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Preface 

Organic solar cells have attracted lot of attention as a cheap and viable option for sustained 

energy resource. However, several issues like energy efficiency, cost and stability have to be 

carefully addressed in realizing this. This thesis is an attempt to understand the role played by 

external fields in forming optimum film morphology to enhance power conversion 

efficiency.  

In the first chapter we discuss the basic principles involved in the working of organic solar 

cells and recent strategies developed for controlling the film morphology to obtain optimum 

efficiency. In addition to the more popular ways of controlling morphology by varying blend 

ratio and annealing, thesis addresses the use of electric field induced control alignment of the 

constituent species.   

Second chapter deals with the materials and methods involved in the fabrication of solar cells 

as well as the experimental techniques used to characterize the devices. 

Third chapter shows enhancement in performance of a solar cell fabricated from a crystalline 

donor solar cell by the application of electric field during its drying stage. A 30% increase in 

performance is obtained by comparing with thermally annealed devices fabricated under 

similar conditions. 

Fourth chapter demonstrates the effect of electric field induced morphology in an amorphous 

donor solar cell. Usage of electric field during thermal annealing is found to be detrimental 

for the devices while applying electric field during the vacuum drying of the samples 

enhances efficiency. This is attributed to favourable structural modifications induced by 

electric field. 
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Chapter 1  

General Introduction 
 

1.1 Introduction to organic electronics 

Semiconducting properties have been discovered in certain classes of organic materials, with 

charge transport properties different than those in conventional inorganic materials like 

silicon. These classes of organic materials include long chain conjugated polymers. Polymer 

systems having alternating double bond along the backbone and have a finite overlap are 

commonly referred as conjugated polymers. Conductivity in these systems is due to the 

extended electron pathway due to the delocalized pz electrons on the polymer backbone1-3. 

The resonant coupling between the pz electrons causes the pz orbitals to split into two energy 

states. The orbital with the lower energy state is the Bonding Molecular Orbital. It is also 

called Highest Occupied Molecular Orbital (HOMO) since it is completely filled. The higher 

energy state is the Anti-Bonding Molecular Orbital. This is unoccupied and is generally 

referred to as Lowest Unoccupied Molecular orbital (LUMO). In conjugated polymer 

systems, due to the wavefunction overlap of neighbouring unit cells, the HOMO and LUMO 

behave like bands analogous to the valence and conduction bands in inorganic 

semiconductors respectively. Thus the conjugated polymers can be equated to a 

semiconductor with a band gap. The optical bandgap of these conjugated polymers typically 

is in the range of 1.2 – 3.5 eV. 

A major breakthrough occurred in the field during the year 19774, when it was discovered 

that doping of polyacetylene increased its conductivity from 10-5 Scm-1 to 103 Scm-1. The 

conductivity obtained on doping was almost comparable to the conductivity in metals (~105 

Scm-1 for copper). Since then doping induced increase in conductivity has been observed in a 

variety of polymer systems like polypyrroles5, polythiopenes6, poly(Isothlanaphthene)7 and 

poly(alkylthiophenes)8. Advancements in this field have made it possible to solution process 

films of semiconducting polymers.  



 

 
 

These semiconducting polymer 

photovoltaic properties9-11. Our understanding of these properties have enabled us to make

Organic Light Emitting Diodes12

solar cells ( with efficiencies14-15

1.2 Organic solar cells (OSC

Conductivity, along with high absorption coefficient and the ability to tune the absorption 

properties by changing the structure have made o

cells16-20. In pristine polymer semiconductors, photoexcitation of pristine polymer 

semiconductors result primarily in formation of 

electron and hole remain bound because of the s

owing to the smaller dielectric constant

dissociated by internal electric field and they res

current. This is referred to as the exciton model and it provides a consistent framework to 

explain the optical and optoelectronic properties.

1.2.1 Early advancements in organic solar cells (OSC)

Earlier solar cell devices made up of organic materials had a single organic layer between 

two metals which acted as electrodes. The work function of the metal electrode was 

important in deciding the direction of charge transport. The device with a single organic layer 

showed very low efficiencies of the order of 10

   

(a) Single layer SCs           

Figure 1. 1: Advancements in organic solar cells design

The next generation of solar cell devices with two organic bilayers where one of the layers 

acted as donor and other layer acted as acceptor was fabricated.

required to split the exciton is provided by the energy level offset of both the species.
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onducting polymer systems also show interesting electroluminescence and 

. Our understanding of these properties have enabled us to make

12-13 (which have already entered the market) and 

 close to 10%). 

cells (OSC) 

Conductivity, along with high absorption coefficient and the ability to tune the absorption 

cture have made organic materials find applications

. In pristine polymer semiconductors, photoexcitation of pristine polymer 

primarily in formation of excitons (bound electron-hole pairs)

electron and hole remain bound because of the strong force of attraction between them, 

owing to the smaller dielectric constant (~ 3) of these systems. In a solar cell, t

dissociated by internal electric field and they result in mobile charges, contributing to 

This is referred to as the exciton model and it provides a consistent framework to 

explain the optical and optoelectronic properties. 

1.2.1 Early advancements in organic solar cells (OSC) 

evices made up of organic materials had a single organic layer between 

two metals which acted as electrodes. The work function of the metal electrode was 

important in deciding the direction of charge transport. The device with a single organic layer 

very low efficiencies of the order of 10-3 to 10-1.  

    

       (b) Bilayer SCs                (c) Bulk Heterojunction SCs

Advancements in organic solar cells design 

on of solar cell devices with two organic bilayers where one of the layers 

acted as donor and other layer acted as acceptor was fabricated. Internal electric field 

required to split the exciton is provided by the energy level offset of both the species.
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on of solar cell devices with two organic bilayers where one of the layers 

Internal electric field 

required to split the exciton is provided by the energy level offset of both the species. Their 



 

 
 

performance was better than their predecessors.

the exciton diffusion length 

recombination to ground state

This resulted in making layers of photoactive material thinner than 

number of photons absorbed. 

Further improvement was obtained when the donor and acceptors were intermixed and spin

coated. This gave way to intermixed domai

network of donors and acceptor species

referred to as Bulk-Heterojunction. 

should be lesser or of the same length scale as 

1.2.2 Working principle of organic solar cells (OSC)

The working of OSCs can be summarized by the following steps

1. Absorption of photon by donor species and creation of exciton

2. Diffusion of exciton to don

3. Exciton dissociation at the interface and formation 

subsequently dissociates to form free charge carriers

4. Diffusion of separated charges to the respective electrodes

               

Figure 1. 2: Steps involved in the working of organic solar cells. The steps are labeled with 
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performance was better than their predecessors. The limiting factor in bilayer solar cell was 

 (λd). λd is the distance an exciton travels in the polymer

to ground state. In organic semiconductors (λd) is generally about

ers of photoactive material thinner than λd, which then reduced 

number of photons absorbed.  

Further improvement was obtained when the donor and acceptors were intermixed and spin

coated. This gave way to intermixed domains of acceptors and donors. The int

network of donors and acceptor species22-24 enhanced efficiency considerably. This is 

Heterojunction. The optimum domain size for Donor - Acceptor regions

same length scale as the exciton diffusion length.  

Working principle of organic solar cells (OSC) 

can be summarized by the following steps 

Absorption of photon by donor species and creation of exciton 

Diffusion of exciton to donor-acceptor interface 

Exciton dissociation at the interface and formation of charge transfer state

subsequently dissociates to form free charge carriers 

Diffusion of separated charges to the respective electrodes 

 

Steps involved in the working of organic solar cells. The steps are labeled with 
numbers within white circles 

Chapter 1 

The limiting factor in bilayer solar cell was 

in the polymer before 

about 15 - 20nm21. 

, which then reduced 

Further improvement was obtained when the donor and acceptors were intermixed and spin-

interpenetrated 

enhanced efficiency considerably. This is 

Acceptor regions 

 

of charge transfer state, which 

Steps involved in the working of organic solar cells. The steps are labeled with 
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1.2.3 Quantum efficiency of organic solar cell 

Internal Quantum Efficiency (IQE) of an OSC is given by the product of the efficiency of 

each of four steps involved in the working of solar cells.  

By definition, Internal Quantum Efficiency, 

    CCCTDABIQE   …………………..……………………(2) 

Here,  is the efficiency of absorption of the incident light and it can be obtained from 

Beer Lambert’s law. This can be increased by increasing the absorption of the system by 

tuning their structure to match the solar spectrum and by increasing the thickness of the film. 

D is the efficiency of the diffusion of formed exciton to the interface. D can be increased by 

having domain sizes smaller than the exciton diffusion length (λd). CT is the efficiency of the 

dissociation of exciton and formation of the charge-transfer state and its dissociation into free 

charges. It depends on morphology of the device and the choice of donor and acceptor. The 

charge transfer state can recombine without forming separated charges. This is called 

Geminate Recombination. CC, the efficiency of charge collection and depends on the 

interpenetrated network of the system and choice of electrode. The separated electron and 

holes can also recombine with opposite charge carriers on their path to respective electrodes. 

This is called Non-Geminate Recombination. The morphology of the film plays a critical role 

in deciding the efficiency of each of the above mentioned processes. Efforts have been taken 

to control film morphology to enhance efficiency and will be discussed more in the thesis. 

External Quantum Efficiency (EQE) gives better picture of the efficiency of solar cell by 

considering external loss mechanisms. EQE is defined as the ratio of the number of electrons 

collected at the interface to the number of photons incident on the device. 

 

    

EQE  
nelectronscollected

nphotonsabsorbed


J *1240

P *
…………………………………………..…(3) 

Here Jsc is the short circuit current density in A/cm2, P is incident light power in W/cm2. As 

seen from the definition, EQE is a function of incident wavelength ( in nanometer).  



 

 
 

1.2.4  Device structures

A typical solar cell has a thin layer of 

electrodes to collect holes and electrons. Most often electron and hole buffer layers are used 

between the active layer and electrodes to facilitate the transport of electrons and holes to 

their respective electrodes.   

In normal structure, the transparent electrode acts as the hole collector and in inverted 

structure, transparent electrode acts as the electron collector.

normal structure uses low work function metals which are prone to oxidation. This reduces 

the stability of the device. Inverted architecture overcomes the stability issues originating 

from the electrodes to some extent

                      

(a) normal device structure

Figure 1. 

1.3 Active layer film formation

Spin-coating is the usual method employed by which 

The morphology is decided b

phase separation should lead to an 

domain sizes are smaller than ex

should reach the electrodes without non

enhancement in Jsc and FF of the device, without would inturn reflect in the power 

conversion efficiency.  

Thus, understanding phase separation

controlling them is the need of the hour. Morphology of the device

 5 

Device structures 

thin layer of active material (BHJ blend) placed between two planar 

o collect holes and electrons. Most often electron and hole buffer layers are used 

r and electrodes to facilitate the transport of electrons and holes to 

 

In normal structure, the transparent electrode acts as the hole collector and in inverted 

structure, transparent electrode acts as the electron collector. To facilitate electron collection, 

normal structure uses low work function metals which are prone to oxidation. This reduces 

Inverted architecture overcomes the stability issues originating 

from the electrodes to some extent. 

          

normal device structure            (b) inverted device structure

Figure 1. 3: Device structures of solar cell 

Active layer film formation 

coating is the usual method employed by which active layer solution is cast into films. 

The morphology is decided by the phase separation of donor and acceptor regions

phase separation should lead to an interpenetrated network of donors and acceptors

domain sizes are smaller than exciton diffusion length and the separated charge carriers 

should reach the electrodes without non-geminate recombination. This would lead to an 

and FF of the device, without would inturn reflect in the power 

understanding phase separation25-27 and morphology evolution28 of the active layer and 

controlling them is the need of the hour. Morphology of the device can be 

Chapter 1 

material (BHJ blend) placed between two planar 

o collect holes and electrons. Most often electron and hole buffer layers are used 

r and electrodes to facilitate the transport of electrons and holes to 

In normal structure, the transparent electrode acts as the hole collector and in inverted 

To facilitate electron collection, 

normal structure uses low work function metals which are prone to oxidation. This reduces 

Inverted architecture overcomes the stability issues originating 

 

(b) inverted device structure 

active layer solution is cast into films. 

regions. Optimum 

interpenetrated network of donors and acceptors where the 

citon diffusion length and the separated charge carriers 

geminate recombination. This would lead to an 

and FF of the device, without would inturn reflect in the power 

of the active layer and 

 probed by X-ray 
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Scattering methods (Small and Wide Angle X-ray Scattering29; Polarized Xray Scattering30; 

Resonant Soft Xray Scattering31; Scanning Probe Microscopy32-33 and Transmission Electron 

Microscopy34.  

The morphology of the film formed has been found to be depended on the components of the 

blend (donor, acceptor and solvent). For different donor-acceptor systems, different blend 

ratios are found to yield the optimum morphology. Choice of the solvent used also has been 

found to play a role in deciding the morphology film formed. Solvents with high boiling 

point which evaporate slowly have been found to help in the self-organization of the 

components in the film.   

The following treatments are usually employed in improving the quality of the film, during 

or after the spin-coating of the blend.  

1.3.1 Thermal annealing 

Thermal annealing35-36  is the process by which the spin-coated films are heated above their 

glass transition temperature for a short time. Thermal annealing helps in phase segregation of 

the polymer and acceptor molecules. It increases crystallization and domain sizes of the 

polymer. Thermal annealing also helps in making the films smoother and avoiding contact 

losses and trapping sites at the electrode. Over-annealing (annealing at very high 

temperatures or longer times) have been found to be detrimental to the device performance. 

Thermal annealing is efficient process only if the donor polymer is crystalline in nature. 

1.3.2 Solvent annealing 

Solvent annealing
37-38

 is the process by which the spin-coated samples are placed in a 

solvent-vapour rich environment. This slows the rate of evaporation of the solvent from the 

film.  Polymer films have been found to self-organize better when the rate of evaporation is 

slower, thereby reaching a better film morphology. 

1.3.3 Use of additives  

The additives
39-40 used are usually high boiling solvents which reduce the rate of evaporation 

even further. 1,8-di-iodo-octane(DIO)38,39, alkyl-dithiols are some of the commonly used 



 

 
 

additives. It is observed that the increase in efficiency of OPVs due to additives can be 

attributed to optimized phase segregation due to selective dissolution of acceptor molecule by 

the additive. 

Electric field during drying of Thin Films

 Another approach in contolling the film morphology is by using external fields like 

field. The effect of applying electric field during drying of active layer of the solar cell 

focus of this thesis and will be discussed in detail

1.4 Electric field induced alignment in systems

1.4.1 Application electric field on a molecule

When external electric field is applied on a polar molecule, the molecule will experience a 

torque to align itself with the electric field thereby reducing

molecule does not have permanent dipole moment, it can form induced dipole moment, due 

to the displacement of centers of the positive and negative charge, under external electric 

field. The dipole moment in the case of p

the dipole moment in a non-polar molecule. 

               

(a) No Electric field 

Figure 1. 4: Alignment of a molecule in electric field. Blue lines ind

The torque ( experienced by the molecule will depend on the dipole moment

direction of the dipole moment and the external field applied
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and will be discussed in detail as we proceed through the th

1.4 Electric field induced alignment in systems 

lectric field on a molecule 

When external electric field is applied on a polar molecule, the molecule will experience a 

torque to align itself with the electric field thereby reducing the energy of the molecule. If the 

t have permanent dipole moment, it can form induced dipole moment, due 

to the displacement of centers of the positive and negative charge, under external electric 

field. The dipole moment in the case of polar molecule will be higher when compared with 

polar molecule.  

               

    (b) Electric field applied

Alignment of a molecule in electric field. Blue lines indicate the electric field 
lines. 

experienced by the molecule will depend on the dipole moment

direction of the dipole moment and the external field applied (E). 
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 The potential energy (U) gained by the molecule on aligning is given by

Two important classes of organic materials worth discussing at this point are 

and Ferroelectric Polymers. 

1.4.2 Liquid crystals 

Liquid crystals are polymeric materials which have been found to exhibit properties like 

fluidity similar liquids and ordering of dipoles similar to ones present in solid crystals. They 

exhibit different phases as a function of temperature and concentration. These molecules 

have been found to align in external fields like electric and magnetic fields

does not induce orientation order in the system, rather changes the direction of orientation of 

the molecules. Director (D), a vector of unit magnitude gives the direction

the molecules. 

Free energy contribution (Fe) on aligning with the field external electric field E is given by,

Fe

    

        (a)   No Electric field

Figure 1. 5: Alignment of liquid crystal under electric field. Blue lines indicate the Electric 

Here Δε is the difference in dielectric constant of the molecule along the direction of the 

director and perpendicular to it. Examples of liquid crystal polymers include Zenite 5145L, 

Chapter 1

 8 

ined by the molecule on aligning is given by 

EpU . ……………………………………………..(6)

Two important classes of organic materials worth discussing at this point are liquid crystals 

lymeric materials which have been found to exhibit properties like 

fluidity similar liquids and ordering of dipoles similar to ones present in solid crystals. They 

exhibit different phases as a function of temperature and concentration. These molecules 

e been found to align in external fields like electric and magnetic fields41-42. The field 
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Alignment of liquid crystal under electric field. Blue lines indicate the Electric 
field lines. 
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kevlar and vectran. Alignment of liquid crystals in external electric field has been tapped in 

making displays where liquid crystals control the transmission of light through it. 

1.4.3 Ferroelectric polymers 

They are a class of crystalline polymers which have a strong inherent electric polarization in 

them43-44. They have a characteristic curie temperature above which phase transition to 

paraelectric region takes places. They exhibit characteristic hysteresis as in ferroelectric 

materials. Most of them possess piezoelectric and pyroelectric properties. Most studied 

polymer in this field is polyvinylidene fluoride (PVDF) and poly[(vinylidenefluoride-co-

trifluoroethylene] [P(VDF-TrFE)] Ferroelectric polymers have found application in 

piezoelectric transducers, actuators and memory units. 

1.4.4 Electric field patterning of thin films 

Electric field induced pattern formation on soft films is termed Electro-Hydro-Dynamic 

Lithography.  Polymer films are coated on one of the electrode and electric field is applied 

between the top and bottom electrode which are separated by an air gap. On application of 

electric field, enhancement in the amplitude of capillary waves present on the surface of the 

polymer is observed. The waves grow and reach the top electrode and form pillars with 

hexagonal symmetry and characteristic spacing. The characteristic spacing () is given by 

 
2/3

2
1

2















 p

ppo

E
U




 ………………………………..(8) 

where U is the voltage applied, εo and is the dielectric constant of free space, εp is the relative 

permittivity of the medium,  is the surface tension of polymer and Ep is the field strength in 

the medium. It was first observed by Steiner and Ulrich in Polystyrene45. Since then it has 

been observed in other thin films and polymer films. Polymer films are more suited for this, 

since if the pattering is done above its glass transition temperature, its structure could be 

retained as the films are cooled. If the top electrode is patterned (has projections) and when 

electric field applied on the thin layers, patterning of the thin film takes place to follow the 

master pattern of the top electrode. 



 

 
 

Polymer bilayers can also be subjected to electric field to observe the above mentioned 

effects46-48. In these studies, it was seen that pillar formation takes place with the inner core 

of one of the polymer material and the outer core with the other polymer material. The 

difference between dielectric constant between the two fil

of the individual layers and viscoelastic properties of the films decide the role the individual 

layer plays and the pattern formed.

co-polymers49-52 to control the microdomain formation.

                    

Figure 1. 6: The image shows pillar formation in thin film (depicted 
between electrodes (depicted 

1.4.5 Previous electro-hydro

lab 
Effect of electric field in the pattern formation of PDMS films between ITO and cover slip 

which acts as the other electrode was studied

pillar formation was found in different electric field regimes. 

soft thin films exhibited two visco

move drops of polymer dispersion on micro

another study57, a PDMS surface was electro

microaxions. The pattern formed was found to create Bessel beams.

deform droplets of low-melting a

in the droplets58. 
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Polymer bilayers can also be subjected to electric field to observe the above mentioned 

. In these studies, it was seen that pillar formation takes place with the inner core 

of one of the polymer material and the outer core with the other polymer material. The 

difference between dielectric constant between the two films (dielectric contrast), thickness 

of the individual layers and viscoelastic properties of the films decide the role the individual 

layer plays and the pattern formed. Electric field has been used in the self-assembly of Block

to control the microdomain formation. 

 

The image shows pillar formation in thin film (depicted in blue colour) placed 
between electrodes (depicted in grey)  

hydro-dynamic instability reports from our 

Effect of electric field in the pattern formation of PDMS films between ITO and cover slip 

which acts as the other electrode was studied53-54. Edge straightening, finger elongation and 

pillar formation was found in different electric field regimes. It was also observed

soft thin films exhibited two visco-elastic regimes. Electric field induced wetting was used to 

move drops of polymer dispersion on micro-channels made of hydrophobic material

, a PDMS surface was electro-hydro-dynamically patterned to make arrays of 

microaxions. The pattern formed was found to create Bessel beams. Electric field was used to 

melting alloys by applying electric field whose shape can be retained 
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1.4.6 Review of electric field poling in OSC 

Electric field has been used to control the morphology of the active layer. Detailed literature 

review is discussed as follows. 

In 2003, Sariciftzi and their group applied electric bias during the post-thermal annealing of 

P3HT:PCBM devices59. They found an enhancement in current density to 8.5 mA cm-2. 

Efficiency improved from 2.5% to 3.5% on thermal annealing in electric field.  

Cindy X. Zhao et al60., in the year 2011, used AC electric field to align the P3HT: PCBM 

BHJ. The electric field was applied to a floating top electrode and ITO. The electric field was 

of the order of 105 V/cm and the frequency of operation was 10-3 Hz. The PCE of the devices 

increased from 2.89% to 3.14%. The same group reported61, having optimized their AC 

electric field strength to 5.5–8.25*104 V/cm. XRD data was used to understand the origin of 

the enhancement in efficiency and  The intensity of the P3HT peak increased upon poling. 

In 2012, Ching-Fuh Lin et al62., reported that efficiency of their P3HT: PCBM system 

increased from 3.16% to 3.51%, when electric field of 5.0*105 V/m was externally applied to 

the device during its drying stage. The same group showed63 that the increase in device 

efficiency was more when the external electric field was applied horizontally rather than 

when it was applied vertically.  

S. Sundar Kumar Iyer and group studied effect of electric field on P3HT:PCBM BHJ solar 

cells64. The XRD studies showed increase in the intensity of P3HT peaks. From AFM 

studies, they saw an increase in the RMS roughness of the poled sample when compared with 

the unannealed sample. IPCE of these devices was also found to increase on poling. In their 

Photovoltaic Specialists Conference (PVSC), 2012 paper65, they went further  ahead and 

poling was done on P3HT hole-only device. In their bulk state, the increase in the SCLC 

mobility was studied upon poling. Zero field hole- mobility was found to increase on poling.  

1.5 Scope of thesis 

The photovoltaic performance of BHJ polymer solar cells are intimately correlated to the 

morphology and mircostructure of the films. Most of the studies on application of electric 

field to control the morphology have been tried on crystalline donor-BHJ systems. They have 
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attributed the increase in crystallinity of the donors as the reason for enhancement in the 

efficiency of the devices. We have experimentally tried to verify the field induced 

enhancement of efficiency in P3HT:PC60BM systems, where P3HT is a crystalline donor. 

Thermal annealing has been found to be detrimental to device performance for low-band gap 

amorphous donor BHJ solar cells. We envisage that the electric field induced annealing can 

also control the morphology of such BHJ systems. Since the donor unit is further composed 

of donor-acceptor molecules, it is expected to have a high local dipole moment.  

PBDTTT-C-T: PC70BM is chosen as a model system where PBDTTT-C-T is an amorphous 

donor. Electric field induced annealing in this system indicates enhanced performance. On 

the other hand, thermal annealing treatments were found to be detrimental to the device 

performance.  

 The systems we are detailing with are thin films of BHJ. In such a system, there would be 

interplay between many factors such as interaction between molecules (donor-donor, donor-

acceptor, acceptor-acceptor), molecule-solvent interaction (donor-solvent, acceptor-solvent), 

the dielectric contrast between the different components of the blend (donors, acceptors, 

solvent), kinetics of solvent evaporation, viscoelastic properties of the blend. Using electric 

field, we want to overcome the factors restricting optimum film formation and promote 

interactions favouring interactions leading to the formation of optimum morphology. 

If electric field induced annealing could be optimized, it could be considered as one of the 

post-treatment methods for controlling film morphology. We also propose that the treatment 

would be effective for both crystalline and amorphous donors-BHJ systems.   
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Chapter 2 

Materials and methods 

2.1 Materials  

For an efficient solar cell, right combinations of different materials are required. The 

different materials usually include donor molecules, acceptor molecules, solvents, additives, 

organic and inorganic buffer layers and electrodes. Each of them will be described in the next 

section. The materials chosen should have right orbital energies and should be processible 

into thin films..    

2.1.1 Donor molecules 

Donor molecules are organic materials in which the mobility for hole transport is higher. The 

materials used in this study are semiconducting polymers, where adjacent chains are held by 

VanderWaal’s interaction. Hole mobility along a chain is faster than inter-chain hole-

mobility due to the better overlap of wavefunction of electron within chains than between 

chains. The donor component of the active layer forms crystalline domains or amorphous 

regions depending upon the type of the donor used and their processing conditions. Most of 

the light absorbed in a solar cell is due to the donor component since they have high 

absorption coefficient and band-gap is tuned for absorption in visible – near IR energy 

region. The donor polymers used in the experiments were P3HT and PBDTTT-C-T. 

2.1.1.1 P3HT                    

Poly(3-hexylthiophene-2,5-diyl) (P3HT) (Figure 2.1.a) is one of the widely studied donor 

materials1-2. The unit cell is a thiophene derivative. During polymerization, the thiophene 

units attaches with other thiophene units at its 3 and 5 positions. Regio-regular (RR) P3HT is 

one in which the units attach itself alternatively at 3 and 5 positions. This alternating 

arrangement of units provides RR-P3HT with higher degree of ordering between adjacent 

units. RR-P3HT has been found3-5 to have mobilities as high as 0.1 cm2/Vs due to its 

enhanced crystallinity .The HOMO of the polymer is around -5.2 eV, while LUMO lies 

around -3.2 eV. The band-gap of the polymer is about 1.9-2eV. P3HT absorbs between 
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400nm to 650nm with absorption maximum occurs around 540nm. Glass transition 

temperature is 12oC6-7.RR-P3HT used in our experiments was bought from Luminescent 

Technologies.  

                    

a)    P3HT    b)     PBDTTT-C-T 

             

c) PC60BM   d) PC70BM 

Figure 2. 1: Donors and acceptors used 
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2.1.1.2 PBDTTT-C-T             

Most of the photons in the Infra-Red (IR) region are not absorbed by donors like P3HT. 

Lately, new amorphous donors having low band-gap increase absorption in the IR region and 

have come into prominence8-10. Poly([4,8-bis-ethyl-hexyl-thiophene-5-yl)-benzo[1,2-b : 4,5-

b’]dithiophene-2,6-diyl]-alt-[2-(2’-ethyl-hexanoyl)-thieno[3,4-b]thiophen-4,6-diyl]) ( 

PBDTTT-C-T) (Figure 2.1.b) is one such low bandgap polymer with HOMO level placed at -

5.11eV and LUMO level placed at -3.25eV.  PBDTTT-C-T has a bandgap of 1.86eV. It 

absorbs between 500nm to 800nm with maximum around 700nm. Hole mobility11 in 

PBDTTT-C-T is about 0.27 cm2/Vs. PBDTTT-C-T used in this work was purchased from 

Solarmer Materials, Inc.  

2.1.2 Acceptor molecules   

Acceptor moleculess are organic materials in which the electron mobility is higher. They are 

usually small molecule systems. Fullerene based acceptors are most successful and 

commonly used acceptors12. Since they are easily processible and have optimum band levels, 

they make excellent candidates for solar cell fabrication with a range of donors. Due to the 

higher cost of  fullerene acceptors, alternatives like perylene derivatives13-14, twisted 

perylene15, N2200 have been studied as substitutes in organic solar cells.  

2.1.2.1 PC60BM 

[6,6]-phenyl-C61-butyric acid methyl ester (PC60BM ) (Figure 2.1.c) is a small molecule 

derivative of fullerene16. This molecule which functions as an acceptor has its HOMO and 

LUMO around -6.0eV and -3.9eV respectively. This makes the molecule to have a bandgap 

of 2.1eV. The molecule absorbs in the wavelength range of 200nm to 400nm with absorption 

maximum around 270nm. Glass transition temperature of this molecule is found6 to be 

131.2oC. Highest mobility reported17 for PC60BM is 0.2 cm2/Vs. PC60BM was purchased 

from MTR Ltd. 

2.1.2.2 PC70BM 

Similar to PC60BM, [6,6]-phenyl-C71-butyric acid methyl ester (PC70BM) (Figure 2.1.d) is 

also a bucky-ball small molecule which has its HOMO and LUMO levels at -5.8eV and -

3.9eV respectively. It has a bandgap of 1.9eV. Solar cells with PC70BM as acceptor has 
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found to yield high open circuit voltage and higher efficiencies with donors like P3HT, 

PBDTTT-C-T, PCPDTBT18-19. Absorption range of this molecule is from 200nm to 400nm 

with maximum around 300nm. PC70BM was acquired from American Dye Source. 

2.1.3 Buffer layers 

Buffer layers are functional layers introduced between the active layer and electrodes to 

enhance charge extraction20. Layers are selected depending on their energy levels and carrier 

mobilities. They can be of organic or inorganic origin. Depending upon the carrier charge 

they allow, they are classified as electron buffer layer or hole buffer layer. 

2.1.3.1 Hole buffer layer 

The role of hole-conducting layers is to enhance hole collection efficiency at the anode. 

These layers block electron transport through them. The necessary criterion for a material to 

act as a hole-buffer layer is that its HOMO level should be intermediate between donor 

HOMO and the work function of the hole-collecting electrode. 

PEDOT:PSS 

Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) is one of the most 

commonly used solution-processable hole-buffer layers21. It is obtained as a colloidal 

suspension of PEDOT and PSS in water, where PSS is a stabilizer added during the 

polymerization of PEDOT. It is acidic in nature.  Optimum thickness coated is 40-60 nm. 

This acts as a   hole-conductor in normal structure devices. HOMO of PEDOT:PSS lies at -

5.2eV. 

MoO3 

Molybdenum Oxide is an inorganic hole-conducting buffer layer22, which has HOMO around 

-5.3eV and LUMO around -2.4eV. This is usually thermal evaporated or solution processed. 

It has been shown23 to improve long-term stability of the device when used as the hole-buffer 

layer. Optimum thickness used is 8.5nm. It is a common hole-buffer layer in inverted 

structure devices. 
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2.1.3.2 Electron Buffer layer 

Electron buffer layers increases the efficiency of electron collection at cathode. They also act 

as hole blocking layers. The LUMO of the buffer layer should be close to the work-function 

of electron collecting electrode. 

ZnO 

Zinc Oxide is an electron buffer layer24 for inverted devices. Its HOMO is at -7.5eV and 

LUMO is at -4.1eV. Usual thickness coated is around 40 nm. Initially, Zinc oxide films were 

coated from a solution of Zinc acetate and annealed at high temperatures. Recently, zinc 

oxide films coated from diluted nano dispersion has been found to perform better and does 

not require high temperature annealing. . 

2.1.4 Additives 

Addition of small volume of another high boiling solvent has found to increase the efficiency 

of solar cell. 1,8-di-iodo-octane(DIO)25, alkyl-dithiols26 are some of the commonly used 

additives. Additives have been found to enhance the performance of the device by selectively 

dissolving PCBM allowing more of P3HT in the other solvent, allowing P3HT to crystallize 

better. DIO can be removed by evaporating under high vacuum. We have used additive DIO 

in the fabrication of PBDTTT-C-T: PC70BM solar cells. The optimum volume percent of 

DIO in the solvent is 3%.  

2.1.5 Electrodes 

Electrodes of optimum work function are necessary for charge collection. Transparent ITO 

coated on glass acts as hole-collecting electrode in normal device structure and electron-

collecting electrode in inverted device structure. Aluminium was used as electron collecting 

electrode in normal devices. Silver was the hole-collector in the inverted devices. The work 

functions of ITO, Aluminium and silver are -4.7eV, -4.1eV and -4.73eV respectively. ITO 

coated on glass is commercially available and act as substrates. Aluminium and silver are 

thermally deposited.  



 

 
 

2.2 Processes involved in solar cell 

The steps involved in the fabrication of solar cells are briefly discussed.

2.2.1 Etching of ITO 

 ITO coated slides are etched by dipping them in a diluted solution of aquaregia (3 parts of 

HCl to 1 part of HNO3). More the di

Care should be taken to avoid vapours of aquaregia interacting with the ITO which we do not 

want to get etched. 

2.2.2 RCA treatment 

This treatment is usually done to clean substrates (glass or ITO). T

cleaned in IPA-acetone solution and blow dried with air gun. Measured volume of de

water is pre-heated in a petridish to around 90

are added such that the volume ratio of water, ammo

5:1:1.The substrates are placed in the bubbling solution. For ITO substrates, the conducting 

side is kept facing up. After 5-10 min of RCA treatment, the substrates are transferred to de

ionized water and sonicated for 5 min followed by blow

2.2.3 Thermal deposition

Top electrodes and some buffer layers like molybdenum oxide are coated by thermal 

deposition. The masked samples are initially held onto to 

quantities of metal/compound are then loaded onto boats (coil/basket). The chamber is sealed 

and vacuum is created using rotary and turbo pump. The metal/compound parameters like 

density and acoustic impedence are entered
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The steps involved in the fabrication of solar cells are briefly discussed. 

ITO coated slides are etched by dipping them in a diluted solution of aquaregia (3 parts of 
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Care should be taken to avoid vapours of aquaregia interacting with the ITO which we do not 

This treatment is usually done to clean substrates (glass or ITO). The slides are initially 

acetone solution and blow dried with air gun. Measured volume of de

heated in a petridish to around 90oC, ammonia solution and hydrogen peroxide 

are added such that the volume ratio of water, ammonia solution and hydrogen peroxide are 

5:1:1.The substrates are placed in the bubbling solution. For ITO substrates, the conducting 

10 min of RCA treatment, the substrates are transferred to de

r 5 min followed by blow-drying. 

Figure 2. 2: Etching of ITO 

2.2.3 Thermal deposition 

Top electrodes and some buffer layers like molybdenum oxide are coated by thermal 

deposition. The masked samples are initially held onto to the substrate holder. The required 

quantities of metal/compound are then loaded onto boats (coil/basket). The chamber is sealed 

and vacuum is created using rotary and turbo pump. The metal/compound parameters like 

density and acoustic impedence are entered in film thickness monitor. When the pressure is 
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down to 5*10-6 mbar, current is passed through the boat, which evaporates the 

metal/compound. The rate of coating can be controlled by the current applied. The thickness 

coated is monitored by a crystal oscillator based thickness monitor. Initially the rate of 

coating is maintained < 1 nm/s. Rate is increased as the coating proceeds. The samples are 

allowed to cool down for 2 hours after coating is done.     

2.3 Characterization of an organic Solar cell 

The experiments used to characterize OSCs are; 

1. Current Density – Voltage measurement (J-V curve) 

2. Incident Photon to Converted Electron ratio measurement(IPCE) 

3. Atomic Force Microscopy 

2.3.1 Current density – voltage measurement 

Solar cells are characterized by applying voltage and measuring current collected flowing 

through the device. Under dark conditions, the device acts like a diode. The current through 

the device in the reverse bias is much less as exhibited in a p-n junction. The current 

increases in the forward bias, and follows an exponential trend above a threshold voltage. 

Under light, there is a large amount of photo-generated carriers in the active layer. These 

photo-generated carriers are extracted at their respective electrodes. For an efficient device, 

the current almost remains constant in the reverse bias regime. The current flowing through 

the device when the external voltage is zero is called short-circuit current, Jsc. In the forward 

bias regime, the current value increases and becomes zero at a particular voltage value, which 

is referred to as open-circuit voltage, Voc. The point in the J-V curve when the product of 

voltage and current density is largest is called the maximum power point (Pmax). Voltage at 

the corresponding Pmax is coined Vmax and current density at the Pmax is called Jmax.  

Fill factor is defined as the ratio of Pmax and the product of Voc and Jsc. Efficiency of the solar 

cell () is given by 

in

scoc

P

JVFF **
 ……………………………………….....(4) 

 



 

 
 

Figure 2. 3: Current density 

This characterization technique provides us with short circuit current (J

voltage (Voc), fill factor, efficiency, shunt resistance and series resistance of the device.

Experimental setup consists of Four

other two leads measuring voltage applied across the device using a Source M

2420). The exposure duration and the rate of sweeping of voltage can be controlled. Source 

Meter is interfaced with the corresponding data acquisition software. (Oriel Instruments I

test station) 

Figure 2. 4: Schematic diagram of J

Light intensity of 100 mW/cm2 and Sun spectrum of AM 1.5 Global (IEC 904

international standard for incident light used in J
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Current density - voltage characteristics of a solar cell

This characterization technique provides us with short circuit current (Jsc), open circuit 

), fill factor, efficiency, shunt resistance and series resistance of the device.

Experimental setup consists of Four-Probe setup with two leads sweeping the voltage and 

other two leads measuring voltage applied across the device using a Source Meter (Keithley 

2420). The exposure duration and the rate of sweeping of voltage can be controlled. Source 

Meter is interfaced with the corresponding data acquisition software. (Oriel Instruments I

 

Schematic diagram of J-V measurement setup 

and Sun spectrum of AM 1.5 Global (IEC 904-3) which is an 

international standard for incident light used in J-V measurement was used in all the 

Chapter 2 

 

voltage characteristics of a solar cell 

), open circuit 

), fill factor, efficiency, shunt resistance and series resistance of the device. 

Probe setup with two leads sweeping the voltage and 

eter (Keithley 

2420). The exposure duration and the rate of sweeping of voltage can be controlled. Source 

Meter is interfaced with the corresponding data acquisition software. (Oriel Instruments I-V 

 

3) which is an 

V measurement was used in all the 



 

 
 

measurements. Light spectrum was provid

solar simulator). The power was calibrated every time before measurement. 

J-V characterization was done by sweeping the source voltage from 1.0V to 

sweep points between them. Dark current scan is

by the current scan under 1 sun illumination. The exposure time for current scan under light 

is about 11 seconds. 

2.3.2 IPCE measurement

IPCE is analogous to EQE.   IPCE is defined as the ratio of the number 

at the interface to the number of photons incident on the device as a function of wavelength.

IPCE

Here J is the short circuit current density in A/cm

wavelength in nanometer. IPCE can tell us about the efficiency of photon to electron 

conversion at different wavelengths. It is usually expressed in percentage, by after 

multiplying the right hand side of the above equation by 100. 

Figure 2. 5: Schematic diagram of IPCE measurement setup

The experimental setup consists of a light source (Zolix LSH 

Lamp) coupled with a monochromator (SPEX 500). The spectral width of output light from 

the monochromator is controlled   through a slit, a pinhole of diameter 1mm is used to keep 
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measurements. Light spectrum was provided by the solar simulator (Newport class AAA 

solar simulator). The power was calibrated every time before measurement.  

V characterization was done by sweeping the source voltage from 1.0V to -

sweep points between them. Dark current scan is run initially for each of the device, followed 

by the current scan under 1 sun illumination. The exposure time for current scan under light 

easurement 

IPCE is analogous to EQE.   IPCE is defined as the ratio of the number of electrons collected 

at the interface to the number of photons incident on the device as a function of wavelength.

 



*

1240*

P

J

n

n

absorbedphotons

collectedelectrons 


 ………………………………(1)

Here J is the short circuit current density in A/cm2, P is incident light power in W/cm

wavelength in nanometer. IPCE can tell us about the efficiency of photon to electron 

conversion at different wavelengths. It is usually expressed in percentage, by after 

multiplying the right hand side of the above equation by 100.  

: Schematic diagram of IPCE measurement setup

The experimental setup consists of a light source (Zolix LSH – T150 Tungsten Halogen 

Lamp) coupled with a monochromator (SPEX 500). The spectral width of output light from 

or is controlled   through a slit, a pinhole of diameter 1mm is used to keep 
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by the current scan under 1 sun illumination. The exposure time for current scan under light 

of electrons collected 

at the interface to the number of photons incident on the device as a function of wavelength. 
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, P is incident light power in W/cm2.  is 

wavelength in nanometer. IPCE can tell us about the efficiency of photon to electron 

conversion at different wavelengths. It is usually expressed in percentage, by after 
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the illumination are in device/detector constant. Device is measured under short circuited 

condition . The current output is measured using Electrometer (Kiethley EM 6514) which i

interfaced with the computer using LabView 2011 program. The power intensity is calibrated 

using a calibrated silicon detector. Detector used in our experiments was silicon detector 

from UDT instruments. P is obtained by dividing J

the corresponding responsity (A/W) of the detector at each of the wavelength. Area 

normalization is done by keeping the detector in the same place as the device.

sweeping the wavelength between 400nm to 800 nm, with steps o

step is kept at 2 seconds. 

2.3.3 Atomic force microscopy (AFM)

AFM was used to study the surface morphology of the OPV devices. JPK Instruments 

(Nanowizard 3) AFM was used in this study, the AFM head is mounted on an inverted 

microscope (Carl-Zeiss). Feedback is controlled using Four

measuring the deflection of the 810 nm laser from the AFM cantilever as the tip scans over 

the surface. 

Figure 2. 6: Schematic diagram 

The topography images can give information about the roughness of the semiconducting 

surface. Apart from the topographic variations of the surface, AFM used in tapping mode 

gives information about the phase segregation in binary system like BHJ. Different regions 

(donors and acceptors domains) have characteristic phase contrast. By mapping out the 
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icroscopy (AFM) 

AFM was used to study the surface morphology of the OPV devices. JPK Instruments 
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Schematic diagram of AFM arrangement for surface studies on the device

The topography images can give information about the roughness of the semiconducting 

surface. Apart from the topographic variations of the surface, AFM used in tapping mode 

ase segregation in binary system like BHJ. Different regions 

(donors and acceptors domains) have characteristic phase contrast. By mapping out the 
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different phase contrast on the film surface, the acceptor and donor domains could be 

mapped. 
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Chapter 3 

Electric field assisted solvent drying in P3HT: 

PC60BM solar cells 

3.1 P3HT:PC60BM BHJ system 

P3HT:PC60BM is one of the most widely studied BHJ blends1-5, whose characteristics 

depends on donor to acceptor ratio, molecular weight of P3HT6, regio-regularity7 of P3HT, 

solvent used and annealing treatments8. By careful optimization, efficiencies higher than 5% 

have been reported9 for this system. The reasons for the high performance of P3HT: PC60BM 

include 

i) The higher absorption coefficient (α~105 cm-1) and band-gap (~1.9eV) for the 

P3HT, helps in absorbing most of the visible part of solar spectrum. 

ii) Optimal difference between LUMO of donor and acceptor, which gives sufficient 

driving force for charge transfer. 

iii) Voc (~600mV) provided by the difference P3HT-HOMO and PC60BM-LUMO 

iv) Comparable hole and electron mobilities in the donor and acceptor respectively.  

3.1.1 Device 

P3HT:PC60BM solar cells used in our experiments were of inverted structure with ZnO as the 

electron buffer layer and MoO3 as the hole buffer layer. ITO and silver acts as the electron 

collecting and hole collecting electrodes respectively. The zinc oxide buffer layer was made 

from two different sources, zinc acetate solution (referred to as ‘ZnO sol’) and from diluted 

solution of zinc oxide nanoparticle dispersion (referred to as ‘ZnO NP’) 

3.1.2 P3HT:PC60BM solution preparation 

The optimum blend ratio1 for P3HT: PC60BM is 1:1, with 10 mg/ml of polymer and 10 

mg/ml of PC60BM in chlorobenzene. The solution was stirred overnight at 60oC before use. 



 

 
 

                           

Figure 3. 1: The band levels of ITO/ZnO/P3HT: PC
the image are electron energy values in eV.

3.1.3 ZnO sol preparation

314 mg of zinc acetate was mixed with

ethanolamine. The solution was stirred at 60

obtained. The solution was spin coated at 2000 rpm on RCA treated ITO glass plates and 

annealed at 250oC for 30 minutes. 

3.1.4 ZnO NP preparation

60 μL of the original nano-dispersion solution (40 wt% of ZnO nanoparticles in ethanol) was 

diluted with 2.94mL of ethanol to make 3 mL of ZnO nanoparticle dispersion (2vol% of the 

original solution). The dispersion was then stirred at

The solution was then spin coated and annealed at 100

3.2 Active layer 

3.2.1 Fabrication of polymer thin film

The active layer was spin-coated on the ZnO buffer layer within a glove box environment 

(O2 ~ 1 ppm, H2O < 1 ppm). The films were then thermally annealed (TA) or thermally 

annealed in electric field or left un

placed on the polymer layer. 8-

vacuum thermal deposition. 
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The band levels of ITO/ZnO/P3HT: PC60BM/MoO3/Ag. The numerical values in 
the image are electron energy values in eV. 

3.1.3 ZnO sol preparation 

314 mg of zinc acetate was mixed with 3.14 mL of 2-methoxy ethanol and 86 μL of 

ethanolamine. The solution was stirred at 60oC for 10 mins. A transparent solution was 

obtained. The solution was spin coated at 2000 rpm on RCA treated ITO glass plates and 

C for 30 minutes.  

preparation 

dispersion solution (40 wt% of ZnO nanoparticles in ethanol) was 

diluted with 2.94mL of ethanol to make 3 mL of ZnO nanoparticle dispersion (2vol% of the 

original solution). The dispersion was then stirred at 60oC for 10 minutes for homogeneity. 

The solution was then spin coated and annealed at 100oC for 10 minutes. 

3.2.1 Fabrication of polymer thin film 

coated on the ZnO buffer layer within a glove box environment 

O < 1 ppm). The films were then thermally annealed (TA) or thermally 

annealed in electric field or left un-annealed (UA). Physical masks of 3mm active area were 

-8.5nm of MoO3 and 100 nm of Ag was evaporated usin
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obtained. The solution was spin coated at 2000 rpm on RCA treated ITO glass plates and 

dispersion solution (40 wt% of ZnO nanoparticles in ethanol) was 

diluted with 2.94mL of ethanol to make 3 mL of ZnO nanoparticle dispersion (2vol% of the 

C for 10 minutes for homogeneity. 

coated on the ZnO buffer layer within a glove box environment 

O < 1 ppm). The films were then thermally annealed (TA) or thermally 

annealed (UA). Physical masks of 3mm active area were 

and 100 nm of Ag was evaporated using 



 

 
 

3.2.2 Thermal annealing of active layer

As discussed in the earlier chapter, thermal annealing has been found to increase the 

performance of P3HT:PC60BM solar cells due to the phase segregation of the donor and 

acceptor species. After spin-coating of the polymer BHJ layer in the glove box, the cell was 

heated slowly from room temperature to 120

and then was slowly cooled to room temperature. 

3.2.3 Thermal annealing of active layer i

While annealing the active layer, electric field (~ 10

non contacting top electrode.  The top electrode was made using ITO glass (with its 

conducting side facing towards active layer) which was separated

100 μm using a spacer (strips of PTFE tape). A constant DC voltage of 300V was applied by 

a high voltage supply (Keithley model 248) during the annealing process. The setup used is 

shown in figure 3.2. 

Figure 3.2: Schematic of experimental setup for thermal

In every batch, un-annealed (UA), thermally annealed (TA) and thermal annealed

field (TAIE) solar cells were fabricated. 
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3.2.2 Thermal annealing of active layer 

As discussed in the earlier chapter, thermal annealing has been found to increase the 

BM solar cells due to the phase segregation of the donor and 

coating of the polymer BHJ layer in the glove box, the cell was 

heated slowly from room temperature to 120oC, where it was allowed to stay for 5 minutes 

and then was slowly cooled to room temperature.  

3.2.3 Thermal annealing of active layer in electric field

While annealing the active layer, electric field (~ 107 V/m) was applied between ITO and a 

non contacting top electrode.  The top electrode was made using ITO glass (with its 

conducting side facing towards active layer) which was separated from the active layer by ~ 

100 μm using a spacer (strips of PTFE tape). A constant DC voltage of 300V was applied by 

a high voltage supply (Keithley model 248) during the annealing process. The setup used is 

Schematic of experimental setup for thermal-annealing-in-electric
samples 

annealed (UA), thermally annealed (TA) and thermal annealed

field (TAIE) solar cells were fabricated.  
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As discussed in the earlier chapter, thermal annealing has been found to increase the 

BM solar cells due to the phase segregation of the donor and 

coating of the polymer BHJ layer in the glove box, the cell was 

C, where it was allowed to stay for 5 minutes 

n electric field 

V/m) was applied between ITO and a 

non contacting top electrode.  The top electrode was made using ITO glass (with its 

from the active layer by ~ 

100 μm using a spacer (strips of PTFE tape). A constant DC voltage of 300V was applied by 

a high voltage supply (Keithley model 248) during the annealing process. The setup used is 

 

electric-field of the 

annealed (UA), thermally annealed (TA) and thermal annealed-in-electric 
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3.3 Organic solar cell characterization 

3.3.1 Solar cell based on zinc acetate buffer layer 

These solar cells have zinc oxide prepared from zinc acetate as the electron buffer layer. 

3.3.1.1 J-V characterization 
 

Treatment 
Voc 
(V) 

Jsc 
(mA/cm2) 

Fill 
Factor Efficiency 

Average 
 

UA 0.64 3.70 31.61 0.69 

TA 0.57 8.55 49.50 2.22 

TAIE 0.58 9.71 54.86 2.88 

Best 
 

UA 0.67 4.17 31.87 0.81 

TA 0.57 10.10 51.91 2.72 

TAIE 0.60 11.22 60.28 3.70 

 

Table 3. 1: Average and best of device performance of 
ITO/ZnO(Sol)/P3HT:PC60BM/MoO3/Ag under different treatments. 
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Figure 3. 3: J-V characteristics of best devices under different treatments for ITO/ZnO 
(Sol)/P3HT:PC60BM/MoO3/Ag samples 

Table 3.1 shows the result for average (~ 5 devices in each set) and best performing 

P3HT:PC60BM solar cells. Comparing between UA and TA samples, it can be seen that there 
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is a siginificant improvement in short circuit current density (Jsc), fill factor (FF) and power 

conversion efficiency (η) upon annealing. This is due to the crystallization of P3HT during 

annealing. Though there is a small decrease in Voc, increase in Jsc and fill factor, reflects itself 

as increase in efficiency. 

Annealing under electric field further improves Voc, Jsc and FF, which subsequently shows up 

in efficiency. The best device showed efficiency as high as 3.7% with Jsc > 11 mA/cm2
, as 

shown in the table. Overall, on average, percentage increase in Jsc, FF, η on electric field 

annealing over thermal annealing was 14%, 11% and 30% respectively. It can be observed 

that there is an enhancement in Jsc in TAIE samples of all batches. 

P3HT being a crystalline donor, it is expected that the electric field induces dipole moment in 

them. This induced dipole moment would help the adjacent units to align with it. This helps 

in better crystallization of P3HT and extended connectivity in P3HT. This enhanced 

connectivity increases carrier transport in the film. This is further evident in AFM studies 

(discussed in section 3.3.2.3).Thus without compromising the interface area required for 

charge separation, better charge transport and charge collecting has been made possible 

through thermal annealing along with the external electric field. Since electric field is 

maintained when the system is cooled down, the film assumes the frozen morphology. The 

film morphology of TAIE samples is different from the film morphology of TA samples. 

3.3.2 Solar cell based on ZnO nano dispersion buffer layer 

In these solar cells, the electron buffer layer was prepared from ZnO nanoparticle dispersion 

instead of Zinc acetate solution. It has been reported10 that devices using buffer layer 

deposited from ZnO nanoparticle dispersion gives efficiency higher as compared to zinc 

acetate based buffer layer. The films obtained using ZnO NP’s was visible smooth with no 

particulates. Moreover films prepared from ZnO NP required annealing at 100oC for 10 

minutes as compared to ZnO Sol which requires annealing at 250oC for 30 minutes. 
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3.3.2.1 J-V characterization: 

Treatment 

Voc 

(V) 

Jsc 

(mA/cm2) 

Fill 

Factor Efficiency 

Average 
 

UA 0.64 3.14 37.62 0.69 

TA 0.55 7.27 50.90 1.85 

TAIE 0.56 7.64 52.44 2.07 

Best 
 

UA 0.65 3.33 39.65 0.78 

TA 0.59 7.88 56.40 2.40 

TAIE 0.59 9.42 56.02 2.81 
 

Table 3. 2:  Average and best of device performance of ITO/ZnO 
(NP)/P3HT:PC60BM/MoO3/Ag under different treatments 
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Figure 3. 4: J-V characteristics of best devices under different treatments for ITO/ZnO 
(NP)/P3HT:PC60BM/MoO3/Ag samples 

 

The table 3.2 summarizes the results for average (~ 5 devices in each set) and best devices; 

figure 3.4 shows the J-V characteristics for three different treatments to semiconducting 

layer. Comparing the device performance of ZnO sol-based OSCs with ZnO NP-based OSCs, 

it can be noticed that the Jsc values were lower for the latter. Further optimization in film 

thickness and annealing procedures are required to increase Jsc. Device performance was 
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found to be best for TAIE samples. Their percentage increase in the average values of Jsc, FF 

and efficiencies are found to be 5%, 3% and 11% respectively, when compared with TA 

samples.  

3.3.2.2 IPCE 

The IPCE spectrum shown in figure 3.5 shows significant enhancement for TA and TAIE 

samples. The absorption increases throughout the spectrum, which reflects in the increase in 

Jsc, since area under the IPCE curve is equivalent to Jsc. The IPCEmax for UA, TA and TAIE is 

29% 496nm), 46% (488nm) and 52% (484nm) respectively. 
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Figure 3. 5: IPCE spectrum of ITO/ZnO (NP)/P3HT:PC60BM/MoO3/Ag under different 
treatments 

 

3.3.2.3 AFM results 

In this section the topographic and phase images obtained through AFM, for UA, TA and 

TAIE solar cells of ITO/ (ZnO NP) /P3HT:PC60BM /MoO3/Ag geometry has been discussed. 

Active layer was mapped in between the top electrodes.   

 



 

 
 

a) UA: 

  a)     Phase-image of 3m X 3m scan

 

  c)     Phase-image of 1m X m sc

Figure 3. 6: AFM phase image and topographic images of un

Figure 3.6 shows the phase and topography image for UA cells. The phase images ((3.

and (3.6 c)) of the UA samples show that the phase segregation of P3HT and PC

domains is not present. This results in low J

topographic image shows that the film is very smooth. RMS

(3.6 d) are ~ 1.5nm.  
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m scan           b)    Topographic image of 3m X 3m scan

    

m scan            d)    Topographic image of 1m X 

AFM phase image and topographic images of un-annealed (UA) samples

Figure 3.6 shows the phase and topography image for UA cells. The phase images ((3.

and (3.6 c)) of the UA samples show that the phase segregation of P3HT and PC

domains is not present. This results in low Jsc (~ 3 mA/cm2) and low FF (~30%). The 

topographic image shows that the film is very smooth. RMSroughness of the images (3.6
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m scan 

 

m scan          

annealed (UA) samples 

Figure 3.6 shows the phase and topography image for UA cells. The phase images ((3.6 a) 

and (3.6 c)) of the UA samples show that the phase segregation of P3HT and PC60BM 

) and low FF (~30%). The 

of the images (3.6 b) and 



 

 
 

(b)TA: 

  a)     Phase-image of 3m X 3

  c)     Phase-image of 1m X 

Figure 3. 7: AFM phase image and topographic ima

Figure 3.7 shows the phase and topography image for TA cells. The phase images clearly 

show a well phase segregated regions when compared with UA images. From the phase 

image (3.7 c), we can clearly distinguish domain

the domains are on average are around 20

and charge generation interface area increases J

Topographic images reveal a RMS
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m scan            b)    Topographic image of 3m X 

     

m scan            d)    Topographic image of 1m X 

AFM phase image and topographic images of thermally annealed (TA) samples

Figure 3.7 shows the phase and topography image for TA cells. The phase images clearly 

show a well phase segregated regions when compared with UA images. From the phase 

image (3.7 c), we can clearly distinguish domains of pure donor/ acceptor. The dimension of 

the domains are on average are around 20-40nm. Better optimization of domain connectivity 

and charge generation interface area increases Jsc (~7.88 mA/cm2) and Fill factor (~56). 

Topographic images reveal a RMSroughness of ~ 2 nm. 
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X 3m scan 

   

m scan          

ges of thermally annealed (TA) samples 

Figure 3.7 shows the phase and topography image for TA cells. The phase images clearly 

show a well phase segregated regions when compared with UA images. From the phase 

s of pure donor/ acceptor. The dimension of 

40nm. Better optimization of domain connectivity 

) and Fill factor (~56). 



 

 
 

(c) TAIE: 

   a)    Phase-image of 3m X 3m scan

  c)    Phase-image of 1m X 1m scan

Figure 3. 8: AFM phase image and topographic images of thermally annealed samples in 
Electric field (TAIE) samples

Figure 3.8 shows the phase and topography image for TAIE cells. The phase images shows 

that phase segregation of the domains and a better orie

Without compromising on the interface area for charge separation, charge carrier pathways 

are created due to annealing in electric field. The FF is same as that of the annealed samples 

(~56). Since better interconnected

separated charges, Jsc increases (~9.4 mA/cm

and d) are ~1.5nm indicating smooth film formed.
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m scan                b)    Topographic image of 3m X 3

 

m scan                     d)    Topographic image of 1m X 1

AFM phase image and topographic images of thermally annealed samples in 
Electric field (TAIE) samples 

Figure 3.8 shows the phase and topography image for TAIE cells. The phase images shows 

that phase segregation of the domains and a better oriented interconnection of P3HT chains. 

Without compromising on the interface area for charge separation, charge carrier pathways 

are created due to annealing in electric field. The FF is same as that of the annealed samples 

(~56). Since better interconnected pathways reduces non-geminate recombination of the 

increases (~9.4 mA/cm2).  RMSroughness of the topographic images b) 

and d) are ~1.5nm indicating smooth film formed. 
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Without compromising on the interface area for charge separation, charge carrier pathways 
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geminate recombination of the 

of the topographic images b) 



 

 
 

3.4 Discussion 

In summary, thermal annealing in electric field 

qualitative picture of electric field induced effects is depicted 

 

                                       
        (a) UA     

Figure 3. 9: Schematic representation of the film morphology of P3HT: PC
the samples are un-annealed (a), thermally annealed (b), thermally annealed in electric field 

(c).The red coloured strips indicate P3HT chains and blue circles indicate PCBM.

From the characterization techniques used to understand solar cells, we realize 

UA case, there is minimal 

interfaces between P3HT and PC

electrodes. This is evident from the phase images of AFM and low J

For the TA samples, due to the increase in diffusion of PC

temperatures, tendency to from nanocrystalline domains enhances along with 

of PC60BM.  The phase segregated pure domains of P3HT and PC

observed in AFM images, Increase in interface area, along with better interconnected charge 

transport pathways can possibly 

For TAIE samples, an optimum phase separation in P3HT and PC

is expected that the induced dipole moment, in presence of electric field, 

alignment with neighboring chains, leading to a better oriented connectivity b

chains. Jsc of TAIE samples are higher than TA samples. Since the induced dipole moment is 

not large in P3HT, alignment is persistent over small scales. Due to sphericity of PC

the acceptor species are not expected to have sufficient dipol
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In summary, thermal annealing in electric field appears to improve device performance. 

qualitative picture of electric field induced effects is depicted in the figure 3.9

                  
                      (b)TA     (c)TAIE      

Schematic representation of the film morphology of P3HT: PC60

annealed (a), thermally annealed (b), thermally annealed in electric field 
(c).The red coloured strips indicate P3HT chains and blue circles indicate PCBM.

rom the characterization techniques used to understand solar cells, we realize 

 phase segregation. Though there is a relatively large contact 

interfaces between P3HT and PC60BM, the separated charges do not reach the c

electrodes. This is evident from the phase images of AFM and low Jsc values. 

For the TA samples, due to the increase in diffusion of PC60BM molecules 

tendency to from nanocrystalline domains enhances along with 

.  The phase segregated pure domains of P3HT and PC60BM thus

AFM images, Increase in interface area, along with better interconnected charge 

can possibly lead to higher Jsc and FF for these devices. 

For TAIE samples, an optimum phase separation in P3HT and PC60BM has been achieved. It 

is expected that the induced dipole moment, in presence of electric field, 

alignment with neighboring chains, leading to a better oriented connectivity b

of TAIE samples are higher than TA samples. Since the induced dipole moment is 

not large in P3HT, alignment is persistent over small scales. Due to sphericity of PC

the acceptor species are not expected to have sufficient dipole moment for alignment.  
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in the figure 3.9 

  
(c)TAIE       

60BM OSCs when 
annealed (a), thermally annealed (b), thermally annealed in electric field 

(c).The red coloured strips indicate P3HT chains and blue circles indicate PCBM. 

rom the characterization techniques used to understand solar cells, we realize that for the 

phase segregation. Though there is a relatively large contact 

BM, the separated charges do not reach the collecting 

values.  

molecules at higher 

tendency to from nanocrystalline domains enhances along with self assembly 

BM thus formed can be 

AFM images, Increase in interface area, along with better interconnected charge 

BM has been achieved. It 

is expected that the induced dipole moment, in presence of electric field, favours better 

alignment with neighboring chains, leading to a better oriented connectivity between P3HT 

of TAIE samples are higher than TA samples. Since the induced dipole moment is 

not large in P3HT, alignment is persistent over small scales. Due to sphericity of PC60BM, 

e moment for alignment.   
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3.5 Conclusion and future directions 

In P3HT based solar cells, better optimization for cells with ZnO NP buffer layer has to be 

done. It is clearly evident that electric field during annealing plays a role in controlling the 

device morphology and performance. By varying the electric field, better enhancement could 

be achieved. Applying electric field only, without thermal annealing, should help us to 

deconvolute the role played by electric field and thermal annealing, in forming a better 

morphology. Using different acceptors with P3HT can help us understand the role played by 

acceptor in these scenarios. OSCs with PC70BM as acceptor, with and without addition of 

additives and annealing in electric field will be studied. Evaporation of solvent in vacuum 

and electric-field during vacuum evaporation of solvent could be explored for P3HT donor 

based OSCs. 
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Chapter 4 

Electric field assisted solvent drying in   

PBDTTT-C-T: PC70BM solar cells  

4.1 PBDTTT-C-T: PC70BM BHJ blend system 

The need for the active material to absorb in the IR region along with the visible region of the 

solar spectrum for higher efficiency of OSCs was required1. BHJ-OSCs with low band-gap 

donors like PCPDTBT2, PSBTBT3 and PCDTBT4 have significantly increased the 

efficiencies to as high as 7%. There have been reports for a class of benzo(1,2-b:4,5-

b′)dithiophene (BDT) based donors polymers which show significant leap, in power 

conversion efficiency, than its predecessors. These include PBDTTT5, PBDTTT-C6, 

PBDTTT-CF7, PBDTTT-E-T8, PBDTTT-C-T. PBDTTT-C-T8-10 is a high-efficiency donor, 

which can give efficiencies as higher than 8% with PC70BM as the acceptor. 

4.2 Device fabrication 

Solar cells with inverted geometry were made from PBDTTT-C-T: PC70BM for this study. 

ZnO NP were used as the electron buffer layer along with ITO as the electron collecting 

electrode. MoO3 was used as the hole collecting buffer and silver was the hole collecting 

electrodes. Energy band diagram for each layer has been shown in figure 4.1. Fabrication 

processes were similar to that used for fabricating P3HT: PC60BM devices. 

4.2.1 PBDTTT-C-T: PC70BM solution preparation 

The optimum blend ratio for PBDTTT-C-T: PC70BM was observed to be 1:1.5, with 10 

mg/ml of polymer and 15 mg/ml of PC70BM. The solution was made in 1-2 ortho-

dichlorobenzene. The solution was stirred overnight at 60oC. 15 minutes prior to spin 

coating, 3% by volume 1,8-diiodo-octane (DIO) was added to the solution and stirred. 

Solution is stirred till it was spin coated. 



 

 
 

Figure 4. 1: The band levels of ITO/ZnO/PBDTTT
values in the 

4.3 Thermal annealing and thermal annealing in electric 

field 

In low band-gap polymer solar cells, thermal annealing has been found to be detrimental to  

device performance. Similar to the P3HT: PC

annealing in electric field were attempted in PBDTTT

(UA), thermal annealed (TA) and thermal annealed in electric field (TAIE) solar cells were 

fabricated. The table 4.2.1 summarizes the average

obtained in each case. 

4.3.1 J-V characteristics of UA, TA and TAIE samples

From the table below, it is clear that thermal annealing

performance parameters are concerned, it sometime

in electric field does not have an appreciable

drop in FF and Jsc reflects as decrease in efficiency. The percentage of devices failures 

increases on thermal treatments. 
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The band levels of ITO/ZnO/PBDTTT-C-T: PC70BM/MoO3/Ag. The numerical 
values in the image are electron energy values in eV. 

4.3 Thermal annealing and thermal annealing in electric 

gap polymer solar cells, thermal annealing has been found to be detrimental to  

device performance. Similar to the P3HT: PC60BM systems, thermal annealing and thermal 

annealing in electric field were attempted in PBDTTT-C-T: PC70BM systems. Un

(UA), thermal annealed (TA) and thermal annealed in electric field (TAIE) solar cells were 

fabricated. The table 4.2.1 summarizes the average (~ 5 devices in each set) and best results 

V characteristics of UA, TA and TAIE samples 

, it is clear that thermal annealing is not only ineffective as far as 

performance parameters are concerned, it sometimes appears detrimental. Thermal annealing 

electric field does not have an appreciable effect on the device performance. Considerable 

reflects as decrease in efficiency. The percentage of devices failures 
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(UA), thermal annealed (TA) and thermal annealed in electric field (TAIE) solar cells were 

and best results 
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hermal annealing 

effect on the device performance. Considerable 

reflects as decrease in efficiency. The percentage of devices failures 
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Voc (V) 

Jsc 

(mA/cm2) 

Fill 

Factor 

Efficiency 

(%) 

Average 
 

UA 0.76 11.66 48.83 3.93 

TA 0.74 11.6 47.57 3.71 

TAIE 0.74 10.8 48.27 3.53 

Best 
 

UA 0.77 12.62 52.84 4.69 

TA 0.74 11.6 47.57 3.71 

TAIE 0.75 11.04 49.46 3.7 

 

Table 4. 1: Average and best device performance of ITO/ZnO (NP)/PBDTTT-C-T: 
PC70BM/MoO3/Ag for UA, TA and TAIE samples 
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Figure 4. 2: J-V characteristics for best device performance of ITO/ZnO (NP)/PBDTTT-C-T: 
PC70BM/MoO3/Ag for UA, TA and TAIE samples. 

4.4 Vacuum treatment and electric field under vacuum 

The spin-coated active layer contains DIO as an additive which is a high boiling solvent. 

Reports suggest vacuum treatment of the spin coated active layer increases device 

performance, by increasing the rate of removal of solvent from the medium. Vacuum 

treatment and vacuum treatment under electric field were studied for PBDTTT-C-T: PC70BM 
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solar cells. Along with Un-annealed (UA) solar cells, solar cells were Vacuum treated (VT) 

as well as vacuum treatment under electric field (VTIE). 

4.4.1 Experimental setup 

Vacuum treatment 

After spin coating the cells were placed in a vacuum chamber outside the glove box. Rotary 

vane pump was used to create vacuum, cell were kept in a pressure of ~ 10-2 mbar for 1 hour. 

After which the cells were transferred to glove box. 

Vacuum treatment in electric field 

For VTIE samples, another ITO slide was placed on top of the spin-coated active layer, 

separated by a spacer. The arrangement was moved to the vacuum chamber. Electrical 

contacts were taken from each of the ITO slides. The chamber was sealed and vacuum was 

applied. Electric field was applied, by the voltage source through the external contacts. 

Electric field and vacuum was applied for 1 hour, after which the samples were moved to the 

vacuum chamber. 

4.4.2 J-V characteristics of UA, VT and VTIE samples 

The average (~ 5 devices in each set) and best results of J-V characterization is summarized 

in the table 4.2. The Jsc of the VTIE shows noticeable increase when compared to vacuum 

treated and un-annealed samples. This observation can be attributed to the formation of better 

morphology in active layer. It is observed that vacuum treatment without applying electric 

field has performance similar to UA cells.   

It can be seen in table  4.2 that the Voc remains constant irrespective to any treatments 

performed on the cells. For VTIE samples, the relative percentage increase in Jsc and η values 

are 22.53% and 15.52% respectively, when compared with UA samples, on average. 
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Voc (V) 
Jsc 
(mA/cm2) 

Fill 
Factor 

Efficiency 
(%) 

Average 
 

UA 0.76 11.66 48.83 3.93 

VT 0.75 11.81 47.9 3.88 

VTIE 0.75 14.17 47.02 4.54 

Best 
 

UA 0.77 12.62 52.84 4.69 

VT 0.77 12.042 49.93 4.23 

VTIE 0.77 13.79 49.7 4.8 
 

Table 4. 2: Average and best device performance of ITO/ZnO (NP)/PBDTTT-C-T: 
PC70BM/MoO3/Ag for UA, VT and VTIE samples. 
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Figure 4. 3: J-V characteristics for best device performance of ITO/ZnO (NP)/PBDTTT-C-T: 
PC70BM/MoO3/Ag for UA, VT and VTIE samples 

4.4.3 IPCE spectrum 

Figure 4.4 shows IPCE spectrum for UA, VT and VTIE cells, VTIE shows significant 

increase in IPCE over the entire spectrum. This suggests that the film morphology has been 

modified by electric field to favour better charge transport. IPCEmax for VTIE is 53% (654 

nm). The IPCE of UA and VT samples overlap with each other indicating similar 

morphologies. IPCEmax for UA and VT is 46% (656 nm) and 47% (658 nm). 
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Figure 4. 4: IPCE spectrum of ITO/ZnO (

4.5 Discussion 
The morphological changes in the film can be explained using figure 4.5,

(a) UA/VT   

Figure 4. 5:  Schematic representation of morphological changes induced when the samples 
are unannealed, vacuum treated (

(b); vacuum treatment in electric field (c)

It should be noted that all samples including UA samples, undergo vacuum treatment before 

thermal deposition, since thermal deposition is done at very 

samples and UA samples have similar morphology, which reflects in the similar device 

characteristics for UA and VT cells. It is expected that

dense phases and PC70BM domains are of optimum domain si

charge transport. 
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IPCE spectrum of ITO/ZnO (NP)/PBDTTT-C-T: PC70BM/MoO3/Ag for UA, VT 
and VTIE samples 

he morphological changes in the film can be explained using figure 4.5, 

 (b)  TA/TAIE    (c) VTIE

Schematic representation of morphological changes induced when the samples 
are unannealed, vacuum treated (a); thermally annealed, thermally annealed in electric field 

(b); vacuum treatment in electric field (c) 

It should be noted that all samples including UA samples, undergo vacuum treatment before 

thermal deposition, since thermal deposition is done at very high vacuum conditions. VT 

samples and UA samples have similar morphology, which reflects in the similar device 

characteristics for UA and VT cells. It is expected that PBDTTT-C-T polymer chains form 

BM domains are of optimum domain sizes required for efficient 
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(c) VTIE 

Schematic representation of morphological changes induced when the samples 
a); thermally annealed, thermally annealed in electric field 

It should be noted that all samples including UA samples, undergo vacuum treatment before 

high vacuum conditions. VT 

samples and UA samples have similar morphology, which reflects in the similar device 

T polymer chains form 

zes required for efficient 
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Reports have claimed that thermal annealing is detrimental to device performance for the 

solar cells. Since diffusion of PCBM increases at high temperatures, we speculate that 

thermal annealing increases PC70BM diffusion making larger domains of PCBM, which are 

not favourable for efficient charge transport. Thermal annealing in electric field does not 

create a significant difference as the role played by entropy is higher than the role played by 

electric field in deciding the morphology of the film. 

For the VT and VTIE cases, increasing the rate of evaporation of solvent favours formation 

of better morphology.  Since low band-gap polymers like PBDTTT-C-T have alternating 

donor and acceptor species, its local dipole moment is expected to be higher. Applying 

electric field realigns the polymer forming less-dense and more porous domains as indicated 

by the figure 4.5c. This leads to increased interface with PCBM domains, which ultimately 

reflects in higher Jsc values.  

4.5.1 Latest batch 

 For the latest batch of devices, ZnO NP solution concentration was reduced to half and the 

solution was spin-coated at 2000 rpm for 30 minutes. This modified process resulted in 

reducing the thickness of the ZnO buffer layer. Devices were fabricated with all other 

parameters remaining the same. This new batch of devices showed higher Jsc and efficiency 

values. The samples made were all un-annealed. 

Voc (V) 
Jsc 
(mA/cm2) 

Fill 
Factor 

Efficiency 
(%) 

Average 0.78 14.02 56.29 5.57 

Best 0.78 14.51 55.74 5.7 

 

Table 4. 3: Average and best device performance of ITO/ZnO (NP)/PBDTTT-C-T: 
PC70BM/MoO3/Ag cells of the latest batch where ZnO thickness was varied (only UA 

samples) 
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Figure 4. 6: J-V characteristics of best device of ITO/ZnO (NP)/PBDTTT-C-T: 
PC70BM/MoO3/Ag (UA sample) 

4.6 Conclusion and future directions 

Applying electric field during vacuum treatment has been found to be beneficial for the 

device performance in PBDTTT-C-T: PC70 BM systems. The exact mechanism, by which 

electric field during vacuum treatment helps in forming better optimized morphology, is yet 

to be understood.  

As far as we know, this is the first work where applying electric field during vacuum 

treatment has been used to optimize film morphology in organic solar cells. This treatment 

opens up a new way where thermodynamics and kinetics of morphological changes could be 

studied and controlled. This is especially beneficial for low band-gap amorphous donors, 

where thermal annealing has been found not to be effective. 

Correlation of the device performance with AFM studies for each of the case would provide 

us with a better picture of the morphological changes introduced. It is also expected that 

vacuum treatment under electric field should provide better performance than un-annealed 

samples in the recent optimized devices as well. 
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