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ABSTRACT

A SYSTEMATIC STUDY ON STRUCTURAL AND OPTICAL
PROPERTIES IN CONJUGATED POLYMER PHOTOVOLTAIC

DEVICES

Sri Sabarinadh Sunkavalli
Old Dominion University, 2008
Director: Dr. Gon Namkoong

Conjugated polymer/fullerene based solar cells represent an exciting alternative to

inorganic ones because of their low production costs, flexibility and low weight. At

present, commercialization of organic photovoltaic (OPV) cells is limited due to their

relatively low efficiency in comparison to silicon ones. In order to understand the

operation of OPV cells and to increase their efficiency, more information about the

structure of the absorber layer is needed. In particular, the connection between structure

and properties of the absorber layer is of great importance. Performance of bulk

heterojunction organic solar cells based on poly (3-hexylthiophene) as donor and a

soluble fullerene PCBM (Cqs or C7Q) as acceptor is strongly influenced by active layer

morphology. Optimized high temperature annealing under nitrogen atmosphere leads to a

well-defined nanoscale (& 5 nm) interpenetrating network. Films made of organic blend

by mixing P3HT, PCBM are annealed at different temperatures. Improvement in film

morphology upon annealing results in enhanced photovoltaic device performance. This

enhanced device performance is thought to be due partly to the improvement in the

interfacial contact between the metal electrode and the active layer. Upon annealing the

roughness of the active layer increases and becomes highest at 150 C. To elucidate the



nanomorphology, atomic force microscopy (AFM) is used. Morphology studies and

roughness analysis of the blend films (P3HT:PCBM-C7Q) indicated that excellent

miscibility between polymer and PCBM favors exciton separation and improved

absorption spectrum. The aim of this work was to study the correlation between

structural, optical and transport properties of conjugated polymer/fullerene films. We

start by investigating of pristine polythiophene films. From spectroscopic ellipsometry

studies it follows, that the polythiophene films consist of a highly ordered interface layer.

A correlation between the surface roughness and absorption was shown. After this, the

polythiophene/fullerene films were investigated. We found that annealing of such films

supports the formation of polythiophene crystallites due to enhanced diffusion of

fullerene at elevated temperatures. The crystallization of polythiophene leads to an

increased optical absorption in the visible region due to stronger interchain interaction

between polythiophene molecules. The observed increase of the efficiency of the

polythiophene/ fullerene solar cells after annealing was explained by improved optical

absorption together with improved hole mobility.
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CHAPTER I

INTRODUCTION

Solar energy has been touted for years as a safer, cleaner alternative to fossil fuels

to meet rising energy demands. Producing electricity from solar cells reduces air

pollutants by about 90% [1] in comparison to using conventional fossil fuel technologies.

Solar cells known as photovoltaic cells convert one form of energy (sunlight) into

another form of energy (electricity). Most solar cells are made from silicon. Silicon has

dual properties of metal as well as insulator. Atoms in a metal have loosely bound

electrons that flow easily when a voltage, or electrical pressure, is applied. Atoms in an

insulator have tightly bound electrons that cannot flow even when a strong electric

voltage is applied. Atoms in a semiconductor bind their electrons somewhat more tightly

than metals but more loosely than insulators. Their electrical conductivity can be varied

by a factor of thousands by introducing small amounts of impurities, or "dopants" into

the semiconductor structure.

Conversion of sunlight to electricity starts at the atomic level when light

composed of energy particles called photons flows from the sun and strikes the solar cell.

As each photon strikes a silicon atom, it ionizes the atom by transferring its energy to an

outer electron, allowing it to break free trom outer orbitals. The energy of the photon is

converted into electron movement energy called electric current. Another reason to use

silicon in solar cells is because the energy needed to ionize a silicon electron matches the

typical energy ofphotons coming from our sun.

Solar cells perform the conversion without moving parts, noise, pollution,

radiation or maintenance, but there are some issues regarding the environment and health.

Manufacturing of solar cells needs dangerous materials like arsenic and silicon, which is

dangerous when inhaled for long time. Limited availability of silicon brought organic

semiconducting materials into the picture. Figure 1 shows how silicon demand was high

and how supply lasted before 2008.

This Journal model used for this document is IEEE Transactions on Neural Networks.



Figure 1.1. Supply - Demand curve for silicon. Silicon supply demand is less before

2008 [4].

Organic semiconductors have gained a lot of attention during the past few years,

driven by the potential for applications as low cost electronic materials like sensors [10],

photodetectors [11], light emitting diodes [8], memory devices [9] and solar cells [5].

Organic materials bear the potential to develop a long-term technology that is

economically viable for large-scale power generation based on environmentally safe

materials with unlimited availability. Organic semiconductors and carbon nanomaterials,

especially fullerene derivatives, have attracted much interest because of their novel

structures, properties and potential applications. Organic photovoltaics are promising

alternatives to their inorganic counterparts [7]. The table below shows the main

differences between inorganic and organic semiconducting materials used in the present

photovoltaics market.



Table 1.1. Main differences between organic/ inorganic semiconductor materials used in

PV [2].

Basic Entries

Bulk structure

Dielectric constants

Excitation binding energies

at room temperature (kaT)

Dominant transport

mechanism

Charge carrier mobility p

Absorption coefficient

T — dependence of mobility

Crystalline Silicon

Atoms

Crystalline

1L9

26meV

Band transport

100-1000 cm /Vs

2500/cm

TT+ pl

Organic

Molecules

Amorphous

— 3-4

2eV

Hopping

&0.1 cm /Vs

16000/cm

The field of organic photovoltaics (OPVs) is comprised organic/inorganic

nanostructures like dye sensitized solar cells, multilayers of small organic molecules, and

phase-separated mixtures of organic materials (the bulk heterojunction solar cell). Light

absorption in organic solar cells leads to the generation of excited, bound electron— hole

pairs often called excitons. To achieve substantial energy conversion efficiencies, these

excited electron—hole pairs need to be dissociated into tree charge carriers with a high

yield. Excitons can be dissociated at interfaces of materials with different electron

affinities or by electric fields, or the dissociation can be trap or impurity assisted.

Blending conjugated polymers with high-electron-affinity molecules like Cqc has proven

to be an efficient way for rapid exciton dissociation. Conjugated polymer Cqc

interpenetrating networks exhibit ultrafast charge transfer (-40 fs) [6].

Altogether, organic photovoltaics have many attractive features; t.hey are flexible,

semitransparent, have the potential to be manufactured in a continuous printing process,

have a large area coating and easily integrated in different devices are significantly less

expensive than traditional solutions, and have substantial ecological and economic



advantages. These features are beneficial for commercialization; however, organic

photovoltaics have to fulfill the basic requirements for renewable energy production. In

the present market the competitive position of every technology is mainly determined by

efficiency, lifetime and cost ($/W). Figure 2 shows restrictions in commercialization of

organic solar cells. The idea of the critical triangle is all the three technology driving

aspects should be fulfilled at the same time.

Lifetime

Efficiency Cost

Figure 1.2. Critical triangle for photovoltaics which shows main aspects to be fulfilled to

commercialize a product.

To harness the huge amount of energy provided by the sun every second

represents the main challenge that the solar photovoltaic technology faces. Starting with

the introduction of silicon as the prime semiconductor material used for solar cells in the

late 1950s, followed by amorphous silicon a-SitH in the last years of 1970s, then the thin

film technology, CIGS (ri = 19.2%) and CdTe (tl = 16.7%), now it is the turn of

photochemistry and semiconductor physics to make a decisive contribution in this field.

The best research cells and their efficiencies tested by National Renewable Energy

Laboratories are shown in figure 3. Inorganic PV reach 50% efficiency while the

alternative, organic PV, is still below 10%.
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Figure 1.3. Power conversion efficiencies of inorganic and organic laboratory solar cells

under AM1.5 Global 1000 W/m illumination [3].

The structure of this thesis work is as follows: Chapter 2 briefly describes

physical and chemical properties of conjugated polymers and their composites with

fullerenes, configuration and working principle. Chapter 3 provides brief description of

materials used in organic solar cells. Chapter 4 describes fabrication of organic solar

cells. Chapters 5,6,7 present experimental methods used in investigating and

characterization of optical, surface properties using UV-Vis spectroscopy, Spectroscopy

Ellipsometry (SE), Atomic Force Microscopy (AFM). Chapter 8 explains interrelation of

data obtained )rom experimental data. Chapter 9 presents performance characteristics.

Chapter 10 concludes the thesis work and future prospects given.



CHAPTER II

PHYSICS OF ORGANIC SOLAR CELLS

The conducting and semiconducting properties of polymers were discovered

when poly-acetylene, a simple polymer, was accidentally doped with iodine

concentrations, which were three orders of magnitude larger than intended [12]. This

leads to the invention of several conducting and semiconducting materials. A common

structural feature of all these materials is the alternation between single and double bonds

between carbon atoms.

sp

Figure 2.1. Formation of delocalized H electrons along the polymer chain, II electrons

are contributed Irom P, orbital, Semi conducting properties of organic materials are due

to repetitive II bonds,

In the carbon p, orbital, this is perpendicular to the plane defined by the sigma bonds.

The P, orbital Rom neighboring carbon atoms overlaps and forms a delocalized II bond.

In the energy model, this would be equivalent to the sigma bonds forming low lying

completely filled bands, while the II bonds lead to an only partially filled band fiom

which the important electronic properties arise. Bonds between neighboring carbon atoms

alternate between longer single and shorter double bonds. The consequence is that the II

band splits energetically into two bands, II and II~ because the unit cell now consists of

two CH monomers. One band is completely occupied (HOMO or valence band) and the

other completely unoccupied (LUMO or conduction band) respectively, resulting in a 1D

intrinsic semiconductor.



The basic steps of photovoltaic conversion in OSC are described below in detail

Incoupling of photous — Typically photovoltaics are manufactured on glass substrates or

PET where photon encounters occm. The criterion is that the material should be as

transparent as possible for light. The losses due to reflection at the air substrate interface

should be minimized. The higher the difference of the optical refractive index at

interfaces the higher the losses. Any redirecting of photons from normal incidence to

some degree of coplanarity with the film surface will help absorption as the path length

increases.

Light (Photon) absorption (i') — The active layer is defined as the layer where

beneficial absorption takes place. It is important to focus as much energy as possible to

this active layer. Optical electrical field (IEI) and absorption are closely related. IEI's

dependent both on the local dielectric function and on device structure and optical

properties of the interface layers. From a material perspective, active material absorption

coefficient should match solar irradiation to absorb more photons.

Exciton formation - In conjugated polymers the delocalized p, orbitals constitute the rt

bond produce two orbitals: a lower bonding (tt) orbital and a higher antibonding (it*)

orbital. Energy gap of the semiconducting polymer material is the difference between two

energies of these states. When photons with energies equal to or above the band-gap

energy hits material, generates an electron in the it* level and a hole in the rt level due to

electron transitions from it-HOMO to it@-LUMO bands. The generated electron and hole

in conductive polymer are loosely bound together by Coulombic force. This electron-hole

pair is called exciton, and it moves within the material as a one entity also called as

exciton.

Exclton migration - In a diffusive three-dimensional migration the exciton moves

through the material. A parameter describing this process is the exciton diffusion length,

Lo, Typically it is of the order of 5— 10nm but is dependent on the structure of the



materials and the dielectric environment [14]. The generation of an electron—hole pair, by

photoexcitation, results in an excited but neutral state with a limited, finite lifetime. This

state is termed exciton and consists of an electron and a hole paired by energy (E,„) that is

smaller than the energy gap between the limits of the permitted bands (LUMO and

HOMO bands, respectively). If Eo is the energy gap, then (Eo — E,„) is the exciton

binding energy. Exciton during their diffusion they end their existence via recombination.

The desired path is the transformation of the excitons into fic electrons and holes, which

is assumed to happen at certain dissociation sites where two materials with different

electron affinities come into proximity of each other. Conditions for generating charge

from excited states may also be found in inhomogeneities in materials, and at interfaces

to electrodes, but are typically very inefficient compared to processes of photoinduced

charge transfer at junctions between two dissimilar materials, and are therefore neglected

here. From the diffusion length Ln, we define a diffusion zone. This is the part of the

device that has the ability to give charge carriers for a photocurrent.

Excitott dissociation (tire) - Photo response in OPV cell requires splitting of the excitons

before their recombination, that is, within about 10 nm from the site of the light

absorption. The excitons can be dissociated by charge transfer at interfaces such as the

interface between a metal and the polymer material or interface between molecules of

different electron donating and accepting properties. The electron is accepted by material

(electron acceptor) with larger electron affinity and the hole by material (electron donor)

with lower ionization potentiah The excitons can also be dissociated simply in an electric

field strong enough to overcome the Coulomb attraction between the electron and the

hole in the exciton. In donor-acceptor molecular junctions, the charge separation process

can be further separated into an excitonic step, where a sort of charge transfer exciton is

formed with an electron in the acceptor side and a hole in the donor side of the junction,

and to an electronic step, where the electron and hole are separated by thermal

dissociation or ionization in an electric field (Yoshino et al. 1997).



uoNok
EIIO)

ACE I'I"I'Ok

ow)

o

attn) h'igure

2.2. The energy levels of a donor-acceptor system. Efficient donor-acceptor

separation depends on difference in electron affinity and ionization potential of materials.

Charge transfer of OSC materials is very fast &45fs for a combination [13]

Kxciton diffusion (Iltkir) — This quasi particle diffuses inside the donor material as long

as recombination processes do not take place. Forster (long range) or Dexter (between

adjacent molecules) transfers can take place between an excited molecule (excitation

donor) and a molecule that receives the excitation (excitation acceptor).

Light Absorption

~n, ntt~n,t tl Esciton Dirinsion

HOMO

oEsciton Dissociation
HOMO

~ ~ o
Charge Collection

n)~n I Acne)ttne
Anode

Figure 2.3. The basic steps of photovoltaic conversion in OSC including 1.Light

absorption, 2.Exciton diffusion, 3.Exciton dissociation 4.Charge transport and collection.
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Carrier transport (Flin) — this transport involves the classic mechanism for hopping

processes in organic materials.

(EF)cnthnde & (Et VMO)ncceptnr and (EF)nnnde &(EnOMO)donor

Where (EF)cnthnde, (Ep)nnnde are work potentials (eV) of cathode and anode

respectively

Charge collection - separated electrons and holes are transported to the opposite

electrodes in an internal electric field created by asymmetry of the electrodes (different

work functions) or in built in potentials (Yoshino et al. 1997). In order to reduce

recombination, the electrons and holes are preferentially transported in different materials

or phases. For example an acceptor material with good electron conductivity and a donor

material with good hole conductivity is ideal. Good non blocking contacts between the

molecular materials and the electrodes are essential for efficient charge collection. In

some cases an additional material layer may be needed between the metal and organic

layer to facilitate good ohmic contact, such as LiF between P3HT-PCBM blend and

aluminum (Shaheen et al. 2001a, Brabec et al. 2001b).
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CHAPTER IH

MATERIALS

This chapter gives details about materials used in processing OSC. Indium tin oxide

(ITO) acts as a transparent conducting electrode, fullerenes derivatives as electron

acceptor, semiconducting polymer materials as electron donors, PEDOT:PSS as buffer

layer and chlorobenzene as solvent to mix active layer are described. Properties and the

absorption spectrum under standard operating conditions are also shown.

3.1 ITO

Indium tin oxide is a mixture of 90% indium (III) oxide (In203) and 10% tin (IV) oxide

(Sn02) by weight. ITO is used to make Transparent Conducting Oxide (TCO) coatings in

Organic photovoltaics and Light Emitting Diodes. The main feature of ITO is to provide

combination of electrical conductivity and optical transparency at the same time. A high

concentration of charge carriers will increase the materials conductivity. These carriers

are free electron and oxygen vacancies and an excessive population produces absorption

[15]. High conductivity or low sheet resistance is balanced against high transmission in

the visible region.

75nm

0nm

Figure 3.1. Surface topography of Indium Tin Oxide after cleaning.

Sheet resistance can be less than 10 I2/sq with a visible transmission of &80%. To obtain

transmission near 90%, sheet resistance must be &100 I2/sq. ITO films behave as metals

to long wavelength light because of the presence of a plasma wavelength above 1 lim. At
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longer wavelengths, the film becomes reflecting. The reflactive index for transparent film

in the visible region remains near 1.95 and is not strongly dependent on the deposition

parameters. Index is generally of secondary concern for conducting applications. The

extinction coefficient will vary with conductance.

3.2 Fullerene Derivatives

Carbon fullerenes are large, closed cage carbon structures in a spherical shape. Fig 1.

represents Css fullerene molecule. A fullerene is a spherical structure composed of both

pentagonal and hexagonal carbon rings. Fullerenes are considered zero dimensional

quantum structures that exhibit interesting quantum properties. C6c or

buckminsterfullerene is an electron acceptor.

Figure 3.2. Csa Fullerene molecule showing hexagonal and pentagonal bonds of carbon

atom.

Csa itself is rather insoluble, which is a major drawback. The lack of miscibility between

the p-conjugated polymer and C6o resulting in phase segregation and clustering of the

fullerene component, thus decreasing the donor—acceptor electronic interaction as well as

the charge transport of the photogenerated electrons and holes. Side groups are attached

to increase its solubility for the application in solution-cast processes. Therefore, a

soluble derivative called PCBM [(1-(3-methoxycarbonyl) propyl-1-phenyl [6,6]C6i)]

[21][22] is used with Css in solar cell devices. The structure of PCBM is shown in figure

3.2. Methanofullerene Phenyl-Csi-Butyric-acid-Methyl-ester (PCBM-Cso) is an effective

solution processable n-type organic semiconductor. PCBM-Cso is the most commonly
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used n-type semiconductor in organic photovoltaics (OPVs) [16]. This methanofullerene

derivative is quite robust compound, highly soluble in aromatic hydrocarbons like

chlorobenzene. Fabrication of thin film organic electronics devices is complex, with

slight variations of molecular structures having profound effects on film morphology and

charge transport. Chemical alterations of the Cpp molecule by adding side chains increase

its solubility and electronic properties. The size and dispersion of the PCBM nanophases

have a direct impact on the device performance. PCBM-C7p is mixture of isomers and

shows better absorption spectrum in visible region.

OCH7
OMe

Figure 3.3. Chemical structure of PCBM-Cgp, PCBM-C7p.

3.3 Conjugated Polymers

Poly (3-hexylthiophene), particularly 7r-conjugated poly (3-hexylthiophene) (P3HT),

has been of interest because of high carrier mobility, mechanical strength, thermal

stability and compatibility with the fabrication process. Advances in synthesis of

regioregular polyalkylthiophenes (PAT) have significantly improved the electronic

properties by increasing conjugation length. The regular head to tail arrangements of the

alkyl side chains in regioregular PATs has improved the crystalline coherence length over

that in the regiorandom PATs. Conductivity increases upon increasing the length of side

chain from butyl to decyl. The maximum conductivities obtained for various regioregular

PATs are found to be maximized for P3HT. [Handbook of Conducting Polymers]
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Regioregular means that the alkyl side chains of the P3HT are aligned in a

periodic structure as opposed to the regiorandom case. Polythiophene is the actual

conjugated polymer backbone, and the rest are side chains. The function of side chains is

to make materials soluble in organic solvents like chlorobenzene, toluene and

chloroform. An additional function of side chains is to modify electro-optical properties

of the materials. Morphology can also be influenced by the regularity of the side chains.

CH2(CH2}4CH3

n

Figure 3.4. Structure of P3HT [Poly (3-hexylthiophene)].

Standard absorption spectrum of thin film of pristine P3HT spun fiom chlorobenzene

(1: 1wt%) is shown and peaks are indicated.

,I ~
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Figure 3.5. Absorption spectra of P3HT thin film.
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3.4 PEDOT:PSS

Poly(3,4-ethylenedioxythiophene) [PEDOT] belongs to the class of semiconducting

polythiophene and was developed during a search for stable conducting polymers.

Introduction of the dioxyethylene substitution circumvents undesired (u, P) and ([), [))

coupling of the thiophene ring and leads to air stable material in its doped oxidized form

due to its electron rich character (low oxidation potential) [17]. PEDOT has relatively

high conductivity in its oxidized form which can be ascribed to a planar structure

allowing effective delocalization of II electrons. Conjugated polymer PEDOT has a

unique combination of properties that make it extremely attractive for organic electronics

applications. It is used as charge injecting layer as well as electrodes in photovoltaic cells.

SOH SOH SO-

,S

0 0 0 0/
C..c~

0 0

Figure 3.5. Chemical structure of PEDOT:PSS

PEDOT has good optical transparency in the visible region but it is an

intrinsically insoluble polymer that can be chemically or electrochemically doped.

Doping changes PEDOT Irom an opaque insulator to a quasi transparent material with

high electrical conductivity. Poly (Styrene Sulphonate) resolved this problem. PSS acts as

charge compensating counter-ion to stabilize the p-doped conducting polymer, and forms

a processable water-borne dispersion of negatively charged swollen colloidal particles

consisting of PEDOT and excess PSS [26]. PEDOT and PSS chains are linked tightly by

ionic interactions and form an ionic polymer complex that can be soluble in water.
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Commercial materials supplied by H.C.Stark have a conductivity of about10'/cm

[27]. The actual conductivity strongly depends on morphology of dried particles in

the film that depends on annealing conditions [17] and on the distribution of PEDOT

segments in the matrix. For PV devices, PEDOT:PSS serves following advantages

I) It prevents a device from being shoited, since most of OSC are bulk

heterojunction structures and there is always the unavoidable chance of current

leakage. PEDOT:PSS blocks the electrons leaking through ITO (anode).

2) PEDOT:PSS wok function is 0.2 — 0.3V higher than ITO, which helps to have an

ohmic contact between ITO and active material that improves open circuit

voltage.

3) PEDOT:PSS is also known to help adhesion of photoactive layer to ITO thus

decrease the series resistance of the device.

75nm

0nm

Figure 3.6. Surface topography of Indium Tin Oxide after spin coating with PEDOT:PSS

and dried in nitrogen atmosphere at 150 C for 30 min.

3.5 The Metal Cathode

The cathode is typically realized by vacuum deposition of a low work function

metal through evaporation on the organic absorber layer. A thin layer of aluminum is the

most common cathode, but other materials have been tested, e.g. LiF/Al, Ag/Al.
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3.6 Organic Solvents

Chlorobenzene (CB) is a colorless, flammable liquid. Some of it will dissolve in

water, but it readily evaporates into air. It does not occur naturally in environment. Better

results are obtained when used to prepare solutions when compared to DCB, Toluene and

Chloroform. The slower evaporation of DCB allows P3HT to segregate towards the

underlying PEDOT:PSS layer, while the fast loss of CB leads to a more homogeneous

blend. Hence, solutions with fast evaporating solvents like chlorobenzene are used to mix

conducting polymers with fullerene derivatives.

Table 3.1. Properties of chlorobenzene.
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CHAPTER IV

ORGANIC SOLAR CELL PROCESSING

Organic thin film PV devices are fabricated in a sandwiched structure as shown in

figure 4.1. This chapter gives a brief description of OSC processing at the laboratory

scale. Each production step is described in detail, because of the interdependence

between OSC production and OSC properties obtained during characterization.

4.1 Standard OSC structure

Layered structure of OSC is shown in figure 4.1.

Aluminum
Top Electrode

i00nm

Figure 4.1. Layered structure of organic solar cell with layers of microscopic glass slide,

ITO, PEDOT:PSS, Active layer consisting P3HT 8r PCBM, Aluminum electrode

(Bottom to top) and their respective thickness.

In OSC the first layer is Indium tin oxide (ITO) which is used as a transparent

conducting oxide (TCO) coated on microscopic glass slide of thickness lmm. This ITO

layers is used as electrode, on top of ITO a thin transparent layer PEDOT:PSS is spin

coated, which acts as good hole transporter [23] in OSC. Active layer is spin coated on

thin PEDOT:PSS layer, which is a mixture of polymer P3HT (poly(3-hexylthiophene))

acts as donor and PCBM, which acts as acceptor in the ratio 1:1.
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4.2 OSC Processing

OSC processing includes several steps including substrate preparation, etching, cleaning,

solution preparation, spin coating, annealing and evaporation of electrode.

4.2.1 Substrate Preparation (Etching gt Cleaning)

ITO coated substrates are more commonly used electrodes for photovoltaic or

Light Emitting Electrode (LED). They are transparent conducting substrates and have

transmissions ranging between 90% to 75% depending on conductivity of substrate. A

I" X I" ITO coated glass slides with sheet resistance less than 150/a is structured by

using polyamide tape as shown in Fig.2.

Figure 4.2. IXI" ITO coated substrate structured using polyimide tape into six blocks

prior to etching.

ITO substrates are etched using HCI+HNOz mixture. Structured samples are placed I

minute in HCI:HNOs'.Diwater (I:I:2) mixture to obtain required patterning. Patterned

samples are thoroughly cleaned with detergent to remove dust I'rom structuring, and

storing. This process is followed by cleaning in a bath sonication with Toluene, Acetone,

Isopropanol and DI water for 10 minutes. Samples are immediately dried by blowing

with a nitrogen gun. Clean ITO substrates are now ready for OSC preparation. Cleaning

is the essential part because cells are much thinner. Small contamination would show a

negative effect, which introduces inhomogeneities in thin layers.
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ITO on glass ITO etched area SPin coated buffer
layer (PEDOT:PSS)

Partial removal Spin coated active Top electrode
of PEDOT:PSS layer (P3HT:PCBM) (Al)

Figure 4.3. Preparation steps for organic solar cell fabrication stepwise [28]

4.2.2 Solution preparation

The second main preparation step is to prepare solutions to be used for spin coating. Two

solutions are to be prepared for OSC. One is PEDOT:PSS, and the another solution is

mixture of a semiconducting polymer and PCBM, which acts as photoactive blend layer.

PEDOT:PSS is available from H.C.Starck. This is used as a hole extraction layer and on

top of ITO. For OSCs PEDOT:PSS [type] is used as received and only filtered through

0.45[tm filter prior to spin coating. Electron donating polymer P3HT from Rieke Metals,

electron acceptor PCBM from Solenne BV are bought and stored in dark in nitrogen

glove box where 02, H20 ppm levels are less than 0.1. Choice of solvents and

concentration affects absorption properties [24] of OSCs [25]. 10mg of P3HT, PCBM are

mixed in 1:1 ratio and mixed with lml of chlorobenzene. Stir and heat solution to 40 C,

and leave in nitrogen glove box over night till the solution becomes clear and grains are

completely dissolved. The filtering step is necessary to reduce impurities in solution

otherwise inhomogeneities in active layer during spin coating makes device short

circuited. Use 0.45pm filter to take out grains.

4.2.3 Spin coating

There are so many techniques for applying thin films [33] but spin coating [32] is

considered to be the most common and easiest process. Substrates are held by vacuum
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while supplying Nz gas. Spin coater spin is slowly increased so that thin films will be

spread uniformly. Solvents evaporate by the end of spin coating. Disadvantage of this

method are high volume loss of solution and limitation in substrate size.

PEDOT:PSS is spin coated onto ITO substrate in Nz glove box. Spin at 3000rpm for 80s.

Resulting layer can be measured using Atomic Force Microscope (AFM). Spin coating of

P3HT+PCBM mixture is carried inside nitrogen glovebox. After spin coating

PEDOT:PSS, active layer is spin coated below 2000rpm for more than 120s so the active

layer will be dried when we take out sample &om spin coater.

4.2.4 Annealing

Annealing is a process of drying at elevated temperatures to take out solvent content fiom

thin films.

PEDOT:PSS drying

PEDOT:PSS thin films are annealed above 100 C for less than an hour to take away any

residual Hz0 content. This process increases PEDOT:PSS film's conductivity as well as

crystallinity.

Table 4.1. Parameters for spin coating of PEDOT:PSS, Active layer and drying

conditions for both layers.
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4.2.5 Evaporation of Cathode

E-beam deposition is used to deposit an aluminum cathode. In evaporation the substrate

is placed inside a vacuum chamber, in which the graphite crucible is filled with

aluminum pellets are also placed. The source material is then heated until it starts

evaporating. During deposition pressure is maintained below 5a10 mbar to allow

molecules to evaporate freely in the chamber, and they subsequently condense on all

surfaces uniformly. In e-beam electron beam is bent in such a way that it is aimed at the

source material causing local heating and evaporation. Layer thickness is monitored by

an oscillating crystal. Al cathode deposited for 100nm in standard case. The schematic of

an diagram of e-beam working is shown in figure 4.4.

Figure 4.4. Schematic representation of electrode evaporation using E-beam technique.

4.2.6 OSC Post-Treatment

Post treatment of OSC is a critical step for its performance. When fast evaporating

solvents like chlorobenzene, dichlorobenzene are used post treatment improves the OSC

efficiency dramatically. Post treatment induces increased absorption as well as better

mobility of charge carriers and improvement of the contacts. Post treatment is performed
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on temperature controlled hotplate inside nitrogen glovebox. Complete processing steps

of OSC are shown below in a schematic way.

Figure 4.5. Illustrated production process of OSC step by step where left, right side

shows layered structure and middle shows processing sequence.
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CHAPTER V

UV VISIBLE SPECTROSCOPY

An electronic transition occurs from HOMO to LUMO in molecules when samples are

exposed to light having an energy that matches a possible electronic excitation. Some of

the light energy will be absorbed when an electron is promoted to higher energy orbital.

Different molecules absorb radiation of different wavelengths. An absorption spectrum

will show a number of absorption bands corresponding to structural groups within the

molecule. The appearance of several absorption peaks or shoulders for a given material is

common for a highly conjugated polymer.

The visible and UV region of the spectrum comprises photon energies of 1.65 to

3.1eV and 3.1 to 124ev respectively. These energies are sufficient to excite a molecular

electron to a higher energy orbital. There are various kinds of electronic excitations

which occur in molecules as shown in figure 5.1. Most absorption spectroscopy of

organic compounds is based on transitions of n or p electrons to the p* excited state. This

is because organic compounds with high degree of conjugation absorb light in UV or

visible regions of EM spectrum.

o (anti-bonding)

x (anti-bonding)

n (non-bonding)

x (bonding)

o (bonding)

Figure 5.1. Different types of electronic transition in molecules when exposed to light

spectrum. UV and visible spectrum consists of photon energy which favors excitation

from one states to other states.

A perkin Elmer Lambda 2S UV/Vis spectrophotometer was used for transmission

and absorbance studies on thin films. A D2 lamp and a tungsten (Wl lamp were used as
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UV and visible wavelength sources respectively to provide spectrum from 250nm to

750nm. General spectrophotometer schematic is shown in figure 5.2. The light source

from both lamps is split into two equal beams by using diftraction grating and mirror

setup. These two beams are passed through reference and standard sample and intensity

at the end was measured to determine the absorption spectrum of sample.

tor

ctor

Mirror 3

Figure 5.2. Typical spectrophotometer components 1) Light source, 2) Diffraction

grating, 3) Equal beam split half mirror device, 4) Sample holders, 5) Detector.

ITO samples were analyzed perpendicular to the incident beam in transmission

mode. After determining transmission spectra of ITO slides, PEDOT:PSS films are

coated and again transmission spectra were determined. Absorption spectra of pristine

P3HT, PCBM-Cop, PCBM-Cro, P3HT:PCBM-Cop and P3HT:PCBM-C7o mixtures were

also investigated before and after thermal annealing. All organic thin films were

measured in absorption mode on glass substrates and subsequently corrected for substrate

absorption. The absorption spectra of pristine material shows a higher peak around 500-

550 nm but for the absorption spectra of the blends (Figure 5.4) clearly show two peaks:

one around 340 nm corresponding to the PCBM, while the other peak is in the region
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500-550 nm represents the contribution of the P3HT. The latter shows a pronounced red-

shift upon thermal annealing, while the peak of PCBM remains unchanged [29][30].

Table 5.1. Describes how the maximum absorption spreads over wavelength as the

annealing temperature increases.

The degree of inter chain and intra chain ordering in films of P3HT can be judged from

their optical absorption spectra. Below figure 5.3 shows enhanced shoulders around

610nm upon annealing P3HT thin films at elevated temperatures. For annealing

temperatures below 100 C the absorption spectrum doesn't seem to change much.

PSHT

0.36

0.30

D 0.25

40 0,20

B oisa
0.10

0.05

0.00
350 400 450 600 650 600 560 700 760

Wavelength (nnt)

Figure 5.3. Red shift of pristine P3HT films spun from chlorobenzene and enhanced

shoulder upon annealing at elevated temperatues.
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Films of higher ordering display a redshifted ri-ri* absorption band with more

pronounced vibrational structure [35]. The greater the degree of conjugation [36]

(adjacent sp hybridized atoms) the larger the shift of 4„,„ towards longer wavelength

values. The maximum absorption spread shows red shift upon annealing at higher

temperatures.

0.40
P3HT

0.36

0.30D
0.25

0
0.20

I

N 0.15
0

0.10

0.05

0.00
360 400 450 500 560 600 650 700 750

Wavelength (nm)

Figure 5.4. UV-Vis absorption spectra of pristine P3HT films, as-cast, unannealed and

annealed above 100 C for 10 minutes inside nitrogen glove box with ppm levels below

O.lppm. Films were spin cast in chlorobenzene (1:lwt %). All films were measured on

glass substrate and corrected for substrate absorption.

The analysis of the natural bond orbital (NBO) suggested that there were about

0.11 electrons transferred fi'om the moiety phenyl and butyric acid methyl group of

PCBM to fullerene cage [39]. Absorption bands of PCBM are located in the UV region.

The calculated absorption bands near 349nm agreed well with the experimental

measurements. UV-Vis spectra of PCBM measured in chlorobenzene solution are found

to have absorption bands centered at 282nm and 336nm. Due to disturbance in near UV

region we could not find peaks below 300nm using lambda 2S spectrophotometer.

Absorption in visible region is much weaker than the UV region. The main absorption

bands of C60 are always below 400nm. Thus, the weak absorption bands above 400nm
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may be related to the ligand to fullerene cage charge transfer process. Figure 5.5 shows

uv-vis spectrum of PCBM-C60.

PCBMN
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Figure 5.5. UV-Vis absorption spectra of pristine PCBM-Cso films spun cast from

chlorobenzene (1:1 wt %). Samples are annealed for 10 minutes.

Figure 5.6 shows uv-vis spectrum of PCBM-C70. Unlike PCBM-Cso, PCBMC70 has

absorption peaks in the visible region also.

PCBM Ce
0.24

0.20

0.16

E O12

B
008
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Figure 5.6. UV-Vis absorption spectra of pristine PCBM-C70 films spun cast (rom

chlorobenzene and annealed for 10 minutes. All films were measured on glass substrate

and corrected for substrate absorption.
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No enhancement in the absorption spectrum was observed for PCBM films even though

samples annealed at elevated temperatures. From these absorption measurements we can

conclude that films made of PCBM are not crystalline. UV-Vis spectrum for PCBM-C7p

compared with its analogous PCBM-C?p. Distinct peaks for both films were observed at

different wavelengths. PCBM-C70 has broader absorption spectrum and visible absorption

peaks which favors more charge generation in photovoltaic cells.

0.24

PCBM-C & PCBNI-C„
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Figure 5.7. Comparison of absorption spectra for PCBM-C?p

and its analogues PCBM-Cpp.

Absorption of P3HT:PCBM composite films at elevated annealing temperatures

show intrinsic peaks owing to P3HT itself develop distinctly with the heat treatment in a

certain range. Thermal annealing increases interdiffusion and mutual mixing of P3HT

and PCBM. Mixing of acceptor and donor materials properly results in improved charge

transport and device performance [38][39]. PCBM diffuses out of the polymer matrix to

form percolated paths up on annealing the P3HT:PCBM composite film, resulting in an

increase in the carrier mobility in the active layer. Phase segregation between P3HT and

PCBM also took place upon heat treatment [37]. Figure 5.8 shows absorption spectrum of

P3HT:PCBM-Cpp. Upon thermal annealing highly ordered films are obtained as well as

conjugation lengths are increased which enhances side chains as well as shifted towards

longer wavelength regions (red shift).
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Figure 5.S. UV-Vis absorbance spectra of P3HT:PCBM-C50 films, as-cast, and for

different annealing temperatures for 10 minutes. Films are spin cast in chlorobenzene

(1:1 wt%). All films were measured on glass substrate and corrected for substrate

absorption.

Due to absorption peaks in the visible region for PCBM-C70 the absorption for

P3HT:PCBM-C70 peaks out in visible region when compared to P3HT:PCBM-CDD. Figure

5.9 shows uv-vis spectrum at different annealing temperatures, and comparison of uv-vis

for composite films are shown in figure 5.10.
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Figure 5.9. UV-Vis absorbance spectra of pristine P3HT:PCBM-C70 films, as-cast, and

for different annealing temperatures.
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P3HT:PCBM-Coo & P3HT:PCBNI-Coo
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Figure 5.10. Absorption spectra comparison for P3HT:PCBM-Csp and P3HT:PCBM-C70.

Absorption maxima of P3HT:PCBM-C50 and P3HT:PCBM-C70 are compared below for

films annealed above 100 C at k = 514nm.

Table 5.2. Comparison of absorption values for P3HT:PCBM-Csp & P3HT:PCBM-Cio

The absorption measurements, correlated with the morphology investigations [3-6]

pointed out that there is a change in the physical conformation of the P3HT chains upon

annealing at elevated temperatures. As a result, the packing of P3HT together in the

presence of PCBM relative to pristine P3HT films changes, thereby adapting the relevant

optical and electronic properties that are critical for the operation of these devices. This

change in the conformation is also reflected in the absorption spectra of the blend films.

Upon annexing, curves shift towards lower photon energies. This shift might originate

trom a tighter chain coil, produced by twisting the polymer backbone or broken

conjugation in the presence of PCBM, resulting in segments with a shorter conjugation

length and weaker interchain interaction. This is in agreement with absorption spectra of
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pristine P3HT, which show not much change after annealing. Rather, they show a small

increase in the absorption intensity. Upon annealing, the PCBM demixes from the P3HT,

as inferred by Yang et al. [31], thereby increasing the degree of crystallinity of the

polymer and consequently undergoes a noticeable red shift, approaching the spectrum of

the pristine polymer. It appears (fiom figure 5.4) that the shift of the optical absorption is

maximized when the devices are annealed above 100 C, which closely corresponds with

the temperature at which the hole mobility in the blend begins to approach that of pristine

polymer. Nevertheless, the net effect of the red-shift of the optical absorption upon

annealing, with respect to the non-treated film, is that it will improve the spectral overlap

with solar emission, resulting in an increased absorption in the device. The absorption

shown in figure 5.8 can be used to estimate the amount of additionally absorbed photons

upon thermally annealing the P3HT:PCBM BHJ solar cell.
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CHAPTER VI

SPECTROSCOPIC ELLIPSOMETRY

Spectroscopic ellipsometry (SE) is a non-contact, non-destructive optical

technique that enables the determination of material refractive indices and layer

thicknesses by measuring the change in polarization of a probing light beam upon

reflection Rom a sample. When linearly polarized light reflects from a surface,

elliptically polarized light is generated. The amount of induced ellipticity depends on

surface properties like refractive index or bulk or layered sample. Ellipsometry technique

measures the phase and amplitude relationships between two orthogonal polarizations (p

and s waves) upon reflection. When p and s waves are reflected, they experience a phase

shift and an amplitude reduction. The ellipsometric parameter Delta (Lit) is defined as di-

dz where dl and dz denote the induced phase shift difference between p and s waves,

respectively while the ellipsometric parameter tan('P) is defined as the ratio of the

complex amplitude of the total reflection coefficient of the p and s waves ( IRpl I IRsl ).

Ellipsometry is said to be self-referencing because measurements do not require

any reference sample and are largely insensitive to variations in the beam intensity and

ambient environment, making this technique highly accurate and reproducible. The data

is measured over the entire wavelength range and compared to a mathematically

generated model to obtain film thickness and refractive index and dielectric function, etc.

Linearly Polarized light

g-plane

interaction og Polanzed liglit with a sample

Figure 6.1. interaction of polarized light with the sample when a linearly polarized light

incident on substance.
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Variable Angle Spectroscopic Ellipsometry (VASE) in the visible spectral range

(420 — 763nm) is carried out using a rotating analyzer, type M-44 (J.A.Woollam Co.,

Inc., Lincoln, NE, USA) wavelength ellipsometer. Data is fed to a computer and the

complex reflection coefficients are analyzed by a regression analysis program,

WVASE32. A physical model is created specifying the angle of light incidence, thickness

and optical constants of various layers. WVASE32 then calculates the mean squared error

(MSE), which is essentially the sum of the squares of the differences between the

measured and calculated data for each (A,'P) pair. A regression algorithm is then used to

minimize the MSE by adjusting the values of one or more nominated parameters. The

experimental data window is used to load, save and select experimental data for fitting.

Most commonly the data will have been acquired using the WVASE32 program. At the

time of acquisition, the ellipsometer hardware is unable to distinguish among these

multiple ellipsometric data types and by default will store the data as standard

ellipsometric data type "E". Reflection mode ellipsometry taken from the top side of the

sample. No substrate backside effects will be included in the model calculations. If a

layer with anisotropic optical constants is present, the optical axis for that layer will be

assumed to be perpendicular to the surface of the sample.

6.1 Data Analysis

Spectroscopic ellipsometry data analysis consists, for the most part, of fitting

experimental data to a model, where certain parameters are allowed to float to obtain the

best fit. Clearly, this process is critical to getting useful results from spectroscopic

ellipsometry experiments. The fitting process consists of three parts:

1. Select the model [52]: The number of layers is fixed and basic structure

concerning the contents of each layer is set. One must decide if any layer is

anisotropic at this stage, and whether or not interface layers are to be modeled as a

single effective medium approximation, or is a more complicated graded interface

to be used.



35

2. Assign optical functions to each layer. A decision must be made to use existing

data sets. The initial values for all parameters and film thicknesses must be

assigned, and the floating parameters are selected.

3. Fit the data. Model parameters such as thickness (t) are varied in order to fit the

experimental data. The root mean squared error (MSE) is used to quantify how

well the model fits experimental data. Smaller MSE [53] implies a better model fit

thus layer thickness and optical constants are determined where MSE reaches its

minimum value. Appropriate film selection is important in getting better fit.

Hence fitting with experimental data is started where thin films are transparent

(k-0). Then VASE data can be fit with the Cauchy dispersion formula:

n(X)=A+ —,+ —, (6 1)

Where A, B, C are fit coefficients and ). is wavelength in nanometers. k(X) = 0 in this

spectral range. Cauchy dispersion formulae works fine for non absorbing materials. But

organic materials are absorbing in visible region hence to get better fit Cauchy fit is used

as starting value for Lorentz fit. An accurate determination of optical constants and film

thickness of organic materials can be achieved by modeling Lorentz oscillator form as

given below

At
g(hu) = ei+ iez = St + gu (6.2)

Where hv is the photon energy in eV, si is an additional offset term. Ai is the amplitude,

Et is the center energy, Bi broadening of each oscillator.

Ellipsometry does not directly measure film thickness or optical constants, it measures

Psi and Delta. To extract useful information about a sample it is necessary to perform a

model dependent analysis of the ellipsometric Psi and Delta data [45].

1. Measurement of ellipsometric angles ili „, and A „,.

2. Data acquired covering the desired spectral range and angles of incidence. A

model for the optical structures of the sample is then constructed tit ~n and tt
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3. Fresnel equations along with the assumed model are used to predict the expected

Psi and Delta for the wavelengths and angles of incidence chosen.

4. The fourth part of the process described is to compare the actual measured Psi and

Delta with the predictions of the model based on Fresnel equations assuming

values of the optical constants and thicknesses.

Model used to measure optical parameters as well as data analysis after modeling is

shown in figure below. We use Biaxial.mat to measure properties of optical layer. Here

two cauchy layers are used to create effective anisotropic model.

Figure 6.2. Ellipsometry Data Analyses [41].

6.2 Dielectric Function (6)

From Maxwell's equation, (6.3)
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Where c, li, s are velocity of light, magnetic permeability and dielectric function (DF)

respectively. (6.4)

For most of semiconducting and insulating materials magnetic permeability )i is nearly

unity [41]. Then the refiactive n = Qs, In order to describe absorbing materials, a

complex dielectric function s = si+ i sz and complex refractive index n = ge = n+ ik are

introduced. The imaginary part of DF cannot be taken as zero. The intensity of the wave

decays as it propagates

47''x
(6.5)

Comparing equation 6.3 with Beer-Lambert's law I(z) = I(0)exp(-uz) (6.6)

4 irk
We find that the absorption coefficient Q =

jt

substituting equation 6.2 az = 2nk and X = 2rrc/ta in 6.5 we obtain

(6.7)

The complex dielectric function is one representation of the optical constants of a

material. It is defined as the ratio of the displacement field to the applied electric field at a

given point in a material and is a measure of how polarizable a material is at the given

wavelength (or photon energy). The imaginary part of the dielectric function is a measure

of how much energy per unit volume and unit time a material will absorb from a light

beam of the given wavelength.

Continuous exposure of UV radiation degrade polymer device performance and in

UU region (&320nm) dielectric function of films is nearly isotropic hence spectroscopic

ellipsometry experiments are done in visible region only. In the visible region (&320nm)

however, the changes of the dielectric function are much stronger. The figures shows

experimental SE spectra of the pseudodielectric function for P3HT and P3HT:PCBM

composite films. As acquired, SE spectra doesnot fit exactly with experimental data due

to presence of interference fringes caused by multiple reflections at the substrate/film
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interface. From ellipsometry experiments we observed that for P3HT, P3HT:PCBM films

dielectric function is shifted towards lower photon energies (higher wavelengths — red

shift) and dielectric function s2 enhanced upon annealing at 150 C. Polymer films made

from P3HT:PCBM-C70 shows much improved absorption spectrum as well as improved

dielectric function compared to P3HT:PCBM-Cpp.

6.2.1 P3HT Dielectric Function (s)

Figure 6.3 shows the real and imaginary dielectric function of P3HT before and after

annealing versus wavelength. From equation 6.6 it is clear that the imaginary dielectric

function and absorption are directly proportional. As the annealing temperature increases

the degree of inter chain and intra chain ordering in films of P3HT increases which leads

to enhanced absorption band with more pronounced vibrational structures. With

annealing, films become denser which also leads to increase in dielectric

function.
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Figure 6.3. Real and Imaginary dielectric functions vs., wavelength of P3HT before and

after annealing al elevated temperatures for same film thickness.

6.2.2 P3HT:PCBM Dielectric Function (s)

The dielectric Function of P3HT:PCBM composites upon annealing show intrinsic peaks

owing to P3HT in certain range. Figure 6.4 shows dielectric function sz of P3HT:PCBM-

Cpp. DF decreased in intensity, but peaks and shoulders are enhanced when compared to



P3HT films. The spectrum goes high below 400nm where PCBM shows its highest

absorption (-320nm). From absorption measurements PCBM has absorption peak at

320nm.
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Figure 6.4. Real and Imaginary dielectric functions vs., wavelength of P3HT:PCBM-C50

before and after annealing at 150 C inside nitrogen glove box. Peaks are enhanced in

comparison with P3HT.

Dielectric function sz of P3HT:PCBM-C?0 shown in figure 6.5. DF of P3HT:PCBM-C70

enhanced when compared to its analogous P3HT:PCBM-CM. The reason attributed to this
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phenomenon is the asymmetry in PCBM-C70 it can easily transfer charge when mixed

with P3HT which enhances absorption as well as device performance.
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Figure 6.5. Real and Imaginary dielectric functions vs., wavelength of P3HT:PCBM-Cip

before and after annealing at 150 C inside nitrogen glove box.

The Real and Imaginary part of dielectric function for P3HT and P3HT:PCBM

composites are compared to see the variation. Figure 6.5 shows sz as function of photon

energy for thin films at same standard conditions.
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Figure 6.6. Real and Imaginary dielectric functions vs., wavelength of P3HT,

P3HT:PCBM (CM, C70) composites before and after annealing at 150 C inside nitrogen

glove box. Enhanced dielectric function observed in P3HT:PCBM-C70 compared to its

analogous P3HT:PCBM-C60.

6.4 Complex Index of Refraction (n)

In real materials the polarization does not respond instantaneously to an applied

field. This causes dielectric loss, which can be expressed by a permittivity that is both

complex and I'requency dependent. Real materials are not perfect insulators either; they
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have non zero direct current conductivity. Taking both aspects into consideration we can

define a complex index of re('Taction as n=n+ik. It governs the phase change and

amplitude decay of a plane electromagnetic wave propagating in the material. n is the

re('ractive index indicating how fast the phase of the propagating wave changes while k is

the extinction coefficient that determines how fast the amplitude of the wave decreases as

the wave propagates (absorption loss when the electromagnetic wave propagates through

the material). Both n, k is dependent on wavelength. The complex index of refraction is

one representation of the optical constants of a material.
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before and after annealing at elevated temperatures for same film thickness.
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The Extinction coefficient k is the imaginary part of the complex index of refraction and

governs the rate at which a propagating wave will decay as it propagates. If k is zero the

amplitude of the wave will remain constant as the wave propagates and the material is

said to be transparent.
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CHAPTER VII

ATOMIC FORCE MICROSCOPE

An Atomic Force Microscope (AFM) or scanning force microscope (SFM) is a very

high resolution type of scanning probe microscope, with demonstrated resolution of

&actions of a nanometer. In the case of the STM a tunneling current is controlled between

a relatively sharp tip and the sample and thus conducting samples and/or substrates are

required. However AFM requires no conductivity; tip sample interactions are based on

mechanic short or long range forces. Basic AFM modes of operation are [54]

1. Contact Mode

Tip is scanned across the surface to measure the deflection and adjusts

accordingly.

2. Ron Contact Mode

Oscillating cantilever scheme is employed. Detection is based on measuring

resonant &equency or atnplitude of the cantilever.

3. Dynamic Force /1ntermittent-contact / Tapping mode

Cantilever is oscillated closer to the sample. Tip intermittently touches or taps the

surface.

Both non-contact mode and tapping mode use extended tip sample

interactions via Vander Waals long-range forces [55] [56].

Figure 7.1. Basic principle of Atomic Force Microscope showing cantilever oscillations

and amplitude detection of cantilever using split photodiode and detector.
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Tapping mode offers less destructive measurements at a higher resolution for soft

organic materials. Quartz piezo is used to excite the cantilever to oscillate. Feedback is

used to maintain constant distance from the surface. The feedback loop maintains

constant amplitude of the cantilever oscillation and this amplitude is detected via a

reflected laser spot unto a split photodiode detector [55]. One of the advantages of AFM

is its ability to magnify in the X, Y, Z axes. Figure 7.2 shows several types of microscope

and profilometers

Proft totne

O tical

FE-SEM S I"lM

TEM

AEM

1onm l ott l m

Varytng engt sea e

Figure 7.2. Imaging scale comparison of different 2-D, 3-D profiling and imaging

instruments. AFM enables to resolve features Irom few nm ranges to mm range.

AFM is typically combined with optical microscope to select location during

scanning. AFM is compared with electron beam techniques such as TEM, SEM. It is

simple to prepare samples and no need of vacuum which makes this technique suitable

for organic materials. An atomic force microscope (AFMi creates a highly magnified

three dimensional image of a surface. The magnified image is generated by monitoring

the motion of an atomically sharp probe as it is scanned across the surface. With AFM it

is possible to see features on a surface having few nanometer range and single molecules

on the surface. Figure 7.3 shows major components of AFM 1. Microscope stage 2.

Computer monitors 3. Electronic controller
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Figure 7.3. Laboratory setup of the Dimension 3100 SPM in tapping mode including

scanner, sample display, screen, control screen, processor and image display.

AFM experiments were performed with a Digital Instruments Multimode/

Nanoscope III scanning probe microscope. The surface images were obtained

simultaneously while operating the instrument in the tapping mode under ambient

conditions. Images were taken at the fundamental resonance fiequency of the Si

cantilevers (300 kHzl. Typical scan speeds during recording were 0.3 - 0.5 KHz.

7.1 Thermal Annealing

Berggren et aL showed that thermal annealing can enhance the polymer crystallinity [57].

Regio Regular P3HT crystallization starts to appear at annealing temperatures as low as

40 C [58]. Mild thermal treatment enhances external quantum efficiency when compared

to untreated device. An important issue in these devices is the phase structure formed by

the mixture of the different components; the efficiency is ruled by the active layer film

morphology [63-67].

7.2 Morphology

The BHJ structure of organic photovoltaics consists of 3D interpenetrating

networks of donor and acceptor materials. AFM images of the polymer film surface
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before and after annealing at different temperatures are shown in figure 7.4. The surface

of as cast pristine P3HT film is very smooth with RMS roughness 0.414nm.

A) Unannealed
,. 10,0 nm

5.0 nm

0,0 nm

Figure 7.4. (Color Online) Surface morphology of pristine P3HT thin film (-200nm) as

cast ffom chlorobenzene solution (1: 1wt %).

After undergoing thermal treatment the roughness first increases to 110 C and then

decreases [59-62]. The highest roughness is obtained at 150 C. Film texture also changes

up on annealing of as cast films. The film annealed above 100 C forms broad hill like

features compared to films annealed below 100 C. Higher film roughness gives higher

device efficiency. Therefore, the increased surface roughness play direct role in

efficiency improvement. Higher surface roughness is more likely a signature of annealing

enhanced ordered structure formation in the polymer film. Up on annealing of films

absorption as well as charge carrier mobility increases which in turn enhance device

performance. Figme 7.5 shows the surface morphology of annealed pristine P3HT thin

films. Lighter areas correspond to the harder, crystalline materiaL
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10.0 nm

5.0 nm

0.0 nm

Figure 7.5. (Color online) AFM images showing surface morphology of pristine P3HT

thin film (-200nm thick) spin coated on glass slide. Films are spun from chlorobenzene

solution (1:lwt%). Annealed at temperatures B)110 C, C)130 C, D)150 C for 10min

inside Ni glove box with Oi & HzO ppm levels below O. Ippm.

Films produced by spin coating display a non-equilibrium structure with reduced

order and orientation. Annealing of P3HT films leads to semi crystalline structures and

forms needle like crystallites. The figure below shows annealing P3HT films at

temperatures above 100 C. Films become crystalline as annealing temperatures increase.

Surface morphology studies show that in thin films of pristine P3HT self assembly is

controlled by a complex interplay of microphase separation, surface induced orientation,

crystallization and molecular mobility. We understand the preferred orientation of the
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crystallites parallel to the substrate as a result of interfacial interactions, which leads to an

alignment of the liquid crystalline phase parallel to the substrate. Initially, the spin coated

films are far from equilibrium due to the rapid formation of the film. At higher

temperatures, the mobility of the polymer chains increases, allowing the crystals to grow

and to orient in a specific direction which enhances device performance. Cast and

annealed PCBM-Cst5 films are shown in figure 7.5. As the temperature increases PCBM-

Csp forms into bigger crystallites.

5 D nm

2.5 nm

D.D nm

Figure 7.6. (Color online) AFM surface images of PCBM-Cs55 thin film spin coated on

glass slide. Unannealed and annealed at temperatures b)110 C, c)130 C, d)150 C for

10min inside Nz glove box.
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Instead of forming bigger crystallites like PCBM-Csp, PCBM-Crp shows a small increase

in surface roughness. The surface morphology appears to be forming crystallites with

small nanodomains.

Figure 7.6 (Color online) AFM surface images of PCBM-C7Q thin films as cast from

chlorobenzene solution (1:1 wt%). Unannealed and annealed at temperatures b)110 C,

c)130 C, d)150 C for 10min inside Nz glove box.

Charge transport in polythiophene: fullerene composites are typically a hopping process

that is thermally activated. The thermal annealing proceess significantly improves the

efficiency [15,16] of RR-P3HT:PCBM solar cells by improving the morphology. Upon

annealing
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The density of organic film increased

Enhancement in intermolecular interaction which leads to improved absorption

Better electrical charge transport by increasing charge carrier density

Optimized phase segregation by enhancing the diffusion of methanofullerene
molecules in the polymer matrix when heated above glass transition temperatures.

Solvent concentration removal by evaporation which in turn leads to less defect

areas.

RRtvtS = 0 747nm

I

5.0 nm 5.0 nm

Il
0.0 nm 0.0 nm

Figure 7,8. (Color online) AFM surface images of P3HT:PCBM-C055 (1:1) thin film as

cast from chlorobenzene solution (1:lwt%). Unannealed and Annealed at temperatures

b)110 C, c)130 C, d)150 C for 10min inside Ni glove box with 00 k H00 ppm levels

below 0.1.
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Surface roughness for each annealed sample is measured. RMS surface roughness is

plotted against annealing temperature. The highest roughness yields better contact with

metal electrodes, better charge transport, improved absorption and improvement in

conductivity of films. Figure 7.9 shows RMS roughness versus annealing temperature

where films are annealed inside nitrogen glove box with H20, 02 ppm levels below 0,1.

There is significant decrease in roughness when samples are annealed at 130 C. The

reason may be attributed to evaporation of chlorobenzene solvent at 132 C, which makes

the film smooth and less rough. Almost the same roughness observed at annealing

temperatures 110 C and 150 C.
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Figure 7.9. RMS roughness vs. annealing temperatures. All samples are annealed inside

nitrogen glove box to prevent interaction with ambient atmosphere.

Surface morphology and RMS roughness versus annealing temperature for P3HT:PCBM-

C70 films are shown below. Variation in surface roughness is much less when compared

to P3HT:PCBM-Cso.
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Figure 7.10. (Color online) AFM surface images of P3HT:[70] PCBM (1:1) thin film

spin coated on glass slide. Films are spin cast from chlorobenzene solution 10mg/mL

Unannealed and annealed at temperatures b)60 C, c)70 C, d)90 C, e)110 C, f)130 C,

g)150 C for 10min inside Nz glove box.

Annealing temperatures versus surface roughness of P3HT:PCBM-Cio are shown

in figure 7.11. Roughness of P3HT:PCBM-Czo films are less compared to P3HT:PCBM-

Csp. There isnot much variation in roughness before and after annealing.
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Figure 7.11. RMS roughness vs. annealing temperatures for P3HT:PCBM-C70.
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CHAPTER VHI

CORRELATION BETWEEN UV-Vis, SE and AFM DATA

8.1 Effect of annealing on surface morphology

Figure 8.1 shows tapping mode AFM results obtained on untreated and annealed pristine

P3HT, PCBM (Csa k Cqo) and P3HT: PCBM (Cqs k Czs) composites. A moderate

surface roughness is observed for non annealed films. In the case of annealed samples the

surface gets somewhat rougher. Table 8.1 shows surface roughness comparison for non-

annealed and annealed samples.

Table 8.1 shows surface roughness comparison for non-annealed and annealed samples.

Annealing at elevated temperatures enhances device performance by improving surface

morphology. Roughness of thin films is increased and increased crystallization can be

observed from tapping mode AFM topographic images. Thus, the annealing of

P3HT/PCBM composite films leads to better phase separation in a conjugated polymer:

fullerene blend, resulting in the formation of the polymer crystallites. The increased

crystallinity in composite polythiophene:fullerene films is supported by diftractogram

studies on untreated and annealed films at 150 C for 10 min.
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8.2 Effect of annealing on optical properties

8.2.1 UV-Vis Absorption

The growth of polymer crystallites upon annealing leads to a drastic change of

optical properties in P3HT:PCBM composites. In the UV spectral region i-320am), the

absorption coefficient is mainly determined by the optical transition of the PCBM. From

UV-Vis studies it shows that there is not much change in peak of PCBM upon annealing,

which shows that PCBM is amorphous.
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Figure 8.2. UV-Vis absorption spectrum of pristine P3HT, and P3HT:PCBM composites.

The absorption measurements, correlated with the morphology investigations [70-72][75]

pointed out that there is a change in the physical conformation of the P3HT chains upon
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annealing at elevated temperatures. As a result, the packing of P3HT together in the

presence of PCBM relative to pristine P3HT films changes, thereby adapting the relevant

optical and electronic properties that are critical for enhancing device performance.

Annealing at elevated temperatures enhances absorption of the active layer, which is

attributed to formation of crystallized structure in polythiophene: fullerene composites.

8.2.2 VASE

Important differences between the dielectric function of annealed and unannealed

films in visible region (&3.2eV) are

1. The imaginary part of the DF 82 is shifted towards the lower photon energies

around 2.5eV.

2. DF sz increased upon annealing.
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Figure 8.3. Dielectric Function enhancement and shift towards low photon energies for

polythiophene:fullerene composites upon annealing.

It has been observed that both absorption and emission maxima of conjugated polymers

are shifted towards lower photon energies (longer wavelength) with an increase in

conjugation length [73,74]. Due to annealing, polymer: fullerene composites crystallize.

The conjugation length in crystallized films is larger because the polymer molecules
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within such crystallites are perfectly oriented and there are no defects like chain kinks

that limit the conjugation length. Thus, the mean conjugation length for annealed samples

should be larger, resulting in the observed shift of the absorption peaks towards lower

photon energies (longer wavelengths). We attribute the increase in the optical absorption

to the change of the state of the aggregation of the P3HT fiom amorphous to

nanocrystalline upon annealing [76]. Due to crystallization, the interaction between the

P3HT molecules becomes stronger.
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CHAPTER IX

I-V CHARACTERISTICS MEASUREMENT

9.1 I -V Characteristics

The device performance is determined by IV measurements. Basic setup,

measurement methods and their automation are described in this chapter. The current-

voltage measurement is the standard measurement for characterizing solar cells. A linear

voltage sweep -I to 2V is applied to OSC, and the resulting I in the circuit is measured.

Current density (J) is the intensive factor in solar cells that vary from device to device.

The measurement is carried out both with and without illumination. Without illumination,

the device shows a diode behavior. Under illumination, extra charge carriers are

generated in the active layer which enhances photocurrent. The J-V curve is shifted down

by the amount of the photocurrent (Jrq). Key parameters of solar cell can be determined

I'rom the J-V curve.

Jm * I'm
Fill Factor FF

Jsc trr-
(9 1)

The power conversion efficiency q of a solar cell is the ratio between maximum output

power P~ to the incident power P;:

(9.2)

Because of the wavelength and intensity dependence of P,„, the power conversion

efficiency t) should be measured under standard test conditions. For OSCs based on

polymer: fullerene BHJ, the magnitude of Jsc, Voc and FF depends on light intensity

[77], temperature [78][79], composition of components [80], thickness of active layer

[81], choice of electrodes [81][82], as well as solid state morphology of thin film [84].

The basic measurement setup is shown in figure 9.1. A Keithley 2400 Source-Meter,

controlled by LabVIEW program, is used for generating the voltage sweep and
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measuring the resulting current through OSC. The OSC is connected in a four wire

configuration to avoid parasitic serial resistance of the cables and interconnects on the

substrate.

Figure 9.1. Basic IV measurement equipment block diagram. A LabVIEW controlled

Keithley source meter used to record I-V curves of the OSC in a four wire configuration.

Solar simulator equipped with xenon lamp, and 3D stage controller.

The solar simulator generates a spectrum close to lsun condition. Before recording

the IV-curve on the sun simulator, the illumination intensity is measured with reference

to the solar cell and maintained at 1000 W/m . The temperatures for OSC measurements

are maintained below 35 C. The solar simulator system should be always concerned

about two problems

1. Spectral mismatch with actual solar spectrum

2. Non uniform light intensity

First, the solar simulator gives out more light in the visible region where the polymer

absorption spectrum peaks out. This will lead to mismatch with actual performance even

if we set total irradiance of the simulator to the AM 1.5 solar irradiant (100mW/cm ). The

second is when non uniformity in light intensity of solar simulator. The intensity of lamp

varies with time and distance even if source is held constant. Therefore, 3D positioning

system is introduced to place a device to obtain consistent results every time.
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Figure 9.2 shows J-V characteristics under AM 1.5 illumination for a calibrated solar

simulator with an intensity of 100mW/cm for P3HT:PCBM-Cpo. Post production

annealing is necessary to show photovoltaic effect in fabricated photovoltaic cells.

Surprisingly, P3HT:PCBM-C7Q shows more current density when compared to its

analogous P3HT:PCBM-Cpp. After annealing at 150 C for 10minutes inside the nitrogen

glove box J„and FF are improved significantly which leads to improved efficiency.

Open circuit voltages Voc for the P3HT:PCBM-C7Q cell were comparable to those of the

P3HT:PCBM-Cop. After annealing improvement in the charge carrier transport network

occurred in P3HT:PCBM-Cio as well as P3HT:PCBM-Cop. Jsc for P3HT:PCBM-C7Q is

more compared to P3HT:PCBM-Cpp. One of the strategies for improvement of PV cell

performance is the enhancement of the spectral coverage for sunlight. PCBM-Cop is not

suitable as electron acceptor because of its very weak absorption peaks in the visible

region. The analogous PCBM-C7Q has wider range and strong absorption spectrum in the

visible region which enhances PV performance. For PCBM-Coo is highly sytnmetric

which decreases energy transitions. PCBM-C7Q due to its asymmetry more transitions will

take place inside active blend which dramatically improves light absorption [85]. This

leads to improved charge separation and charge carrier density.
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Figure 9.2. J-U characteristics (AM 1.5. 1000W/m ) of unannealed and annealed P3HT:

PCBM-Cop devices under illumination.
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Typical J-V characteristics for P3HT: PCBM-C7o and P3HT: PCBM-Cqa are shown in

figure 9.3. The short-circuit current density (Jsc) and open-circuit voltage (Voc) are

shown. The maximum output power (Pmax) is the area under the curve at its maximum

voltage and current density.

IV Curves Under Illumination

re
Ci

o.u

0A3

Voltage (V)

Figure 9.3. Typical J-V characteristics of P3HT: PCBM-Cqs and P3HT: PCBM-C70 cells.

The short-circuit current density (Jsc) and open-circuit voltage (Voc) are shown. The

maximum output power (Pmax) is given by the rectangle JmxVm.

9.2 OPV Testing

The top electrode Al deposited using E-beam and immediately transferred to Nitrogen

glove box with ppm levels less than O. Ippm (H20 and 02) respectively without exposing

its to the atmosphere. I-V measurements were taken by applying sweep voltage of -IV to

2V using a Keithley Source Meter, I-V curves are recorded using LabVIEW 8.2 from

National Instruments.

An Oriel Newport light source with 300W range halogen lamp was used as a light source

to measure IV characteristics. IR rays were filtered to avoid heating of photovoltaic

device under testing and to get the exact solar spectrum.
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The active area under consideration is different from the fabricated device. Figure

9.4 shows a cross sectional and top view schematic for the device under consideration to

measure performance characteristics.

VIE wf

Figure 9.4. Cross sectional schematic and top view schematic of Organic Photo Voltaic

(OPV). Region within dashed line indicates the actual region under consideration to

measure performance characteristics of OPV. A sweep voltage is applied for OPV to

determine IV characteristics. Aluminum overlapping region is only considered for

forming a region where PV activity can be measured. ITO doesn't need to be patterned

but Al electrode can be deposited using masking.
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CHAPTER X

CONCLUSIONS & FUTURE WORK

10.1 CONCLUSIONS

In this work, correlation between structural and optical properties of polythiophene and

polythiophene:fullerene films were studied using UV-Vis, Spectroscopy Ellipsometry

and Atomic Force Microscope. Thin pristine polythiophene films were found to be

partially crystalline. It was shown that annealing improves the overall crystallinity and

anisotropy of the polythiophene films, because the fullerene molecules disturb the

formation of the polythiophene crystallites. At elevated temperatures, the fullerene

molecules become mobile and diffuse to the fullerene clusters. Due to the thermal

diffusion of fullerene, regions with low fullerene concentration occur. In these fullerene-

free regions, the polythiophene crystallizes upon annealing of the films. Due to the

crystallization of polythiophene, the optical absorption and the hole mobility

perpendicular to the film plane increases. The improved absorption of the annealed films

together with improved transport properties result in increased polythiophene/fullerene

solar cell efficiency. In this work we also report improved PV characteristics of Jsc by

introducing PCBM-Cqo as an acceptor. PCBM-Cia shows a stronger and wider absorption

spectrum in the visible region than the analogus PCBM-Cqa. Using PCBM-Cia we

fabricated a highly efficient organic photovoltaic with higher power conversion

efficiency. Therefore, we conclude that PCBM-C7Q is a good and easy to replaceable

alternative to PCBM-Cqa with a better, wider absorption spectrum, and it will lead to

higher performance PV cells.

10.2 FUTURE WORK

In future, photovoltaic cells efficient charge transfer can be done by

nanopatterning active layer so that thickness of the layer can be decreased and dissociated

charges are easily transferred to respective electrodes. P3HT is spin coated and free

standing nanorods Rom the AAO template are used to make patterns, and PCBM fills in
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those gaps. The top electrode Al is deposited, and post annealing treatment is done to

show enhanced device performance.

ITO layer on glass ITO etched area Spin coate u er ayer

PCBM filling into Nanopattern

Spin coated layer P3HT Top electrode (Al)

~ P3HT PCBM

Figure 10.1. Step by step processing of nanostructured bulk heterojunction photovoltaic

cell and its structure.
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