spectra of the pure V5,05 thin film in the 300-4500 cm ™! region were recorded
by Ocean optics, high-performance Raman microscope spectrometer, using a 532.2 nm diode
laser. The spectra revealed distinct peaks at different temperature (Fig. 2). Two peaks
located at 302 cm™! (Bg) and 479 cm™! (Ag) are assigned to the bending vibration of the
V=0 bonds. Peaks at 599 and 650 cm~! can be attributed to the doubly coordinated oxy-
gen (V2-O) stretching mode, whereas terminal oxygen (V=0) stretching mode has become
evident. Thus, the Raman scattering profiles gave further evidence that V505 phase is the
major crystalline structure in all three targets. In this connection, morphological structure of
the V505 thin film were related to calcinated temperature at 300°C, 400°C and 450°C, which
revealed V505 phase as confirmed by XRD pattern. It can be observed that the intensity
of Raman signals increased with higher annealing temperature (450°C) and it is favourable
for Raman efficiency. The first sharp primary peak appears at 302 cm~! but does not exist
in pure ITO film. When V5,05 was added, D band (650 cm™'), G band (1204 cm™') and
2D band (1863 cm™!) appeared in the Raman spectra. The area under the Raman peak
changed with the vanadium percentage and increased with higher concentration, probably
due to vanadium-induced surface roughness to identify the AFM and PL images. Accord-

1

ing the peaks at 1187 cm™! and 1341 cm™!1 are assigned to the V-O stretching mode of

tetrahedral and indistinct sharp peak, respectively. Although the broad band at 650 cm™!
is due to the V-O-V stretching mode. Bands below 479 cm™! are from the bending modes of

V-0. Vibrational mode of the molecule causes the Raman shift and gives useful information

about the structure in the form of different type of lattice vibrations. The analysis of Raman
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structure and optical properties of the thin films has revealed the influence of deposition pa-
rameters on the properties of vanadium oxides which revealed that As-deposited films were

amorphous, whereas annealed films had V5,05 crystal form.

4.4.3 Surface morphology

Figure 4.3 shows microstructure of the V5,05 films obtained by FESEM. All the images
were taken at the same magnification. The impact of annealing temperature on surface
distribution and grain structure was evaluated under ambient environmental condition. The
FESEM images in Figure 4.3 revealed uniform distribution of V505 particles and formation
of polycrystals by grain agglomeration. The substrates surfaces are completely covered by
the films particles as depicted in Figure 4.3(a). When the samples were annealed at higher
temperature a clear indication of the formation of both small-sized grains and the agglomer-
ates (polycrystals) emerged (Fig. 4.3b). Although large grain size nano-particles are formed
at 300°C the crystallization process was not complete. However, at 400°C annealing tem-
perature the film becomes more clearer and almost all film particles were incorporated in
some grain boundaries (Fig. 4.3c). The surface morphology in Figure 4.3(c) showed that the
deposited film is highly crystalline and particle shapes are distinct. Such transition into crys-
tal structure confirms the prediction made by computer simulation on structural properties
and phase stability of complex fluids as a function of the deposition parameters (Abramoet
al.,2010; Abramoet al.,2011; Pellicane & Pandaram, 2014). Raj et al. (2013) indicated that
larger film particles can be formed with annealing temperature, as confirmed by XRD mea-
surements as well, which provides sufficient thermal energy to activate crystallization. At
500°C, however the crystal grain boundaries become blurred again (see Fig. 4.3(d)) indicat-

ing the dissolution of the crystal. It therefore possible to suggest that the optimum annealing
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temperature for best crystal quality of V50; films is (400-450) °C. At a temperature above
the recommended range could cause substantial lose of oxygen concentration as well as some
important constituents from the film and hence deteriorating the crystal structure. In fact,
high temperature promotes rapid diffusion of V505 into the substrate layers which can alter
the properties of the transparent electrode. Furhtermore, the observed new’ two peaks, in
a sample annealed at 500°C in XRD studies, can be attributed to some emerging substrate
structures beneath V505 layer. Elemental composition analysis of the films using EDAX in
all the samples confirmed the presence of substantial amount of vanadium and oxygen on

the deposited films. No other impurity contaminations were found on the films according to

EDAX analysis.

4.4.4 Optical Properties

Optical properties of 15,05 films were studied using UV-Vis optical absorption and transmis-
sion measurement provided in Figure 4.4. According to the transmission data given in Figure
4.4 the film is almost transparent to the visible and infrared region where the intensity of
solar radiation is high. All films produced transmitted above 85% of the visible spectrum
(Fig. 4.4). Maximum transmittance of about 90% was recorded in the region of A= 500
- 750 nm in samples annealed at over 400°C. This suggests that film transmission can be
enhanced with annealing temperature which reduces the stress and density associated with
defects in the deposited films (Meyer et al., 2012; Wu et al., 2013. The complete absorption
in the UV region is due to the glass substrate. The optical energy band gap (E,p) of the

films was calculated using the relation below (Cho et al., 2015).

ahv = A(hv — E,p)" (4.2)
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Figure 4.2: Surface morphology of the V505 films (a) As deposited, and annealed at (b)
300°C (c) 400°C' (d) 500°C.

where « is absorption coefficient, hv is the photon energy, A is the absorption constant, rely-
ing on the charge carriers mobility and n is related to the lowest allowed electronic transition
which is 0.5 and 2 for direct and indirect band transition, respectively. Optical absorption
coefficient () can be determined using the relation below assuming film’s reflectance is very

negligible (Meyer et al., 2012; Cho et al., 2015).

InT = —at (4.3)
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Figure 4.3: Optical spectra of V505 thin films after annealing at various temperatures (A)

absorbance and (B) transmittance.

where T is optical transmittance and t is thickness of the film. FE,, is determined by
extrapolating linear region of the Tauc’s plot to energy axis where (ahv)? = 0. All the films
have direct allowed energy transition. Estimated values of E,, are 2.44, 2.62 and 2.47 eV
for the films annealed at 300°C, 400°C and 500°C, respectively (Fig. 4.5). These values are

in agreement with some previous reports (Escobar et al., 2013; Cho et al., 2015).
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Figure 4.4: Tauc’s plots showing energy band gaps of the V5,05 films annealed at different

temperatures.

4.4.5 Photoluminescence (PL)

Photoluminescent emission has been widely used to investigate photon-induced charge trans-
fer processes in semiconductors. It also provides information about the content of impurity-
related defects on the surface of thin films semiconductor. The V505 nanorods film was
reported to have strong PL emission on the visible region, which was attributed to the
existence of oxygen-related defects (Yin Hu et al., 2009). We have conducted photolumines-

cence measurement on the samples using 290 nm laser-induced excitation and found strong
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Figure 4.5: Photoluminescence spectra of V505 films deposited and annealed at different

temperature.

PL emission in the visible region ranging from 580 to 620 nm (Fig. 4.6). Maximum peaks
were exhibited at A\ = 602 nm for As-deposited and samples annealed at 400°C whereas
for those samples annealed at 300°C and 500°C the peak maxima were shifted at 600 nm
and 601 nm, respectively. The intensities of the photoluminescence significantly decreases
with temperature due to increasing crystal size of the V5,05 nanoparticle which reduces the
formation and concentration of surface oxygen vacancies and defects. Moreover, according
to RBS result discussed in the next section found that substantial amount of V505 diffused
into indium tin oxide layer and hence the quenching of the PL spectra could be attributed
to the efficient charge dissociation processes in the medium that reduces the PL intensities.
Inspite of oxygen deficiency observed using SEM images on the surface of 500°C annealed
sample the observed low PL intensities could be attributed to low concentration of defects

on the surface and effective separation of photon-induced charges.
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4.4.6 Rutherford Back Scattering (RBS)

Rutherford Backscattering spectrometry (RBS) was employed to study the thickness and
elemental concentration with depth of V505 thin films using well-collimated beams of 2 MeV
He2"™ with 14 nA beam current with surface barrier detector at 1700 using 5MV Tandem
Pelletron Accelerator at National Centre for Physics. XRUMP and SIMNRA software were

used to analyze the data. The RBS spectra given in Figure 4.7 clearly shows the RBS
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Figure 4.6: RBS spectra of 15,05 films annealed at different temperature.

spectra of V5,05 thin films on ITO. Concentrations of vanadium at different depths of the

V5,05 thin films were analyze using XRUMP and SIMNRA software. The Low energy tail

(Fig. 4.7) indicated by arrows (diffusion of V) demonstrated that V,05 molecule diffused

89



into I'TO. This implied that V505 molecules were able to diffuse into the ITO matrix either
during deposition or/and thermal annealing process of the samples. According to the RBS
spectra, we found a very thin layer V5,05 thin film with an average thickness of 6 nm in
almost all samples above the indium tin oxide layer. However, as we go into ITO depth
profile the concentration of vanadium monotonically decreases with depth in all the samples.
For example, in a sample annealed at 350°C after deposition, the concentration of vanadium
were found to be 32%, 2.4% 1.9% and 1.3% corresponding to the layers 6.4 nm beneath
the surface, then goes to 18 nm depth, 25 nm depth and another 25 nm, respectively. The
depth profile analysis of the RBS experiment clearly showed that significant amount V505
molecules were infiltrated into the ITO layer which definitely alter the optical and electrical
properties of the medium. The concentration of V,05 molecules generally decreases from

indium tin oxide with sample annealing temperature.

4.5 Conclusions

Solution processed vanadium pentoxide (V205) thin films has been successfully produced by
electrochemical deposition at room temperature. Crystal orientation and surface morphology
revealed that the deposited layers have orthorhombic structure and are crystalline, their
grains are evenly distributed across substrates surface. Optical absorption measurements
indicated that the film has a direct energy band gap structure whose band gap is (2.45 +
0.02) nm is transparent enough for the transmission of visible and infrared regions of the
solar spectrum. Effective charge separation and reduced recombination rate of excitons can
make the films suitable for hole transport buffer layer in OPV devices. According to current

investigations the quality of the film and the size of the crystal grain size is dependent on post-
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deposition temperatures. According to our investigation, optimum annealing temperature

for the high-quality of the film is (400-450)°C.
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A laminated bilayer was prepared by first depositing titanium dioxide (TiO») nanocrystals on indium tin
oxide (ITO) coated glass by a two-electrode cell. Zinc oxide (Zn0) thin film was thereafter deposited on
the TiO, by two different techniques: electrochemical deposition and vacuum evaporation. The films
were characterized by some surface probing techniques. Morphological study revealed that particle size
of the TiO, underlayer increases between 110 and 138 nm with increase in deposition voltage. It also
showed that ZnO thin film (overlayer) completely covered the underlying TiO, without chemical inter-
action between constituents of both layers. Cross-sectional FESEM study gave values of layered film
thickness below 55 pm. Exhibition of strong diffraction peak at plane (121) indicated preference of TiO,
film's growth orientation. It also suggested a feature of phase-pure brookite. Optical studies showed that
each film exhibited strong absorption edge at A=~330nm and transmitted fairly across visible light
region. Energy band gap lied between 3.24 and 3.43 eV. This study demonstrated successive layer de-
position of transparent metal oxide structures from inorganic reagents. It also reaffirmed TiO; as a recipe
for barrier layer that can hinder transition of holes from absorber to transparent front contact of na-
nostructured photonic devices.

© 2015 Elsevier Ltd. All rights reserved.
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5.1 Abstract

A laminated bilayer was prepared by first depositing titanium dioxide (709) nanocrystals
on indium tin oxide (ITO) coated glass by a two-electrode cell. Zinc oxide (ZnO) thin film
was thereafter deposited on the 770y by two different techniques: electrochemical deposition
and vacuum evaporation. The films were characterized by some surface probing techniques.
Morphological study revealed that particle size of the 790, underlayer increases between
110 and 138 nm with increase in deposition voltage. It also showed that ZnO thin film
(overlayer) completely covered the underlying 7O, without chemical interaction between
constituents of both layers. Cross-sectional FESEM study gave values of layered film thick-
ness below 55 pm. Exhibition of strong diffraction peak at plane (121) indicated preference
of TiO, film’s growth orientation. It also suggested a feature of phase-pure brookite. Optical
studies showed that each film exhibited strong absorption edge at A = 330 nm and trans-
mitted fairly across visible light region. Energy band gap lied between 3.24 and 3.43 eV.
This study demonstrated successive layer deposition of transparent metal oxide structures
from inorganic reagents. It also reaffirmed 770, as a recipe for barrier layer that can hinder
transition of holes from absorber to transparent front contact of nanostructured photonic
devices.

Keywords: bilayer, electrodeposition, diffraction, transparent, morphology, en-

ergy band gap

5.2 Introduction

Transition metal oxide interfacial layers are robust films with outstanding optoelectronic

properties suitable for fabrication of efficient energy conversion and semiconductor devices.
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Critical components in photovoltaic system are charge selective interfaces that enable path-
way through photoactive layer to a metallic contact electrode (external circuit) [I]. Nanos-
tructured configuration of most photovoltaic devices comprises a three-component porous
heterojunction described as n-a-p "n” means n-type, "a” means absorber and p” means p-
type). The base layer is usually a porous film made of transparent n-type semiconductor onto
which a thin layer of inorganic absorber is deposited. Photons are absorbed by the absorber
layer and electron/hole pairs are generated, the generated charges are injected into the two
separate transparent phases (n and p-type) to minimize chances of charge recombination [2].
Since coating of absorber layer is applied on front side where light enters the cell, materials
with high refractive index (n > 2.3) are desirable for good anti-reflection properties [3]. ZnO
and 71Oy are some of such promising candidates. For multilayer nanostructures, thin films of
Z/n0O and Ti0, are suitable partners because of their comparable functional properties such
as wide band gap, good optical transmittance, high refractive index, work function, grain
size and distribution, porosity or crystallinity, texture and high stability [4, [5]. Growth of
thin ZnO layer over a porous 1770, electrode can aid surface charge mobility required for
development of efficient high-powered solar cells, energy storage and optical devices [5]. Ac-
cording to Nakade et al., 2003 [6], some surface characteristics of nanoporous 70 such as
trap sites distribution and density can largely influence electron recombination lifetime in
dye-sensitized solar cell. Ti0y could also serve as buffer layer to limit lattice and thermal
mismatches between ZnO and substrate materials [5]. For effective soft x-ray reflectivity,
potential use of ZnO/TiOy mirror structure at “water-window” wavelength in multilayer op-
tics has been indicated [7]. In this work, the authors are reporting some surface properties of
bilayer structure consisting of ZnO thin absorber (overlayer) and nanocrystalline 7905 un-
derlayer. The samples were prepared by two successive growth techniques; electrochemical

deposition and vacuum evaporation. To our knowledge, production of transparent lami-
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nated bilayer via such two-step growth method is new and it sets to offer some comparative
advantages such as durability and reproducibility over the popular atomic layer deposition
(ALD). Other advantages include low process temperature, low cost of raw materials, ease of
tuning cell parameters to control composition and morphology, and ability to deposit films
on substrates with desired dimensions and orientation [4, [§]. Formation of this bilayer is an

approach that is easily scalable to industrial processes.

5.3 Experimental:

Schematic diagram of a two-step synthesis of ZnO/TiO; bilayer is presented in scheme 1.
In the process, 710, nanostructures were first deposited on I'TO coated glass (15 mm x 10
mm x 0.7 mm, surface p = 15.3 Q-cm, Lumtec Inc.) by two-electrode electrochemical cell
described somewhere [§]. The electrolyte was made from titanium disulphate (7i(S0y)s)
and NaOH reagents. Ti(S0,)s solution (0.2 M) was prepared in 100 ml standard flask
and heated at 80°C for 30 minutes with constant stirring. After heating, the solution was
allowed to cool and filtered. Prior to sample deposition, 20 ml of freshly prepared NaOH
(0.1 M) was added to 40 ml of the filtrate in the cell. Ultrasonically cleaned ITO substrate
was mounted as working electrode and graphite piece served as counter electrode. The
cell was coupled and two different cathodic potentials were selected to grow two sets of
Ti0, samples (T1 and T2). The as-grown samples were rinsed with distilled water and
dried (preheated) for 5 minutes in furnace at 150°C. This treatment was carried out to
activate sample’s surface passivation in preparation for overlayer deposition [5]. For the fact
that certain indispensable features such as large particle size of nanostructures, high surface

area, long electron diffusion length and pronounced light-scattering are not often completely
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Scheme 1: Surface arrangement of laminated ZnO/TiO, transparent bilayer.

possessed by most single-layer surface, hence, the need for additional layer(s) [9]. Therefore,
we developed a bilayer structure consisting of ZnO thin film deposited on preheated 1770,
nanocrystals. Experimental conditions are stated in Table 1. On the first 77Oy sample (T1),
10 nm thick of ZnO film was deposited in vacuum by Auto 306 vacuum evaporator. The
obtained bilayer structure (ZnO/Ti0;) is tagged B1l. The second bilayer sample (B2) was
formed by electrodepositing ZnO film on the other 790y sample (T2) from 0.2 M of zinc
nitrate solution (electrolyte). The growth conditions included cathodic potential (2.0 V) and
deposition period (30 minutes). After the deposition, the sample (ZnO/TiO,) was rinsed

with distilled water and dried in furnace at 120°C for 10 minutes.

5.4 Post-deposition heat treatment and samples char-

acterization:

All the samples were annealed in air at 300°C for 1 hour. This treatment gave adequate
energy to sufficiently orient film particles in proper equilibrium site [I0]. It also enhanced

relative interfacial roughness, inter-diffusion between layers and conformality which are some
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of factors required for formation of high quality nanolaminate [5]. Surface morphology was
investigated by Zeiss EVO LS 15 ultra plus FESEM and JEM 1400 transmission electron
microscope (TEM). Diffraction patterns were collected by powder X-ray diffractometer with
CuKa radiation (A= 0.15406 nm). Optical absorption across ultraviolet/visible spectrum

was studied using Perkin Elmer double beam UV /VIS spectrophotometer respectively.

5.5 Results and discussion

5.5.1 Surface morphology

Surface structure and particle distribution of the 77Oy and ZnO/TiO, (bilayer) films were
examined at two different magnifications. Scanning electron microscope (SEM) images are
shown in Fig. 5.1. Considering images in Fig. 5.1a(i-ii), it can be seen that particles of both
Ti04 samples (T1 and T2) are evenly distributed across substrate’s surface. The films are
crystalline and possess few pores. Film thickness was estimated from their respective cross-
sectional images as 54.26 ym and 22.69 pm. Average particle sizes were also determined as
137.09 nm and 110.51 nm accordingly (Fig. 5.1a(iii-iv)). Variation in these values can be
attributed to difference in growth cathodic potential. These results suggest that an increase
in applied voltage can influence growth height and particle size of thin film structure.
Similar to this observation, Sun et al., 2013 [9] have reported a 3-D T'iO2 nanostructure that
possesses high specific surface area desirable for strong and effective light scattering in high
performing photoanode. Thus, a 790y structure that can enhance efficiency of nanostruc-
tured photovoltaic cell must possess (i) average internal surface that can enable sufficient

absorber and (ii) minimum pore size that can allow continuous pathway [2]. In bilayer
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Table 5.1: Applied deposition voltages, estimated structural properties and energy band gap

of ZnO/TiO, bilayer films.

Sample Catodic Film Particc FWHM Crystallite  Energy
potential thickness  size size band gap
&) Gm) () (deg)  (m)  (eV)
T1(Ti0,) 2.20 54.26 137.01 0.49 17.5 3.43
T2(Ti0,) 2.10 22.69 110.51 0.46 16.6 3.24
B1(ZnO/TiOs) - 54.27 - - - 3.41
B2(ZnO/TiOs) 2.00 51.86 - - - 3.40

sample B1, uniform distribution and thinness of ZnO overlayer (10 nm) can be appraised
by comparing image in Fig. 5.1b(i) with image of underlying 77Oy nanostructure taken at
equal magnification (Fig. 5.1a(i)). First, there is marked difference in their appearance and
second, the ZnO layer completely laminated the underneath structure. It also filled all the
existing pores. From the image of second bilayer sample B2, it can be clearly seen that
ZnO layer produced by electrochemical deposition was fairly thick (Fig. 5.1b(ii)). One of
limitations of this technique is remote chance of controlling film thickness during growth
process. However, it can be appreciated that the electrodeposited ZnO film also completely
laminated the underneath 7O nanostructure (see Fig. 5.1a(ii)). Cross-sectional SEM stud-
ies gave thickness of the electrodeposited ZnO overlayer as 29.17 pum. Image acquired at
higher magnification (Fig. 6.1b(iii)) revealed clearly that there was no significant chemical
interaction between ZnO overlayer and the proximate surface. Particle distribution of 170,
underlayer remains unaltered. In solid state photovoltaic concept, this kind of structure can
enhance efficiencies because the 7705 underlayer can act as barrier against transition of holes

from absorber to conductive front contact [2]. Consequently, 79O, influences recombination
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Fig. 5.1. a (i): SEM of TiO2 nanostructure electrodeposited at 2.2 V (Sample T1) (Mag. x10
k), (i1) SEM of TiO2 nanostructure electrodeposited at 2.1 V (Sample T2) (Mag. x10 k), (iii)
SEM of TiO2 nanostructure electrodeposited at 2.2 V (Sample T1) (Mag. x50 k), and (iv) SEM
of TiO2 nanostructure electrodeposited at 2.1 V (Sample T2) (Mag. x50 k). b (i): SEM of
ZnO/Ti02 bilayer laminated in vacuum (Sample B1) (Mag. x10 k), (ii)) SEM of ZnO/TiO2
bilayer obtained at 2.0 V (Sample B2) (Mag. x10 k), and (iii)) SEM of ZnO/TiO2 bilayer
obtained at 2.0 V (Sample B2) (Mag. x50 k). ¢ (i) TEM of electrodeposited TiO2 nanostructre,
(i1)) TEM of ZnO/TiO2 bilayer laminated in vacuum and (iii) TEM of ZnO/TiO2 bilayer

obtained by electrodeposition.
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rate because electron lifetime could be related to its probability to encounter holes or it may
be determined by the energy level of surface trap sites according to Shockley-Read model
[6]. Further investigations of morphologies were carried out by TEM. Since no significant
difference was observed in the structure and particle distribution of samples T1 and T2 (see
SEM images), results of TEM studies of only samples T1, B1 and B2 are presented (Fig.
5.1c(i-iii)). All the images were acquired at the same scale (Fig. 5.1c (i-iii)). In each sample,
particles orientation and agglomeration were examined. Particles were generally found to be
polyhedral and orthorhombic lattice feature (a#b#c) could easily be identified. Crystalline
plains were not seen and particle shapes are not very distinct. These might be due to poor
homogeneity of the solution electrolyte. Irregular shape of T70, particles and wide range of
size distribution have been attributed to poor homogeneity of starting precursor [11]. From
sample T1 (Fig. 5.1c(i)), particle size distribution lies between 0.12 — 0.15 pm. This is
consistent with results of SEM. In fig. 5.1c(ii and iii), certain features attributable to ZnO
are identified. Some dark hexagonal features found atop the polyhedral shaped particles
confirm the presence of ZnO. As a matter of fact, higher proportion of these features in
Fig. 5.1c(iii) indicates formation of larger thickness of ZnO overlayer. To study the samples’
composition, full scale EDX spectroscopic scan was done at beam kinetic energy of 20 KeV.
The study was carried out using INCA Point ID software for quant optimization. Spectra
shown in Fig. 5.2 (a and b) represent elements present in 770y and bilayer films respectively.
It can be seen that apart from constituents of I'TO coated glass (substrate), the samples are
free of impurity. Since this facility is not exclusive in quantitative analysis, it could only be

used for identification of film composition.
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Fig. 5.2. a: EDX spectrum of TiO> (sample T1) deposited at 2.2 V. Elemental composition of
coated glass substrate and TiO are identified, b: EDX spectrum of ZnO/ TiO: (sample B1)
laminated in vacuum. Elemental composition of coated glass substrate, TiO> and ZnO are

identified.
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5.5.2 Crystal structures

Diffraction patterns of all the samples are shown in Fig. 5.3. All the patterns are indexed
according to ICDD (00-029-1360). Apart from peaks emanating from ITO coated glass and
ZnQ, three diffraction peaks of T70 brookite orthorhombic structure are observed in all the
samples: one prominent peak appears at 20 = 30.70 and two small peaks occur at 37.80
and 55.80 respectively. The former corresponds to diffraction from (121) plane while the
later are attributed to diffraction from (131) and (151) planes respectively. Exhibition of
strong peak at plane (121) indicates preferred growth orientation. Reyes-Coronado et al.,
2008 [12] have earlier obtained such preference in phase-pure brookite nanoparticles prepared
by hydrothermal treatment. Comparing the two diffraction patterns (samples T1 and T2),
there is no remarkable difference in their peaks, indicating that slight difference in cathodic
potential (+ 0.1 V) may not be sufficient to achieve different crystallinity. In the bilayer
samples (B1 and B2), major characteristic peaks of ZnO corresponding to diffraction from
planes (002) and (101) are identified [5, 8]. A mixed phase of TiO5 and ZnO is also observed;
this could have arisen because of two reasons: (i) brief heating of as-grown 79O, films
might not be sufficient to prevent some interactions between the 770, layer and zinc nitrate
(electrolyte) during deposition of ZnO overlayer; and (ii) during post-deposition annealing,
there could also be some interactions between the two layers (7905 and ZnO) because T'iOs
film does not become crystalline until annealing temperature nears 300°C' [4]. On diffraction
pattern of sample B2, a small peak of Zn(OH ), corresponding to diffraction from plane
(002) is noticed (ICDD 01-072-2032). This could be due to a little concomitant residue from
sample preparation. According to Bragg’s law, interplanar spacing, d, for 790, (121) was

calculated as 2.9 A. A crystallite size of 16.6 and 17.5 nm were estimated from FWHM of
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the (121) peaks of both 7O, films using Scherrer’s equation [5].

A
~ 2sinb (5:1)
K\
= .2
[Beost (52)

Where D is average crystallite size, K (0.89) is a constant, A is wavelength of CuKa radiation,
f is FWHM (measured in degree) of the peak, and 6 is Bragg’s angle. Comparing the
estimated values of crystallite size with that of particle size obtained from SEM, it can be

suggested that particles agglomerated faster in sample T1 than in T2 (see Fig 5.1a(i) and

la(ii)).

5.6 Optical studies

5.6.1 Absorption edge and Transmittance

Optical measurement was carried out in air. Absorption spectra of all the samples were
taken from ultraviolet to visible region. The plots are presented in Fig. 5.4a. The samples
generally have strong absorption peak in UV region and they significantly exhibit absorption
edge at A =~ 330nm. This feature has been reported as an indication of intrinsic band gap
absorption (electron-trapping potential by oxygen vacancies) of TiOy structure [5, 13]. It
can inhibit recombination rate of photo-induced e~ — h™ pairs and increase photocatalytic
performance. It also emphasizes role of some metal oxide as buffer layer for charge separation
in photovoltaic devices [14] [I5]. In both bilayer samples, there is a slight shift or extension
of absorption edge towards visible region (see inset in Fig. 5.4a). This behaviour could be
attributed to increase in film thickness due to ZnO lamination. It could also be due to the

fact that absorption edge of ZnO thin film mostly occurs at a wavelength higher than 400
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m [16]. Such shift has been found to improve photocatalytic activity of doped mesoporous
Ti0Oy under visible light illumination [I3]. Fig. 5.4b shows films’ transmittance. In UV
region, value of spectra transmittance decreases intensively with increase in photon energy,
this can be attributed to strong absorption from fundamental band gap and high-energy
critical point transition [B]. Across visible light region (A = 380-900nm), the films are
fairly transparent with respect to the highly transmitting blank ITO substrate. Average
transmittance is above 60% and it increases across the spectrum. Due to thinness of vacuum
deposited ZnO overlayer, there is no noticeable difference between transmittance of bilayer

sample B1 and the 7O, underlayer (T1).

5.6.2 Energy band gap

Absorption coefficient was generated from measured optical data using equation 5.3 assum-

ing that film reflectance is very negligible (R<<1) [16].

—1
a= FlnT (5.3)

For a semiconducting material, optical band gap can be expressed by tauc model and
parabolic band [14] [15]:

a=A(hv — Eg)”/2 (5.4)
Where n = 1 and 4 for direct and indirect energy band gap respectively. « is absorption
coeflicient, T is film transmittance, d is film thickness, A is empirical constant, hv is photon
energy and E, is energy band gap. Values of a? are plotted against photon energy (hv).
The energy gap is determined by extrapolating linear region of the tauc plot to energy axis
where a? = 0. From the plots (Fig. 5.4c), all the films have direct allowed energy transition.

Estimated energy band gaps of the two 7905 nanostructures (T1 and T2) are
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3.43 and 3.24 eV respectively. These values are in accordance with some energy band gaps
in literatures [12, [I7, [18]. It is also noteworthy that difference in these values may be due to
difference in sample’s thickness (see Table 1). With overlaying ZnO film, energy band gap
of bilayer sample B1 shifts to 3.41 eV indicating a slight narrowing of about 20 meV. This
shift conforms to thinness of deposited ZnO overlayer. In the second bilayer (B2), a higher
value of energy band gap (3.40 eV) compared to that of 7Oy underlayer (T2) (3.24 eV) was
obtained. This observation is not in accordance with principle of optical energy band gap
theory. The irregularity might be due to some surface microstructural differences between
electrodeposited 790, underlayer (T2) and electrodeposited ZnO top layer. Owing to the fact
that this ZnO film is relatively thicker (~ 29.17 pm) than the proximate TiOs (~ 22.69 pm),
this bilayer sample might not be well thermally stabilized during post-deposition annealing
treatment and thereby had more defects and structural disorder. Further investigations are

in progress.

5.7 Conclusion

Room temperature growth and some surface characterization of ZnO/TiO, bilayer structure
have been carried out. Effective lamination of thin absorber layer (ZnO) on porous n-type
semiconductor nanostructure (7903) has been demonstrated by two comparable techniques.
Porous aggregates shown by morphological features suggest that brookite nanocrystals can
be suitable for application in photocatalysis, sensor and solar devices. This layer-by-layer
investigation generally reveals arrangement of some metal oxides nanostructures consider-
able for effective charge absorption as well as buffer between photoactive layer and contact

electrodes in a design of optoelectronic devices.
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6.1 Abstract

The ternary molecules blend organic photovoltaic cell using poly(3 hexylthiophene) (P3HT),
poly|[[4,8-bis[(2-ethyhexyl)oxy] benzo(1,2-b:4,5-b’) dithiophene -2,6-diyl] [3-fluoro-2-[(2 ethyl-
hexyl) carbonyl|thieno[3,4-b] thiophenediyl]] (PTB7) and [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM) were investigated. The performance of the ternary blend was compared with
two binary molecules based photoactive layers such as P3HT:PCBM and PTB7:PCBM.

It was found that the ternary molecules photovoltaic cell perform better than those with
P3HT:PCBM composition. The optical and morphological properties of the ternary blend
active layers were investigated and, the results suggest that better photon harvesting medium
can be achieved by blending two donor molecules.

keywords: Organic PV cells, Conducting Polymer; PTB7:PCBM blend, bulkhetero-

junction.

6.2 Introduction

In rapidly increasing global atmospheric temperature together with the growing energy de-
mand globally have brought intensive research efforts towards achieving viable and sustain-
able energy sources. Solar energy is one of the alternative green energy options that remain
untapped potential at present. However, the search for efficient mechanism to convert solar
energy into electricity has been the challenge ever since the realization of the concept of
solar energy. In the last few decades silicon based solar panel has been successfully used in
the generation of electric power, but, the cost of device fabrication is still expensive in spite
of the recent declining trend. Meanwhile, the discovery of electrical conduction in polymer

molecules, which are traditionally known as an insulator, has opened up a new dimension for
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application in organic photovoltaic (OPV) cell [1-10].The advantages of organic molecules
based solar cell over the inorganic ones are low fabrication cost, the ease of device fabrica-
tion such as roll-to-roll techniques, and flexibility of the substrates [8-14]. However, organic
semiconductors are environmentally unstable under exposure to light and humidity which
generally requires protection for better performance. The degradation of polymer molecules
is caused by photosensitized generation of singlet oxygen which then reacts with the polymer
chains [12-16]. Therefore, the preparation of devices in controlled environment such as glove
box followed by encapsulation have significantly increased the power conversion efficiency
and life span of OPV devices.

The most efficient device architecture in the preparation of organic molecule based solar cell
is the binary molecules bulk heterojunction (BHJ) design in which an acceptor and a donor
type of organic molecules are blended in the photoactive medium to create donor/acceptor
interfaces at the molecular level. Such bulk heterojunction design has significantly improved
the efficiency of exciton dissociation and charge transport in the medium. The harvest-
ing of photons in OPV cell mainly depends on the optical absorption bands of the donor
and acceptor molecules used as an active layer [17-20]. In order to enhance the optical
absorbance and spectral sensitivity of the photoactive medium in OPV; it is customary to
blend molecules of different absorption bands together. A typical example of such method
is the ternary molecules blend BHJ solar cell in which the active layer is composed of either
two donor (D1,D2) and an acceptor (A) molecules or one donor(D) and two acceptor (Al,
A2) molecules, with different stoichiometric ratio by weight [21-25]. In this work, we em-
ployed two donors and an acceptor molecules in the preparation OPV devices using P3HT
and PTB7 as donor and PCBM as an acceptor. Figure 6.1 shows the chemical structure of
all the molecules involved in the preparation of photoactive layer of OPV devices which are

fabricated and characterized under ambient environment. Generally, the performance of such
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Figure 6.1: Chemical structures of the molecules used in the preparation of the photoactive

layers.

organic molecules blend (P3HT:PTB7:PCBM) relies on a good control of the morphology of
the active layer such as the crystallinity of the polymer chains as well as the miscibility of
the polymers in the medium. This article consists of experimental observation of the ternary

molecules blend BHJ solar cell followed by discussion of the results.

6.3 Experimentals

6.3.1 Device Preparation

Bulk heterojunction type organic solar cell devices were prepared from chloroform based
solution. The device preparation begins by partially etching the unpatterned I'TO coated

glass substrate using acid solution containing HCl: HoO : N HO3[48%:48%:4%)] by volume.
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The substrates were then cleaned thoroughly by successive sonication in detergent, deionized
water, acetone and isopropanol, respectively. The substrates were then dried in an oven at
150°C" for 30 min prior to the coating of thin layer of PEDOT:PSS at 3500 rpm. They
were immediately baked in an oven again at 150°C' for 30 min. The binary and ternary
molecules blend solutions were separately prepared in chloroform solvent from the mixture
of (P3HT:PCBM), (PTB7:PCBM) and (P3SHT:PTB7:PCBM). The concentration of the so-
lution used in this experiment was 20 mg/ml. In all the cases, the donor to acceptor weight
ratio maintained at a constant 1:1. The solution was sonicated at a temperature of 40°C for
3 Hrs in order to allow homogeneity and inter-dispersion of the molecules. The active layers
from the solution blends were spin coated on dried PEDOT:PSS layer at the spin rate of
1200 rpm for 40 sec. The samples were immediately loaded into the vacuum chamber (Ed-
ward Auto 306 deposition unit) at a base pressure of 10~%mbar. Finally, a thin buffer layers
of LiF and the Al electrode were deposited on the sample for thickness 0.5 nm and 60 nm
respectively. The electrical characterization of the devices were carried out using computer
interfaced Keithley HP2400 source-meter under AM1.5 solar simulator (model SS50AAA)
operating at an integrated power intensity of 100 mW /cm?. The effective area of the diodes

2. The surface morphology and chemical composition of the active layer was

was 0.15 cm
studied using scanning electron microscope (SEM)(Zeiss crossbeam series with Gemini FE-
SEM), fluorescence light microscope(FLM)(Olympus AX70 Compound) with camera (Nikon,
DS-Ril). The UV-VIS absorption and transmittance spectra of blend thin film were recorded
with UV /VIS double beam spectrometer (T 80-PG-Instruments Ltd.)

The current-voltage characteristics of the solar cell diode obeys a simple diode equation given
by :

J = J(eET — 1) — I (6.1)
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where J; and J,, are the saturation and photo-generated currents, respectively. From the
diode equation one can derive all important parameters of the solar cell. The power conver-

sion efficiency (PCE), for example, is defined as:

Pmaz_JscX‘/oc
Pn P

n = x FF (6.2)

where P, and P,,,, are the incident power and the maximum extractable power by the solar

cell, respectively. The fill factor (FF) is defined as:

Jmam X VT}’L(I{L‘
FF=———— 6.3
‘/OC X JSC ( )

In device preparation of OPV often the FF is mainly affected by laboratory condition and

the morphology of the active layer[4], 14] [16].

6.4 Results and Discussion

6.4.1 Optical Absorption

The optical absorption spectra of the two donor polymers (P3HT and PTB7) are given in
Fig. 6.2 which shows a distinct optical absorption bands of the two molecules. The P3HT
molecule has an optical absorption band in the region between 400 nm up to 650 nm while
the PTBT7 absorption band extends from nearly 400 nm to 750 nm. The two absorption
spectra clearly overlap between 400 nm to 650 nm but separated beyond 650 nm. The PTB7
optical absorption covers an additional spectral range from 650 nm up to 750 nm which in
principle is expected to boost photons harvesting in the medium and became the reason for
this investigation. A series of optical absorption measurement were also taken from thin films

composed of P3HT, PTB7 & PCBM molecules blend at different stoichiometric ratio of P3HT
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Figure 6.2: Optical absorption spectra of PSHT and PTB7

and PTB7(see Fig. 6.3). According to the absorbance given Fig. 6.3 the peak absorbance of
the ternary blend is centered around 520 nm close to the maximum absorbance of the P3HT
molecule. A small bump near the tail of the spectrum is evident around 680 nm which is
associated with the existence of PTB7 in the film. The strong vibronic shoulder near 590 nm
of the PBHT:PCBM is still evident in the ternary blend molecules which diminishes as the
amount of P3HT molecule decreases in the blend. These shoulders are common to PSHT
thin films and are attributed to inter-chain vibrational and electronic absorptions induced by
a high degree of ordering and strong inter-chain interactions. The absorbance of the ternary
blend film generally covers wide range of visible spectrum ranging from 400 nm to 750 nm
and extends to some parts of UV and NIR regions (see Fig. 6.3). The absorbance peak of
the ternary blend remain almost unchanged around 520 nm for all stoichiometric ratio used

in this study. However, the peak width broadens and gets red-shifted as the concentration
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of P3HT reduces in the blend. The tendency of the absorbance towards red-shift is an
encouraging sign for the creation of better photon harvesting medium [26-29]. Therefore,

the ternary BHJ solar cells with broadened absorption band would likely improve device

performance.
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Figure 6.3: Optical absorption of the PSHT:PTB7:PCBM blend at various stoichiometric

ratio of the polymers in the same order.

6.4.2 Electrical Measurement

A number of binary and ternary BHJ organic photovoltaic cell have been fabricated under
ambient laboratory conditions where all samples were prepared and tested in laboratory at-

mosphere. We employed sandwich type device structure designed according to a sequence
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of layers ITO/PEDOT:PSS/Active Layer/LiF:Al. In the case of binary BHJ devices the
active layer is ether P3BHT:PCBM or PTB7:PCBM blend while in the ternary devices the
active layer is composed of PBHT:PTB7:PCBM mixture at various stoichiometric ratio by
weight. A representative current-voltage characteristics of the devices is shown in Figure 6.4
for both types of active layers. The J-V curves are generally characterized by low fill factor
associated with existence of high series resistance in the devices. The measured parameters

of those better performing devices are given in Table I for three types active layers under

investigations.
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Figure 6.4: J-V characteristics of binary and ternary blend BHJ for the best performed

diodes.

The short circuit currents(J,.), for instance, are 5.8 mA /cm?, 6.4 mA/cm? 8.1 mA /cm? for

layers PSHT:PCBM, P3HT:PTB7:PCBM and PTB7:PCBM, respectively. The correspond-
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ing power conversion efficiencies (PCE) are 1.0% 1.2% and 1.9% in the same order. The
ternary blend devices open circuit voltage has grown by 11% from the P3HT:PCBM com-
position and lowered by nearly 11% from PTB7:PCBM OPYV devices. The PTB7:PCBM
binary blend bulk heterojunction photovoltaic cell exhibited better device performance than
both ternary blend and P3HT:PCBM as can be seen from Table 6.1. The ternary blend
photoactive layer showed intermediate behavior between PTB7:PCBM and P3HT:PCBM
binary devices but it is close to the parameters of P3BHT:PCBM active layer. The results
suggest that the behavior of P3HT in the ternary blend is relatively dominant compared
to PTBT because of the higher density of the later. The lower power conversion efficiency
of ternary blend devices is attributed to the poor miscibility of the two donor polymers
in the photoactive medium which will be discussed in the following section. The observed
low fill factor associated with high resistance across the electrodes of the devices seriously
affected the shape of the J-V curve. The origin of such high series resistance may be at-

tributed to the ambient environmental conditions under which devices were prepared [18-20].

Active Layer Voo Jse FF PCE R,
(volts) (mA/cm?) (%)  Ohms

P3HT:PCBM (1:1)  0.61 5.8 0.25 1.0 510

P3HT:PTB7:PCBM 0.68 6.4 025 1.2 375

(0.5:0.5:1)

PTB7:PCBM (1:1)  0.76 8.1 030 1.9 140

Table 6.1: The cell parameters for best performed diodes.
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6.4.3 Surface Morphology

The scanning electron microscopy(SEM) and fluorescence light microscope(FLM) were used
to study the surface morphology of the photoactive films produced by spin coating on glass
substrate (see Fig. 6.5). The EDX elemental analysis was also conducted on the various
features of the surface of the film. Based on the morphology and the elemental analysis we
were able to identify the different structures on the surface. Both SEM and FLM images
clearly captured the crystal type parallel lines and white spots which are often associated
with PSHT and PCBM molecules, respectively [12} [13]. Apart from PSHT and PCBM there
are different sized islands widely distributed over the surface on the background of PSHT
microcrystalline features which are most likely due to the presence of PTB7 molecules (Fig.
6.5). The EDX data taken from such islands are indicating the existence of peaks associ-
ated with sulfur and fluorine among others which are the elements found in PTB7 molecule.

Therefore, both SEM and FLM images have confirmed the existence of PTB7 cluster with

100 um 50 pm

Figure 6.5: The surface morphology of the ternary molecules blend film taken using a) SEM

and b) FLM.

in the P3HT matrix in the film. However, the PTB7 molecules in ternary blend tend to
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segregate themselves from the rest of the molecules and form large cluster and islands as
large as 20pum (Fig. 6.5). This suggest that the PTB7 are rather less crystalline in the P3HT
ternary blend solution. The bottom panel in Figure 6.5 shows that the PCBM molecules
tend to be attracted more to the PTB7 molecules and clusters which would definitely affect
the uniformity of the distribution of the acceptor molecules in the medium. Such uneven
distribution of the PCBM in the photoactive layer would definitely hinder the charge dissoci-
ation and transportation. Therefore, the reduced performance of the ternary blend molecules
(compared with PTB7) could be due to poor miscibility of the donor molecules and uneven
distribution of PCBM in the active layer. The less crystalline nature of PTB7 molecules in

the ternary blend could also negatively contribute to the performance of the devices.

6.5 Conclusions:

Both ternary and binary bulk heterojunction solar cells were fabricated using PSHT, PTB7
and PCBM polymer molecules. The OPV devices were produced by solution processing
method in ambient laboratory environment. The optical absorbance of the ternary blend
indicated the broadening of the absorption band centered around 520 nm. However, the
ternary blend devices were found to be less efficient than those devices with PTB7:PCBM
active layer but better than the P3HT:PCBM. According to the SEM and FLM images
we found PTB7 molecule is less crystalline than P3HT and forms varied sized clusters in
the photoactive medium. The existence of such islands in the active layer would certainly
reduces the efficient dissociation of exciton and transport of charges. It was also found that
the open circuit voltage of the ternary blend grew by 11% from P3HT:PCBM devices and

lowered by the same magnitude from PTB7:PCBM. Generally, it is to be noted that there are
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improvements on the solar cell parameters of the ternary blend molecules compared to those
P3HT based devices. This needs further investigations using clean room device preparation

and thermal annealing.
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7.1 Abstract

The short life span of organic photovoltaic (OPV) cell in an ambient laboratory condition
is one of the challenges hindering the realization of organic based devices. The presence
of moisture and oxygen in conjugated polymer matrix is the major factors responsible for
degradation of organic molecules. The chemical degradation of OPV cell generally depends
on nature of the semiconductor polymer used in the preparation of the devices. However,
the life span of unprotected OPV cells often ranges in the order of few hours in simple
laboratory environment. We are reporting here the life time of organic photovoltaic cell in

ambient laboratory condition whose active layer is composed of PTB7:PCBM blend.

keywords: Organic PV cells, Polymer, PTB7:PCBM bulkhetrojunction.

7.2 Introduction

Gross mitigation of environmental degradation and global warming can be largely achieved
through the use of renewable sources of energy. The renewable sources are environmentally
friendly and inexhaustible. Solar energy is the most abundant and untapped energy sources
in nature which can be converted into electricity by means of photovoltaic cell. Solar panels
based on inorganic molecules have gained rapid growth in energy market since the past few
decades because of the utilization of solar energy. However, the cost of these solar panels
is still expensive and unaffordable for many around the globe. Organic photovoltaic(OPV)
cells came into picture with the view of reducing the cost of device preparation by way of

roll to roll printing technique [1-4]. They have attracted huge research attention both in
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academia and industry because of their inexpensive approach of device fabrication, flexi-
bility and light weight [5-14]. However, the low power conversion efficiency, environmental
instability and short lifetime are still the major challenges of organic molecule based solar
cells to compete with others in the energy market [11-20]. The mechanisms of solar energy
conversion in OPV cell begin with the generation of excitons by absorption photons in the
photoactive medium. This is followed by exciton relaxation into a charge transfer exciton
state and simultaneous dissociation into free charge carriers electrons and holes. The design
of device structure play an important role on the performance of organic solar cell though the
optical and electrical properties of the polymer molecules are the major factors. The most
effective device architecture in the preparation of OPV cell is the bulk heterojunction design
which consists of acceptor and donor polymers blend sandwiched between two electrodes [1,
9-12]. This design enhances photon harvesting by creating intermolecular acceptor/donor
interfaces for an efficient dissociation of excitons. The generated free charge carriers are
then transported via percolating path ways to the electrodes. It is to be noted that the
transport of charges is highly influenced by the morphology of the active layer which often
can substantially improve by post fabrication heat treatment. However, the life time of the
active layer remain susceptible to external environment.

An important progress has been made to increase the life time of OPV by way of encapsu-
lation or lamination of the active layer of the devices to prevent from exposure to moisture
and oxygen [4]. However, under ambient environment the life span of OPV cells is very
short because of the instability of the organic molecules in air. Although it is not unusual
to observe fast degradation of organic solar cell in the laboratory; there hasn’t been much
reports on how quickly the active layer degrades under ambient environment. The purpose of
this investigation is to measure how quick the PTB7:PCBM active layer degrades in ambient

condition. The degradation of OPV cells involves the chemical and physical transformations
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of the organic molecules which lose its electrical conduction by absorbing moisture and oxy-
gen [20-23]. Such transformation would indeed change the parameters of the cell. We are
presenting here the degradation of organic photovoltaic cell beginning from fabrication to

the point where the efficiency reduced by more than 80% of its initial value.

7.3 Experimental

The OPV devices were prepared on unpatterned I'TO coated glass substrate which were
partially etched by acid solution containing HCl:HoO:NHOj3 [48%:48%:4%]. The substrates
were cleaned thoroughly by successive sonication bath in detergent, deionized water, acetone
and isopropanol for 10 minutes, respectively. They were then dried in an open furnace at
120°C for 20 minutes prior to the coating of PEDOT:PSS thin layer at 3500 rpm. The
samples were immediately baked in an oven at 120°Cfor 30 minutes. Following PEDOT:PSS
the active layer composed of PTB7 and PCBM was coated from chloroform based solution
(see Fig. 7.1). The solution of the polymer blend was prepared from PTB7 and PCBM at
1:1.5 stoichiometric ratio by weight. The concentration of the solution used in this experi-
ment was 20 mg/ml. In order to allow homogeneity and inter-dispersion of donor/acceptor
molecules the solution was sonicated for 3 hrs at a temperature between 35°C to 40°C. After
coating the active layer the samples were again dried at 100°C for 10 minutes. They were
then immediately loaded into the vacuum chamber for the depositions of LiF and aluminium
electrodes. A very thin layer of LiF (0.3 nm) was first evaporated and followed by 100 nm
thick Al electrode at base pressure of 7.6 x 10~7 mbar. A standard device structure as de-
picted in Fig. 7.2 shows the various layers of the organic solar cell. Except the deposition

of aluminium electrode, the preparation of the devices were carried out under ambient lab-
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oratory conditions without the use of glove box or clean room. The electrical properties of
the devices was measured using Keithely 2400 source meter under AM1.5 solar simulator
of integrated power density of 100 mW/ecm?. The power conversion efficiency (PCE) was
determined from the J-V data under illumination condition. The electrical properties of
organic molecules based solar cell follows a simple diode equation which can be expressed

as:
J = J(eV*T 1) — J,, (7.1)

where V is the applied voltage. J, and Jp, are the saturation and photon generated cur-
rents, respectively. The power conversion efficiency is defined as the ratio of the maximum

generated power by the cell to that of the input power, given by

v

max :FF- ‘/OCX JSC

PCE =n =
=, P,

(7.2)

The open circuit voltage (V,.) and short circuit current (J,.) can be determined from J-V

data. The fill factor(FF) is determined from the expression:

Jmax X Vmax
FF = ———— 7.3
‘/;C X JSC ( )

It is a measure of the squareness of the J-V curve which depends on the device architecture

as well as the morphology of the active layer of the cell [19].

PTB7 PCBM

Figure 7.1: Chemical structures of the donor and acceptor molecules.
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Figure 7.2: Schematic diagram for bulk heterojunction organic solar cell.

7.4 Results and Discussion

Several organic solar cells have been prepared under ambient laboratory condition where the
samples are exposed to atmospheric air. The photoactive layers of the devices were com-
posed of PTB7:PCBM blend which appeared for us more environmentally stable compared
to the most common conducting polymers P3HT. The performance of the devices was stud-
ied using the electrical measurements taken both under illumination and dark conditions.
The current-voltage characteristics given in Fig. 7.3 are taken from OPV devices prepared
in this experiment. The J-V data represents a typical diode behavior of organic solar cell.
The parameters derived from the data show that the mean values of the open circuit voltage,
short circuit current, fill factor and power conversion efficiency (PCE) are found to be Voc=
0.71 volts, Jso= 17.2 mA/cm? FF=35%, and PCE = 4.3%, respectively. These values are
consistent with the parameters reported in literatures except the fact that the recorded fill
factor is relatively low in the present experiment. Such low fill factor is associated with the
presence of high series resistance between the active layer and the electrodes which severely
affects the shape of the J-V curve. The large series resistance could be attributed to the

formation of oxide layers between the active layer and the electrodes as well as other defects
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in the photoactive medium. However, inspite of such large series resistances in the samples,
we have measured high current densities suggesting that there exist better donor/acceptor

molecules miscibility in the photoactive medium.
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Figure 7.3: The current-voltage characteristics of bulk heterojunction organic solar cell whose

active layer is composed of PTB7:PCBM blend. The symbols d3 to d6 denote the diode

numbers in the sample solar cell.

A series of measurements were conducted on the samples at a constant time interval in order
to be able to understand the rate at which the fabricated devices lose their power conversion
efficiency under ambient laboratory condition. The laboratory temperature and humidity
level were 24°C and 62%, respectively. We have measured the J-V data under illumination
from each diode to be able to determine the parameters of the cells. It is to be noted that
the devices were kept under dark after each illumination measurement carried out at every
20 minutes interval. The power conversion efficiency of the solar cell, as depicted in Fig. 7.4,

decreases slightly by changing from 4.3% to 4.09% in the first 40 minutes. After a 40 minutes

138



mark the efficiency decreases monotonically with time and lost nearly 60% of its efficiency
in the second 40 minutes interval. At 200 minutes the efficiency of the device dropped to
0.4% which eventually disappear from the J-V data. Finally, the devices were no more active
after 10 hours from discharging the solar cells from the vacuum chamber. The rate of PCE
reduction was slow in the first 40 minutes when the device only lost only 5% of the initial

value but drastically lowered within the second 40 minutes of its existence.
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Figure 7.4: Power conversion efficiency of the solar cell as function of time.

Similar variations with time are observed on the open circuit voltage and short circuit cur-
rent of the devices. These parameters are particularly important since both depend on the
chemical and physical properties of the photoactive layer as well as the interfaces between
the electrodes and the various layers of the OPV cell. The morphology of the medium for
example plays a significant role in the determination of the transport properties of the free
charge carriers across the electrodes which in turn affects the magnitude of the short cir-

cuit current. On the other hand, chemical transformation between the active layer and the
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electrodes could ultimately change the value of the open circuit voltage. According to the
data presented in Fig. 7.5 the open circuit voltage shows no significant variation for nearly
2 hours after the devices were produced (see Fig. 7.5 ). In fact, the mean value of Voo
was 0.68 volts at the beginning and then grew by 6% to 0.72 volts at 40 minutes mark.
The growth of the Vo at the early stage of the device operation could be attributed to the
improved morphology of the interfaces between the photoactive layer and the electrodes due
to the heat generated by the light illumination of the devices. After a 40 minutes mark the
magnitude of the Voo monotonically decreases with time and reaches to 0.57 volts at 200

minutes.
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Figure 7.5: The open circuit voltage and short circuit current as a function of time for

PTB7:PCBM active layer OPV.

The short circuit current meanwhile follows the same pattern of variation in time compared

with that of the power conversion efficiency of the samples. The values of the short circuit
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current decreases by nearly 5.5% in the first 40 minutes and then drops exponentially with
time. The short circuit current reduced by 61% at 110 minutes, and further dropped to only
15% of the initial value at 200 minutes. Another parameter of the photovoltaic cell which
was affected by the degradation process is the series resistance. Initially, the series resistance
appeared to change linearly with time which grows from 72 ohms to 110 ohms in the first 40
minutes. Like the rest of the parameters discussed above the series resistance also drastically

increases after the 40 minutes mark (see Table 7.1).

Time V. Jse FF  PCE R;
Min.  (volts) (mA/em?) (%)  Ohms
0 0.68 18.2 0.34 4.3 72

20 0.67 17.8 0.33 4.2 94

40 0.72 17.2 0.33 4.1 110
80 0.71 9.1 0.25 1.7 458

Table 7.1: The cell parameters for best performed diodes.

This suggests that there are indeed chemical transformations of the molecules in the device
which are responsible for preventing the generation and transportation of charges in the
photoactive medium. The absorption of oxygen and moisture combined with photon in-
duced chemical reactions are some of the mechanisms for the chemical transformation of the
molecules in the active layer. However, it is not possible to distinguish the contribution of
each of these factors on the over all performance of the device in this experiment. Therefore,
the observed degradation is the result of the collective influences of all possible factors af-
fecting the performance of organic photovoltaic cell. For instance, the creation of aluminium

oxide between aluminium and the active layer will cause among others high series resistance.
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In this experiment, in fact, we have observed high initial value of series resistance (Rs = 72
ohms) which is attributed to the ambient environment device preparation condition. Such
high value of Ry severely affects the fill factor and the performance of the devices [19].

In addition to the electrical measurements discussed above the optical absorption measure-
ments were also conducted on the samples. Fig. 7.6 shows the absorption spectra of PTB7
with and with out PCBM. The stronger absorption peak is representing the pure PTB7 poly-
mer molecule which covers wide range of the visible spectrum as well as part of the infra-red
regions. According to the data given in the figure one can clearly see that the absorption
peak of PTB7 with PCBM is significantly lower than with out PCBM which is an indication
of the miscibility of the two molecules in the photoactive medium. The quenching of the
optical absorption in PTB7:PCBM blend is attributed to the interaction between PTB7 and
PCBM molecules where the presence of PCBM in PTB7 matrix disrupts the crystallinity of

PTB7 by hindering inter molecular interactions between PTB7 molecules [24] 25].

——PTB7:PCBM
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Figure 7.6: Optical absorption of PTB7 with and without PCBM.
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The optical absorption measurements taken at various time after the preparation of the de-
vices show no difference on the shape of the spectra. In fact, the spectra in Fig. 7.6 are
taken after a month from device preparation which is found to be the same as those spectra
taken earlier. This suggest that the molecules are optically active to absorb photons but
the photoactive layer turned into electrically non-conducting medium as indicated in the

electrical measurement.

7.5 Conclusions

The life time of PTB7:PCBM based organic photovoltaic cell was studied under ambient
laboratory environment. Most of the cell parameters remain almost intact during the first
40 minutes of existence. However, the values of these parameter drastically dropped after
the 40 minutes mark. The power conversion efficiency of the OPV cell reduced by more than
60% of the initial value at 80 minutes of its existence. The short circuit current and the
fill factor are reduced by 50% and 25%, respectively, in the same time interval. The value
of the open circuit voltage more or less unaffected up until 80 minutes. This suggest that
the degradation most likely affected in the bulk of the photoactive medium away from the
electrodes than near the electrodes. This is evident by the slow degradation of the open
circuit voltage compared with the other parameters of the cell. According to the current
result PTB7:PCBM bulk heterojunction photovoltaic cell can perform well for nearly 45
minutes with out any encapsulation under simple laboratory condition(i.e 24°C and 62%
relative humidity). However, the performance of the device is significantly reduced after an

hour under such ambient environment.
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Chapter 8

Conclusion and future work

8.1 Summary

This thesis is composed of an investigation on the fabrication and characterization of or-
ganic thin films solar cell using PTB7 and P3HT as electron donor and PCBM as electron
acceptor photoactive layer. Finally we studied the ternary molecules blend active medium
composed of PTB7, P3HT and PCBM with a view to enhancing the optical absorption band
of the medium. Part of the thesis has also dealt with the deposition and characterization of
inorganic semiconductor thin films (V5,05, ZnO, and T90,) on transparent electrodes. All
the samples, including the photoactive layers of the BHJ-OSCs devices and thin films, were
fabricated by a sol-gel solution processing method in an ambient laboratory environment

and using different low-cost techniques such as spin coating and electrochemical deposition.

The PTB7:PCBM binary bulk heterojunction OSC device’s performance and lifetime were

investigated, where the devices exhibited a PCE as high as 4.3% under ambient laboratory
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condition. Other parameters associated with the PCE such as J,., V,., and FF were found
to be 17.2 mA/em?, 0.71 V and 35% respectively. The devices fill factor was relatively low
due to the high series resistance. However, the overall device performance was decreased
with time due to exposure to ambient laboratory condition, resulting in drastic reduction on

the values of the solar cell parameters.

The ternary molecules blend BHJ-OSC devices which were fabricated using PSHT, PTB7,
and PCBM polymer and fullerene molecules, respectively, showed interesting results. The
electrical and optical properties of the films were investigated and compared with binary
molecules blend. The electrical property of ternary devices exhibited intermediate behaviour
between the two constituent binary molecules device structures. But its performance is very
close to that of the PSHT:PCBM blend due to the fact that the behaviour of P3HT in
the ternary blend is more dominant than the PTB7. It was observed that PTB7 had poor
miscibility in the solution containing P3HT and PCBM. Although the optical absorption
of the ternary blend showed a red-shift when the concentration PTB7 was increased in the
blend which led to improved light harvesting, the device performance remained poor due to
the poor morphology of photoactive layer which caused high series resistance in the medium.
The morphology of the ternary blend films were characterized using SEM, EDX, and FLM
images which revealed the distribution of PTB7 and PCBM molecules in the film where

PTBT7 molecules were segregated from P3HT domain preventing better miscibility.

Furthermore, vanadium pentoxide (V505) thin films were successfully synthesized and pre-
pared by electrochemical deposition for efficient and stable hole transport layer in the prepa-
ration of organic solar cell to replace PEDOT:PSS. The behaviour of the film is found to be
dependent on post-deposition treatment such as annealing at different temperatures as well

as various types of cleaning procedures used in order to remove residual impurities, thereby
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improving the V505 films quality. We conclude that cleaning procedure by DI water followed
by heat treatment at 400 — 450 °C' showed better OSC devices performance. The V,05 thin
films exhibited high optical transmittance over a wide range of solar spectrum, and suitable
energy level alignment for hole transport compared to PEDOT: PSS. The crystal orientation
and surface morphology of V5,05 films were studied using XRD and SEM which showed that
the deposited layers are crystalline and have orthorhombic structure. Their grains are also
evenly distributed across the surface of the film. The OSCs fabricated on V505 buffer layer
were found to be more stable and effective in the extraction and transportation of charge

carriers from P3SHT:PCBM photoactive medium.

In the study of layer-by-layer film of ZnO as thin film absorber layer on 770y n-type semi-
conductor, nanostructure has been demonstrated by two comparable techniques. Porous
combinations shown by morphological features suggest that brookite nanocrystals can be
suitable for application in solar devices. This bilayer investigation generally revealed the
presence of some metal oxides nanostructures which can be considered as effective photon
absorber as well as a buffer layer between the photoactive layer and contact electrodes in pho-
tonic devices. As result, optical properties and energy band structure of the fabricated thin
films indicated that they can be a suitable candidate for light harvesting. Effective charge
separation and reduced recombination rate of charge carriers can make the films suitable as

buffer layer in OPV devices.

8.2 Future work

The results obtained in this research show that by using solution processing methods of

electrochemical deposition technique for transition metal oxides it is possible to deposit
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thin films which can be used as buffer layers for OSC devices. This technique has several
advantages over other techniques such as cheap device production cost and the possibility of

large area deposition.

The transition metal oxides are promising candidates to improve the performance and envi-
ronmental stability of OSC devices which are major challenges in organic molecules based

solar cells.

Moreover, the investigation of synthesis behaviour of high work function TMOS such as V5,05
incorporating with PEDOT:PSS and its application in OSC devices are also very promis-
ing directions for future work. Also, the synthesis of bilayer thin films of TMOs such as
ZnO/Ti0, can be used as ETLs alternative to LiF. The application of the electrochemical
deposition technique for the deposition of TMOs buffer layers in perovskite solar cells is
another area of focus for future research. The technique can also be extended to the deposi-
tion of the photoactive medium in perovskite solar cell to achieve a controlled thickness and

improved morphology of the photoactive medium.

Another avenue of investigation that would be of interest to improve device efficiency is
the effect of solvent additive such as 1,8-diiodooctane (DIO), 1-chloronaphthalene (CN) and

their mixture in ternary blends on charge transport.
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