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Preface 

Polyincr-polymcr blend based bulk hctcrojunction solar cells arc attractive due to 

their excellent miscibility, wide spectral response from both the donor and accep

tor components and balanced charge carrier transport. Blend of variable band gap 

MEHPPV polymers as donors and cyano-PPV as acceptor forms an interesting 

system for studying energy transfer and charge transfer processes. This combina

tion of polymers also enable harvesting of large part of solar spectrum. Studies 

on variable bangap MEHPPV based ternary blend devices and the role of differ

ent interfaces in the optoelectronic transport process is carried out. The energy 

funneling from a blue absorbing polymer to a green absorbing polymer and sub

sequent cxciton dissociation at the donor-acceptor interface is shown to provide a 

viable route for photovoltaic devices having broad spectral response. In the blend 

films the contribution of different hetcrojunctions is identified and quantified using 

scanning photocurrent contrast microscopy. The fill-factor of the MEHPPV based 

devices reveal a general trend of value of 30% which is considered to be a direct 

outcome of low mobility prevailing in these materials. 

Factors affecting the fill-factor in solar cells are addressed and identified under 

bulk and contact limited regime. The bulk material properties are known to affect 

the fill-factor in two possible ways, namely, a strong field dependence of cxciton 

dissociation rate and unbalanced electron and hole mobility. An identifiable direct 

signature of these effects manifests in form of the shape of current density-voltage 

(JV) characteristics in the fourth quadrant. The strong field dependence of cxciton 

dissociation rate can give rise to the characteristic 'S'-shaped current-voltage char

acteristics. A probable limiting factor for efficiency and fill-factors of organic solar 

cells originates from the cathode-polymer interface. We utilize various forms of 

cathode layer such as Aluminium (Al), Calcium (Ca), oxidized Ca and low melting 

point alloys in model systems to emphasize this aspect in our studies. The current-

voltage response in the fourth quadrant indicates a general trend of convex shaped 

vii 



JV-charactcristics for illuminated devices with good cathode-polymer interfaces 

and linear or concave JV responses for inefficient cathode-polymer interfaces. 

Power conversion efficiency estimates in organic solar cells have been found to 

be dependent on device active area. The scaling of efficiency with different active 

area has been addressed by studying these devices as a function of electrode area 

and incident beam size. Sources of current from the external region cannot be 

merely attributed to the optical effects such as, scattering in the ITO/polymer 

interface due to surface roughness and optical waveguiding inside ITO and Glass. 

Additional processes also appear to be contributing such as, lateral diffusion of the 

carriers around the periphery. Spatially resolved local photocurrcnt measurements 

outside the overlap region are employed to find the extent of lateral diffusion length 

of these charge carriers. 
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CHAPTER 1 

INTRODUCTION 

1.1 Historical background 

Polymers are generally insulating materials and were known for the huge appli

cability of these in "plastics" which are widely used as substitutes for traditional 

materials like wood, ceramics and metals. Plastics were technologically less at

tractive until 1977, when Alan Heeger, Alan McDiarmid, H. Shirakawa invented a 

hugely potential form of material called "conducting polymers" [1]. The discovery 

fetched them the year's Noble prize in Chemistry in 2000, as well as opened up 

the gateway of fourth generation electronics called "organic polymer based elec

tronics" [2, 3]. As compared to the inorganic silicon based technology, this new 

technology is still in its adolescence. The performance of organic-based devices is 

certainly not comparable to that of the silicon technology, but it has its own unique 

set of characteristics to offer. Combination of semiconducting electronic property 

and mechanical aspects similar to plastics give it an edge over the inorganic silicon 

based technology where mechanical flexibility is difficult to achieve. 

A major breakthrough in the field of organic electronics is the 1986 report by 

C. W. Tang at Kodak of the first solar cell based on conjugated organic molecule 

[4]. This was followed by the phenomenal discovery of electroluminescent organic 

device made of multilayers of vacuum-deposited dye films in 1987 by Tang and 

Vanslyke [5]. Shortly thereafter Sir Richard Friend and his group in Cambridge 
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^ Chapter 1. 

discovered electroluminescence in a conjugated polymer system [6]. After almost 

10 years of the first report of organic solar cell, Heeger and his group discovered 

photovoltaic effect in an intermixed polymer network [7], thereby opening the path 

for the fabrication of organic solar cells. Polymer field effect transistors from small 

conjugated oligomers [8, 9, 10] was also a major breakthrough in this field. Since 

then a steady progress has been observed with prototype devices performing at 

par with their inorganic counterpart. Integrated transistor driven display was one 

of the early breakthroughs [11, 12, 13]. The solution processibility of these con

jugated polymer enabled their use in the form of polymer-blends as the active 

material in development of photodetectors [14], colour-sensors [15, 16], all-polymer 

integrated circuits [17], light emitting FETs [18], and radio-frequency identification 

circuitry [19]. With the recent noteworthy advancements like, spatially controlled 

light emitting ambipolar FET [20], an organic rectifier circuit working in MHz fre

quency range [21] and logic circuits based on flexible woven substrates [22], organic 

electronics has found its own niche in the development of semiconductor industry. 

Conjugated polymers as opposed to their insulating saturated counterpart have 

interesting electronic properties. 'Conjugated' meaning the alternative double 

{a+Tr) and single (a) bond in the backbone. The simplest conjugated polymer 

is polymerized form of acetylene (CH)x known as polyacetylene (PA). There are 

two conformational isomers of this polymer, viz. cis-PA and trans-PA. In trans-

PA single bonds result from the overlap between sp^-hybrids and double bonds 

comprise of an sp^ cr-bond and a 7r-bond (resulting from overlap of pz electrons of 

the neighbouring atoms in the direction normal to the x-y plane in which zig-zag 

polymer chain lies). Since 7r-electrons are easily available for conduction we may 

think that there is one valence electron per repeated CH-unit. This implies PA 

is a quasi one dimensional metal. Quasi ID metals tend to distort spontaneously 
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(structurally) [23] such that the spacing between the successive atoms along the 

chain is modulated and this distortion leads to a pairing of successive sites along the 

chain or dimerization. The dimerization opens up an energy gap at the Fermi sur

face, thereby lowering the energy of occupied states and stabilizing the distortion. 

The competition between the lowering of the electronic energy and the increase in 

elastic energy of the polymer (caused by distortion) leads to an equilibrium bond-

length modulation which is of the order of 0.003-0.004 nm in PA. Thus the lattice 

instability removes the high-density of states at the Fermi-surface and renders the 

system a semiconductor. 

Conjugated polymers can be divided into two classes, those with a non-degenerate 

ground state and a degenerate ground state. As shown in the Figure 1.2, the poly-

acetylene chain can be dimerized in two distinct patterns (A or B) both having the 

same energy. Hence the ground state is doubly-degenerate. Therefore structural 

defects that are interfaces between these two patterns may occur. Such a bond al

teration defect is called sohton. A soliton can be delocalized over the polymer chain. 

Most of the fluorescent, light emitting polymers (generally used in organic light 

emitting diodes (OLEDs)) contain phenyl rings and have non-degenerate ground 

state (C) (Figure 1.2). 

In order to increase the conductivity polymers can also be doped to generate ex

cess number of quasiparticles but in a completely different manner as compared to 

the conventional semiconductors. In conjugated polymers, doping implies a chem

ical redox reaction that involves partial addition or removal of electrons to/from 

the conjugated backbone. Typically there are three ways to dope a conventional 

conjugated polymer: (i) chemical doping, (ii) photogeneration and (iii) charge in

jection. Chemical doping is done with electron donors (e.g. Na) or acceptors (e.g. 

AsFa or I2). From photovoltaics point of view the optical doping is most relevant. 
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We shall discuss this in detail in the following section. 

1.2 Photogeneration of charge carriers 

Conjugated polymers have a band gap lying in the range of 1 eV to 3 eV. Photoex-

citation gives rise to formation of quasi particles called "exciton" which consists 

of electron-hole pair with some lattice deformation. The dielectric constant of the 

organic materials is lower {e^ ~ 3-4) compared to inorganic semiconductors {sr ~ 

12). The binding energy of the excitons in the organic materials are ~ 0.4 - 1 eV 

[24] (which corresponds to a coulomb radius of re ~ 1 nm) as compared to their 

inorganic counterpart where it is mostly Wannier-like with large coulomb radius 

(> 10 nm) and low binding energies ~ 10 meV. The weak intermolecular interac

tion in some conjugated polymer systems promote the generation of Frenkel type 

excitons with mostly singlet character (one up spin and one down spin, with net 

spin zero). However singlet excitons can give rise to triplet states with total spin 

one (both up or both down, with net spin one) by a non-radiative process called 

the inter-system crossing (ISC). The transition from triplet excited state to singlet 

ground state violates the rule of no change of electron spin during change of elec

tronic state and is therefore called a spin forbidden transition. This transition is 

prompted by spin-orbit coupling through the presence of doped heavy atoms in the 

polymer matrix. Triplet states are lower energy states and have longer lifetime. 

Dissociating triplet excitons into free electrons and holes can also provide a viable 

route to better PV-devices [25]. 
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X)"-
^8^,7 C,H„ 

poly(9,9-dioctylfIuorene-co-N-
(4-butylphenyl)cliphenylamine)(TFB) 

HOMO : 5.33 eV poly(9,9-dioctylfluoene-co-bis-N,N-(4-butylphenyl) 
-bis-N,N-phenyl-1,4-phenylenecliamine) (PFB) 

HOMO: 5.09 eV 

^8*^17 

poly(3-hexylthiophene) (P3HT) 

HOMO : 4.9 eV, LUMO : 2.7 eV 

poly(9,9-dioctylfluorene-co-
benzothiadiazole) (F8BT) 

HOMO : 5.89 eV, LUMO : 3.3 eV 

MeO 

— O 

poly(2-methoxy-5-(2'-ethylhexyloxy) 
-1,4phenylenevinylene (MEHPPV) 

HOMO : 5 eV, LUMO : 2.8 eV 

Poly[2-methoxy-5-(3',7'-
dimethyloctyloxy)-phenelynen]vinylene 
(OC,C,o-PPV or MDMOPPV) 

Cyano-PPV (CNPPV) 

HOMO : 5.4 eV, LUMO : 3.2 eV 

OCHj 

6,6-phenyl-C5,-butyricacid 
methyl ester (PCBM) 

HOMO : 6.1 eV, LUMO : 3.7 eV 

Figure 1.1: List of important donor (MEHPPV, P3HT, PFB, TFB, MDMO-PPV) 
and acceptor (CNPPV, PCBM, F8BT) kind of polymers with their highest occu
pied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 
levels. 
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Figure 1.2: Schematic representation of degenerate and non-degenerate ground 
state in conjugated polymers. 
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Figure 1.3: Two types of heterojunctions are shown. In Type 1 heterojunction 
energy transfer is seen [26] and in Type 2 heterojunction either energy transfer or 
charge transfer can take place depending upon the relative energy of intra-chain 
and inter-chain excitons [27]. 
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1.2.1 Exciton dissociation in blends of polymers 

In order to get current from the device the photogenerated excitons have to be 

dissociated into free charge carriers. The only way to raise the yield of photoion-

ization is by doping with electron acceptors or donors. The close intermixing of 

donor-accptor (D-A) kind of polymers gives rise to the heterojunction in molecular 

level. Heteroj uctions can be of two different types depending on the relative po

sition of the HOMO and LUMO levels (Figure 1.3). (i) In type 1 heteroj unction 

the bandgap of acceptor is nested within the bandgap of the donor polymer (strad

dling gap). In these systems, excitons from the high band gap polymer (donor) can 

be non-radiatively transferred to the low band gap polymer (acceptor) by dipole-

dipole coupling provided there is a good overlap between the absorption spectrum 

of donor and photoluminescence spectrum of the acceptor [26]. (ii) In type 2 het-

erojunction both the ionization potential (IP) and the electron affinity (EA) of 

the donor is higher than that of the acceptor (staggered gap). These kind of het-

erojunctions are the prerequisite for efficient exciton break-up by charge transfer 

reaction at the interface. The condition for efficient charge transfer is {Eg'^°'^°'^-Eex) 

> (IPdonor-EAacceptor), whcre Eex is the binding energy of the exciton [28]. 

However in few cases energy transfer is a favourable process in type 2 heteroj unc

tions consequently, the device show low photocurrent yield and high luminescence 

quantum yield leading to very efficient OLEDs [29]. The energy or charge transfer 

takes place depending on the relative energies of the intra A-chain and intra D-

chain exciton and interchain or charge-transfer (CT) exciton (coulombically bound 

e-h pair with electron in the acceptor chain and hole in the donor chain). This 

was demonstrated for MEHPPV-CNPPV and DMOSPPV-CNPPV interfaces [27]. 

In the DMOSPPV-CNPPV interface the lowest energy state is the intra-CNPPV 
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exciton (Figure 1.3). Hence the exciton prefers to be transferred completely in the 

CNPPV chain (energy transfer). In the MEHPPV-CNPPV interface the lowest en

ergy state is the CT-excitonic state. Hence this interface facilitates charge transfer. 

The CT-exciton in type 2 heterojunction is bound by strong coulomb interaction. 

Its dissociation requires additional energy. 

The fate of a bound CT-state is either to decay to ground state by radia-

tive/noradiative recombination channel or to escape the mutual Coulombic poten

tial by electric field (F) and temperature (T) activated diffusion process. The first 

ever theory to calculate the probability that two oppositely charged carriers are 

separated by an external electric field as a function of initial separation TQ and 

orientation of the field 9, was given by L. Onsager [30, 31]. Onsager calculated 

the probability of escaping recombination of a coulombically bound e-h pair with 

initial separation distance ro which undergo a Brownian random walk under the 

combined influence of their mutual coulomb attraction and external electric field. 

The dissociation probability is given by (Equation 1.1). 

°° Am jDm+n 

^—^ m! (m -V n)\ 
m , n = 0 *• ' 

where A = 2p/ro, B = (3ro{l + cos 6), p = e^/STreeokBT, (3 = eF/2kBT, F is the 

electric field and ICB is the Boltzmann constant. Here 6 represents the orientation 

of applied field F, with respect to the radius vector r between e-h pair. Defining 

g{r,d) as the distribution of initial separation distance of the thermalized geminate 

carriers, the quantum efficiency of charge carrier generation is derived as 

r} = <PoJ P(ro, e, T, F)g{ro,e)dh (1.2) 

where 0o is the yield of thermaUzed pairs per absorbed photon. This theory 
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considered only thermalized carriers and does not incorporate any carrier dynamics 

during thermalization. 

Braun [32] extended Onsager's theory by pointing out that electron-hole (e-h) 

pair has a finite lifetime determined by its phonon-assisted non-radiative decay 

rate k( to the ground state. It implies that an initially optically excited ionized 

state \A~D'^) has many chances for ultimate dissociation before it relaxes (Figure 

1.4). The e-h pair can separate into free carriers with electric field dependent rate 

constant A;diss(F). In Braun's model, the probability that a bound polaron pair 

dissociates into free electron and hole is given by Equation 1.3, 

P ( r ,F , r ) = / f ; ( ^ ^ (1.3) 

The dissociation rate k^iss depends on carrier mobility. As a result dissocia

tion efficiency also depends on charge carrier mobility. A hugely successful donor-

acceptor system is a PPV-type donor blended with fullerene (Ceo) or a soluble 

derivative of it, such as (6,6)-phenyl-C6i-butyric acid methyl ester (PCBM). Charge 

transfer reaction takes place in this blend within 45 fs timescale [33]. This ultrafast 

charge transfer makes this system suitable as active layer material for photovoltaics. 

High photocurrent density (~ 10 mA/cm^) achieved from these systems proves that 

the majority of the photogenerated charge carriers escape recombination and get 

collected in the electrodes facilitated by the built-in electric field. Using Braun's for

malism, the observed high quantum efficiency (~ 60 %) was modeled by Mihailetchi 

et. al. [34]. Experimentally observed electric field dependence of photocurrent was 

modeled based on broad distribution of e-h pair distances centered at 1.3 nm and 

using l/k( ~ 1 ^s . The probability factor given by Equation 1,3 was integrated 

over the distribution of separation distance to achieve the total probability. 
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Figure 1.4: Schematic representation of carrier photogeneration process as de
scribed by Onsager model [31] and later modified by Braun [32]. The carrier after 
bimolecular recombination is not essentially lost but it can form an intermediate 
bound polaron pair which can act as a precursor for free charge carrier generation. 
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Figure 1.5: Above scheme summarizes the fate of an exciton at the interface. 
Photogenerated exciton gets dissociated and form geminate polaron pair with rate 
constant fcct- This geminate pair can either relax into a lower energy luminescent 
state, called exciplex (A;j.ei) or can dissociate (Arjiss). The exciplex state then can 
either decay to ground state (fcex) or it can back transfer to a bulk exciton in the 
donor or acceptor chain (fcbt)- The energy difference between F8BT exciton and 
TFB/F8BT exciplex state is 0.12 eV, PFB/F8BT exciplex is 0.25 eV [29, 35]. The 
exciplex formed between PFB/F8, backtransfers as bulk exciton in PFB chain [36]. 
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oo 

P(T, F) = Nf j P{x, T, F)f{x)dx (1.4) 

0 

where f{x) — x^e'"^^^""^ is the distribution function of donor-acceptor separa

tion and Nf = A/'n^/'^s? is the normahzation factor. The electron mobihty and 

hole mobility was in the range of /Ue = 2.0 x 10"'' m^/Vs and /Uh = 1.4 x 10~* 

m^/Vs. Both Onsager and Braun's theory however disregard any temperature or 

field activated process to regenerate bulk excitons from geminate e-h polaron pair 

at the donor-acceptor interface. 

This phenomenon was demonstrated by Morteani et. al. in blends of poly (9,9-

dioctylfluorene-co-benzothiadiazole) (F8BT) with poly(9,9-dioctylfluorene-co-bis-

N,N-(4-butylphenyl)diphenylamine) (PFB) and F8BT with poly(9,9-dioctymuorene-

co-N-(4-butylphenyl)diphenylamine) (TFB). These two blend systems revealed quite 

different characteristics. In PFB:F8BT blends, the heterojunction is efficient for 

high charge separation yields (4 % photocurrent external quantum efficiency) and 

low electroluminescence (EL) efficiencies (< 0.64 Im/W), whereas TFB:F8BT sys

tems display low photocurrents but very high EL efficiencies [29, 37, 38]. These 

observations prompted the proposition of formation of an intermediate excitonic 

species termed as 'exciplex' in these blend systems [29, 39, 40]. Exciplexes posses 

both intramolecular excitonic character as well as intermolecular charge-transfer 

character and have lower energy than the charge transfer state. The long radiative 

decay times of these species promotes the endothermic transfer to bulk exciton 

[35, 36]. In photovoltaic device, this endothermic energy transfer (exciplex -^ ex

citon) 'regenerates' the bulk exciton and provides one of the lossy pathway. Upon 

optical excitations there can be three kind of photogenerated species existing in 

the interface: (i) "primary" excitons generated in the bulk by optical excitation. 
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(ii) exciplexes, generated from the bulk exciton, (iii) "secondary" excitons, gener

ated via endothermic back transfer from the exciplexes. Each of these excitations 

contribute to the zero-field PL. Geminate e-h pair thus can either dissociate into 

free charge carriers with rate constant kjiss or it can relax into luminescent exciplex 

state with rate constant fcrei- The ratio fcdiss/^rei is strongly field dependent and 

determines the degree of luminescence quenching (Figure 1.5). 

Free charge carrier generation yield is therefore hugely dependent on these 

branching ratios and interfaces between polymers also play crucial role. The sep

aration probability strongly depends on mobility numbers of the individual donor 

and acceptor components. Separated hole polaron (hereafter referred to as hole) 

and electron polaron (hereafter referred to as electrons) transport through the poly

mer chains is markedly different from the conventional band-transport that exist 

in crystalline semiconductors. A semiconducting polymer chain is always associ

ated with structural defects likes kinks and twists which give rise to variation in 

conjugation length and interaction energies. This give rise to energetic spread in 

the transport sites. In the following section we shall give a brief overview of the 

charge carrier transport in organic materials. 

1.3 Transport of charge carriers 

Transport in conjugated polymer is largely akin to the disordered or amorphous 

material due to their aperiodic crystal structure. Unlike well defined band struc

ture of crystalline solids, localized energy states are likely to appear within bandgap 

of disordered systems. As a consequence, the transport occurs via "hopping" be

tween energetically accessible sites. "Hopping" essentially means "phonon assisted 

quantum mechanical tunneling". Charge carriers hop between the states either by 
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absorbing or by emitting phonons which dictate the upward or downward jump 

respectively in the energy landscape. A carrier may either hop a small distance 

with high activation energy (energetic distance between the sites) or hop over a 

long distance with low activation energy. With lowering temperature, the phonon 

gets frozen, minimizing the probability of a carrier to hop to a higher energetic 

nearest neighbour. At this stage, carriers tend to hop to a larger distance rather 

than to the nearest neighbour. This process is called the "variable range hopping 

mechanism". The temperature dependence of carrier transport strongly depends 

on the density of the localized states. Mott dealt with the hopping transport in 

a constant density of states (DOS) where he considered the hopping over large 

distance and hopping to high energies as equally important [41]. In such a system, 

the temperature dependence of conductivity a is given by, 

a = ao(T) exp [-(ro/T)TTd] (1.5) 

where d is the dimensionality of the system and TQ̂ '̂  = c/kBN{EF)L^ with c is 

the proportionality constant, ks is the Boltzmann constant, N ( E F ) is the density 

of states at the Fermi level and L is the localization length. Later Miller and 

Abraham proposed a hopping model [42]. The hopping rate from occupied site ^ to 

unoccupied localized state j depends on the height of the energetic barrier (sj — Sj) 

and the distance Vij (Equation 1.6): 

Vij = foexp (-270^^ 1 X < (1.6) 

1 for Ej < Ei 

The frequency pre-factor VQ is called the attempt-to-hop frequency, r-^ is the 
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jump distance between site i and j (normalized to the intersite distance a). 2'ya 

controls the electronic coupling among the hopping sites through exchange interac

tion. Adequate attempts have been made to obtain the conductivity in disordered 

materials considering different DOS. The shape of the DOS is important for the 

description of the charge transport because it reflects the disorder of the sample. 

In case of organic semiconductors, the shape is often assumed to be a Gaussian. 

Before discussing the theoretical approaches to explain the experimental observa

tions, we shall briefly review the experimental techniques to study the transport 

properties in organic soUds. The most important experimental parameter to de

scribe the transport is the charge carrier mobility and its dependence on electric 

field and temperature. Among several other techniques to measure charge carrier 

mobility, time-of-flight technique stands out to be the most primitive one. 

1.3.1 Time of flight (TOF) technique 

The most useful way to extract mobility from photocurrent transients was time 

of flight (TOF) method. In TOF method, a thick film (thickness d ~ few //m)of 

amorphous organic material, sandwiched between two electrodes, one of them es

sentially a blocking contact, is illuminated by a short pulse of laser light which 

generates a sheet of charge carriers (in order to ensure surface photogeneration, ad 

should be » 1, where a is the absorption coefficient) that traverses through the 

sample thickness d under the external applied voltage (V) and gets collected in 

the counter electrode. The resultant photocurrent transient give rise to the current 

spike, immediately after the onset of the light pulse, followed by a constant cur

rent region or so called 'plateau' region, then a 'shoulder' region and finally a long 

decaying 'tail'. The 'shoulder' or the onset of the tail region gives the estimate of 
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the carrier traversal time Ui. The mobihty // [cm^/Vs] is given by Equation 1.7, 

ttr - (f/ixV (1.7) 

The 'plateau' is the signature of the constant drift velocity of the carrier packet 

and under this condition the transport is considered to be nondispersive. Con

versely if the drift velocity of a sheet of carriers started at i = 0 at the front 

electrode decreases as the packet traverses the sample, a plateau is not observed 

and the transients become featureless and the transport is called dispersive. Hence 

the mean arrival time of carriers becomes an ill-defined quantity and difficult to 

extract from the transient curves. 

In order to extract the carrier transit time in case of dispersive transport it 

is imperative to plot the photocurrent transient in log-log scale as proposed by 

Scher and Montroll in the theory developed for amorphous inorganic materials 

[43]. Plotting the time dependence of current in a double logarithmic scale reveals 

plots intersecting at t = ttr, 

I{t) ~ const X r(^~"^ for tlUr < 1 

~ const X r(^+°' for t/Ur » 1 

with 0 < a < 1 is the dispersion parameter. The slopes of these two portions 

add up to give a value = -2. The photocurrent transients when plotted in a log-log 

scale also reveal an interesting 'shape invariance' to the electric field and sample 

thickness. For different applied field and temperature the plots of \n[i{t)/i{ttr)] Vs 

t/tfr superpose on each other. This invariance of the shape of the photocurrent 

transients was designated as 'universahty' by Scher and Montroll [43]. This univer-
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sal current trace was first quantitatively demonstrated by Scharfe et. al. [44, 45] by 

their study on amorphous arsenic triselenide. One more important aspect of their 

study was the revelation that the plot of l/Ur Vs F/L {L is the sample thickness) 

yields a straight line with slope ~ 2, i.e, t̂r~^ oc i^/^Y- Hence the mobility as 

derived from Equation 1.7 becomes proportional to [F/L). Dependence of carrier 

drift mobility on sample thickness is the most unusual thing and was ascribed as 

'anomalous transport properties' which could not be explained by traditional con

cept of statistical spreading of a propagating Gaussian carrier packet. Scher and 

Montroll developed a transport model for I{t) which describes the dynamics of a 

carrier packet executing a time-dependent random walk in presence of an external 

field and an absorbing boundary. The time dependence of the random walk was 

governed by hopping time distribution ip{t). The dispersion of the hopping time 

distribution was proposed to be a inverse power law (Equation 1.8) 

^(i) ~ const X r(^+"\ 0 < « < 1 (1.8) 

This assumption originated from the fact that in an amorphous material there 

is large dispersion in the separation distance between the hopping sites or the so 

called 'positional disorder' of the hopping sites. Hence the waiting time between two 

successive hops has broad distribution given by Equation 1.8. As a consequence, 

mean carrier of the propagating packet moves with a velocity which decreases with 

time as it gets separated from the peak which remains fixed at the point of origin 

(crx/(0 ~ t~^ "̂'""\ where, (/) — (x) is the mean particle displacement and CTX^ = 

{{x — {x)Y) is the variance). This is contrary to the Gaussian transport where, the 

peak of the Gaussian packet and the mean carrier packet are located in the same 

position and move with same velocity {cr:^/{l) = const.). 
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1.3.2 Gaussian disorder model (GDM) 

Amorphous inorganic materials has many commonahty with the disordered poly

meric materials. Therefore Scher and Montroll method, when applied to disordered 

polymeric systems could successfully explain many of the transport features albeit 

few drawbacks. It does not take into account the fluctuations in the site energy 

or the 'energetic disorder' and fails to explain the temperature dependence of the 

dispersive nature of the transients as has been observed experimentally in many 

disordered solids. Furthermore, for several systems, deviation from universality 

were observed depending on the temperature [46, 47]. The tail broadening pa

rameter W (Equation 1.9) of the TOF signals which is the measure of the degree 

of dispersion also revealed interesting properties at different temperature. W is 

defined as, 

^^i_ti/lZlA (1.9) 
h/2 

where ii/2 is the time for the transient to decay to one-half of its plateau value 

and 0̂ is time defined by the intersection of the asymptotes of the plateau and 

trailing edge of the transient. The thickness dependence of W at constant field often 

revealed controversial behavior. For N,N'-diphnyl-N,N'-bis(3-methylphenyl)-(l,l'-

biphenyl)-4,4'-diamine (TPD) doped polycarbonate, Yuh and Stolka [48] showed 

that W scales approximately as L"^/^ (18 ^ L ^ 70 /xm), while the measurements 

on p-diethylaminobenzaldehyde diphenylhydrazone (DEH) doped polystyrene by 

Schein et. al. [49] revealed L independence {W w 0.4, for 3 ^ I < 40 /um). 

Borsenberger et. al. [50] related the dispersion W oi a nondispersive TOF signal 

to the energetic disorder parameter {o^lkB T) of the sample and showed that the 

functional dependence of Ŵ  on L undergoes a characteristic change from a W 
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oc L~^/^ (at lower value of o^/k-QT) to W = constant (at large value of enegetic 

disorder, a^/kBT > 4). Experimentally the constant behavior was observed at 

180 K, while at 298 K the behavior changed to inverse square root dependence. 

It prompted the prediction that the scaling behavior stems out as an inherent 

property of transport processes involving Gaussian-type energetic disorder and is 

not bound to the observation of what was conventionally referred to as dispersive 

transport, although both the phenomena have the same physical origin. 

In order to explain the observed temperature behavior Bassler [51, 52] pro

posed a model for charge transport using the distribution of locaHzed states as 

Gaussian (Figure 1.6). The energy of hopping sites was derived from the Gaussian 

distribution with standard deviation CTE (Equation 1.10). 

p(e) = ( 2 7 r a | ) - i / 2 e x p ( - ^ ) (1.10) 

The degree of energetic disorder is specified by as (= {(s — (ff))^)^^^) and is 

termed as diagonal disorder. Experimental values of CTE are in the range of 70-150 

meV {a^/k-QT ~ 3-6 at room temperature). The hopping rate between sites i and 

i is given by Equation 1.6. 

In order to introduce off-diagonal disorder (exchange interaction among the two 

sites to fluctuate in a random manner), the wave function overlap parameter 27a 

in Equation 1.6 was expressed by the sum of two site-specific contributions, 27a = 

Tij = Tj -h Fj, each varying randomly according to a Gaussian probability density 

of standard deviation 5T. The variance of Fjj (E = \/25F) is called the off-diagonal 

disorder. The relaxation of the carrier, generated randomly within an 
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empty Gaussian density of states (DOS) was simulated using Monte-Carlo al

gorithm and it was revealed that the carrier tends to relax towards the tail states. 

The probability density of occupied states (ODOS) is also a Gaussian with its cen

tre displaced by an energy a'^^/k-^T relative to the center of the DOS and located 

at {{SQO) — —a^/ksT). These carriers require energy to participate in the transport 

in the so called "transport energy" [56, 57] level located at -(5/9)cr|/A;B T. This give 

rise to the following temperature dependence (Equation 1.11): 

H{T) = Ho exp 
2(7E 

dkTiT 
(1.11) 

Application of electric field will tilt the DOS. This leads to lowering of activation 

energy for charge transport, hence an increase in mobility. The predicted field and 

temperature dependence at intermediate field regime was found to be, 

/ / ( r , F) = fj.0 exp 
2(7E 

3knT X exp[Co(4 - S')\ /^] (1.12) 

Co is a numerical constant. At very high fields the mobility value tends to 

saturate. 

It was demonstrated by Pai [58] that at high electric field F, the mobility of 

photoinjected holes in poly(N-vinylcarbazole) (PVK), can be described by a Poole-

Frenkel like behaviour (Equation 1.13) [59], 

MF) = / ioexp(-^^)exp(7\ /F) (1.13) 

where /̂ o is the temperature independent zero-field mobility, A is the activation 

energy, ks is the Boltzmann's constant and T is the temperature. The first term 

on the RHS essentially is an Arrhenius-type behavior. Gill in 1972 [60] proposed 
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an empirical law for the temperature dependence of the coefficient 7, 

For PVK, it was found that B w 2.7 x 10"^ eV(V/m)-^/2 ^^d To « 520-660 K. 

Gill selected this functional form to account for the fact that ln//(F, T) Vs (l/T) 

plots intersect at a finite temperature TQ. Above equation suggests that at T > 

To the field dependence of mobility becomes negative. 

The GDM model could satisfactorily reproduce these earlier results. The impli

cations of Equation 1.12 are: (i) A non-Arrhenius type behavior with In 1/T^ which 

seems more realistic considering the fact that Arrhenius-type behavior notoriously 

overestimates yuo values (obtained in the limit T -^ 00 in an Arrhenius plot) « 

10 cm^/Vs. Equation 1.12 however gives rise to an estimate of 10~'̂ -10~'' cm^/Vs. 

(n) In̂ u a y/F, in accordance to the Poole-Frenkel law, albeit for different reasons. 

The slope of the curve S = (-^^ j oc — ̂ . Below a certain value of CTE (or above a 

certain temperature T), the slope changes sign. Provided the width of the DOS is 

temperature independent, the characteristic temperature is equivalent to the Gill 

temperature. 

The disorder concept relies on the assumption that the charge carrier transport 

takes place in a completely empty DOS. However, if the bottom states are already 

filled then that will change the ODOS. Intuitively, the activation energy of the 

charge carriers to reach the transport energy level will decrease as a result of a 

raised quasi-Fermi level due to high carrier density. This case is realized in a 

field effect transistor where the lower states are filled due to gate bias induced 

accumulation of charges in the channel region. The strong dependence of carrier 

mobility on the charge carrier density is the origin of the large difference (almost 
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3 orders of magnitude) between carrier mobilities reported for FETs and PLEDs 

[61, 62]. It was demonstrated that hole mobility is constant for carrier densities 

< 10̂ ^ cm~'̂  and increases with a power law for densities > 10̂ ^ cm~^. However 

there is a counteracting effect induced by extra charges which will cause potential 

fluctuations and contribute to the energetic disorder parameter. The energetic 

disorder parameter can be reduced by appropriate processing conditions [63, 64]. 

The high carrier concentration is therefore an important issue that dictates the 

charge carrier mobility. It also triggers the second order recombination mechanism 

in the polymer layer which proceeds at a rate determined by dn/dt = -/3n ,̂ where 

n is the concentration of both positive and negative carriers and /? is the bulk 

recombination coefficient. According to Langevin theory [65, 66, 67] for diffusion-

controlled recombination mechanism, (3 has the following form: 

(3, = '-^^^^±J^ (1.15) 
EoEr 

It is to be noted that with increasing mobility the recombination rate also increases. 

The validity of Langevin theory relies on the assumption that mean free path of 

the charge carriers are smaller than the coulomb radius re (= e^/AireoerkT) over 

which the attractive coulomb potential of electron-hole pair extends and charge 

carrier recombination takes place. This theory applies well in case of organic semi

conductors where carrier mobilities are less than 1 cm^/Vs and re is relatively large 

[68]. For large charge carrier generation with intense photoexcitation, a situation 

may also arise when the total photogenerated charge becomes equal to or exceeds 

the capacitive charge that can be stored in the electrodes. Under this situation 

the current becomes space charge limited. The occurrence of space-charge limited 

phenomenon and the onset of bimolecular recombination are interrelated. In the 
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following section we shall briefly discuss about the signatures and implications of 

space charge limited behaviour in the TOF current transients. 

1.3.3 Space-charge limited TOF current transients 

Depending upon the light intensity used in TOF technique, the resultant current 

transients can be classified into three main categories: (i) Qo ^ CVQ, where 

Qo is the total photogenerated charge, CVQ is the capacitor charge stored in the 

electrode and C is the geometrical capacitance of the sample (C = Aeso/d, A 

is the contact area, d is the sample thickness), (ii) Qo = CVQ and (iii) Qo '> 

CVQ, this particular case is called the space charge hmited current regime and 

the transient trace develops a characteristics 'cusp', identified by an initial spike 

followed by an increasing part which reaches a maximum and then a long decaying 

tail (Figure 3.13). The maximum point represents the time (icusp) at which the 

first transported carriers reach the opposite electrode. This characteristic time is 

lesser than the conventional non-SCL TOF transient time ttr given by Equation 1.7 

(̂ cusp ^ 0.789 X ttr), due to the fact that the region of space charge accumulation 

(the so called 'charge carrier reservoir') has penetrated into the bulk of the film 

[69, 70]. The presence of space charge perturbs the external field (for a sandwich 

configuration ITO/polymer/Au, the +ve bias is applied to ITO, through which 

the device is illuminated) and almost screens the effect of it inside the reservoir. 

Only a charge that is approximately equal to CVQ can drift through the sample 

and the current becomes space charge limited ( JSCL = 9/^eeofxVQ/d^) whereas the 

excess charge remains in the reservoir and recombines away. It has been shown 

by Juska et. al. that when ad ^ \ and the recombination is "Langevin type 

bimolecular charge carrier recombination", then the extracted charge (obtained by 
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/•oo 

integrating the current transient Q = j{t)dt) saturates to CVQ in the SCLC 
Jo 

TOF regime [71]. In low intensities of illumination when Qo <C CVQ, the extracted 

charge varies linearly with intensity. Hence the saturation behaviour observed 

in the extracted charge carrier profile as a function of illumination intensity is a 

direct consequence of Langevin type bimolecular recombination. The bimolecular 

recombination is the most dominant recombination mechanism that is followed in 

organic semiconductors. It has been demonstrated for BHJ-solar cell device made 

from regio-regular P3HT-PCBM blend [d ~ 0.7 fim) [72] and for regio-random 

P3HT polymer samples, the bimolecular recombination coefficient was estimated 

to be /3 ~ 4 X 10-12 ^^3/^ [73] 

Recently in a study on spirobifluorene sandwiched between two electrodes along 

with an additional charge generation layer, occurrence of a 'cusp' has been observed 

at higher temperature [74, 75]. Origin of which can not be attributed to intensity 

dependent space charge effect. It was argued that the charge carriers generated 

randomly in a Gaussian DOS tends to relax to the energy state eoo and tries to 

occupy transport sites distributed around the equilibrium energy £00 in a Gaussian 

shape. This distribution of occupied sites is called "occupied density of states" 

(ODOS). This relaxation causes a displacement current. If the relaxation time is 

shorter than the transit time, the current profile settles to a 'plateau', otherwise it 

becomes dispersive [76]. In presence of a charge generation layer, the charges can 

be injected near the £00 into the DOS and the current will immediately settle to 

a 'plateau'. With increasing temperature, the ODOS shifts towards the center of 

the DOS and the injection takes place near the tail states of ODOS. These carriers 

have to move towards the center of the ODOS, as a result of which the current 

increases and a 'cusp' emerges at higher temperatures. 

In TOF technique, the film thickness is required to be high (~ /xm). As the 



1.3 Transport of charge carriers 25 

thickness is lowered the current trace becomes dispersive. The thickness dependent 

transport features therefore makes 'mobihty' an ill-defined quantity. The concept 

of a single unique mobihty value does not seem to be sufficient. Different transport 

channels characterized by distinct mobility values contributes to the photocurrent. 

Hence, mobility values follows a wide spectrum and can be characterized by a 

'spatial distribution function' as proposed by Tessler et.al. [55, 77]. 

1.3.4 Distribution of mobility in thin films 

The observation of dispersive nature of current transient in thin samples (typically 

below 1000 nm) was attributed to the inhomogeneous distribution of carrier prop

erties across the thin film. The thin film can be considered to have many parallel 

pathways, each having a distinct time independent mobility value. A thin film of 

polymer sample (~ 300 nm), sandwiched between two contacts (one of them is 

essentially a blocking contact), when illuminated by a square shaped light pulse 

(as opposed to a (5-function shaped short duration laser pulse, used in TOF) tech

nique, displays a slowly rising photocurrent transient which eventually saturates 

to a 'plateau' (Figure 1.7). The varying slope of the rising part was explained as 

a consequence of spatial distribution of mobility values. The single mobility value 

would have resulted in a constant slope for the rising part and the second derivative 

with respect to time would have resulted in a spike at a point where the photocur

rent levels off. This characteristic time is inversely proportional to the mobility and 

can give rise to an unique mobility value. Conversely each parallel pathway, having 

a distinct mobility value, reaches steady state at different point of time and once it 

reaches the steady state it stops contributing to the rise in current. This give rise 

to the monotonically decreasing slope in the rising part of the photocurrent. 
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To summarize, the low mobiUty factor (~ 10~^ cm^/Vs) prevaiUng in organic 

macromolecular systems dictates the device performance to a great extent. Be

sides the lack of a well defined mobility in conjugated polymer based devices, the 

supramolecular packing has huge effect on the carrier transport property. Mobility 

is highly anisotropic due to the chain packing in the bulk of the polymer active 

layer. Another challenge in this field is the realization of ambipolar operation be

cause two difficult problems must be solved simultaneously: i) the density of both 

n and p-type traps should be minimized at organic/dielectric interfaces and ii) an 

effective injection of both n- and p-type carriers from contacts into the organic 

semiconductor must be realized. The number of organic materials in which the 

ambipolar operation has been demonstrated is also limited. Conjugated polymers 

demonstrate only p-type operation, presumably because of a high density of n-type 

traps in these devices. In the following section a brief overview of the device aspect 

has been elucidated. 

1.4 Optoelectronic device perspective 

In addition to the huge importance of organic polymers in their novel photophysical 

properties, these materials are interesting for potential technological applications. 

Despite several limitations, polymer based electronic devices have shown tremen

dous promise due to it's easily tractable chemical and physical properties. Three 

kinds of devices that has shown huge promise within the premise of plastic based 

technology has been discussed below. Characterization of devices also enable the 

extraction of mobility values. 
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1.4.1 Polymer field effect transistor (PFET) 

Field-effect transistor works as a switch depending upon the conductivity of the 

channel region which can be modulated using gate bias. The architecture of a con

ventional OFET differs from that of a metal-insulator-semiconductor FET (MIS-

FET) structure. In top contact geometry the source and drain electrodes are de

posited onto the polymer layer, whereas in the bottom contact geometry polymer 

is coated onto the pre-coated source and drain electrode. There are two major 

differences in terms of operation of these devices, (i) OFET is operated in the 

accumulation mode due to the absence of the inversion layer and (ii) OFETs can 

be ambipolar unlike inorganic unipolar device. One of the major issue with OFETs 

is the low field-effect mobility. The highest mobilities are of the order of 1 cm^/Vs. 

Field effect mobilities can be estimated from the slope of transfer characteristics 

curves. It is to be noted that the mobility obtained from an FET is not a bulk 

material property and it essentially gives the operational value, /XFET depends on 

the morphology and property of the organic-dielectric layer. 

1.4.2 Organic light emitting diode (OLED) 

A notable difference between organic and inorganic LEDs is that, in case of or

ganic LEDs charge carriers are directly injected into the polymer from the metal 

electrodes, while in inorganic case charge carriers arises from the dopants. In an 

OLED, the active polymer layer (typically 100 nm thick) is sandwiched between 

two injecting electrodes, one being a transparent electrode (indium tin oxide, ITO) 

and the other is a reflective low work function metal cathode (Ca, Al, Ag). The 

light emission from the device is followed as a result of carrier injection, transport 

of charge carriers and recombination of the injected electrons and holes. Since all 
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organic polymers are intrinsically p-type meaning, the hole mobility is higher than 

the electron mobility, the recombination usually takes place near the cathode. Ex-

citon formation near the cathode gives rise to quenching of exciton by nonradiative 

recombination. As a consequence, the lifetimes and efficiencies of a single layered 

OLED is always limited. The theoretical limit to the quantum efficiency of an LED 

is 25% based on the singlet to triplet ratio. However doping with heavy metal ions 

like platinum has been useful to push the limit to 63% [78]. 

In OLEDs with ohmic electrodes the current density-voltage (J-V) character

istics often follow the space-charge behaviour. When the contacts inject charge 

carriers at a rate which exceeds the transport rate, charge carrier accumulation 

takes place. This gives rise to the modification of the field inside the device and 

reduces the electric field near the injecting contact to zero. This condition is met 

when the excess charges are of the order of the capacitor charge stored in the 

electrodes. Space-charge limited current is given by Equation 1.16 

9 V^ 
J=-fl£0£rJJ (1.16) 

This is the famous Mott-Gurney law showing nonlinear JV relation where, L 

is the device thickness. The measurement of JF-characteristics allows one to find 

out carrier mobility. But one has to take care that the square root dependence 

of current on the voltage is not accidental. In order to ensure that the thickness 

scaling should also be verified. The SCL-formalism has been successfully utilized 

for conjugated polymers to extract mobility [79, 80]. 

Another possibility to obtain the mobility from SCL-current is by applying a 

transient voltage pulse instead of the steady-state conditions (dark injection DI-

SCLC) [81]. The measured transient displays a 'cusp', signature of the occurrence of 
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space-charge, followed by a constant 'plateau' region (corresponding to the constant 

portion of the voltage pulse). The charge carriers are extracted using the negative 

part of the pulse [82] (Figure 3.13). 

1.4.3 Photodetectors and solar cell 

The first solar cell based on inorganic p-n junction was discovered in 1953 by Bell 

lab scientists Gerald Pearson, Calvin Fuller and Daryl Chapin. The invention of 

the flexible version of solar cell made from organic molecules is considered to be one 

of the major leap forward towards renewable energy source. The combination of 

semiconducting electronic property and mechanical aspects similar to conventional 

plastics provides a viable alternative for new generation solar cells which has gained 

a huge attention to meet the global energy demand. The ease of fabrication has 

made this field technologically viable since the cost of production is very low and 

the energy payback time in case of organic solar cells is ~ 4-5 months as compared 

to inorganic solar cells (where it takes 4-10 years to win back the watts). The low 

cost processing makes this area technologically attractive where a prototype device 

of 10% PCE is believed to be the holy-grail. 

Significant photoresponse of the semiconducting polymers has been utilized in 

fabricating high-sensitive photodiodes and high efficiency solar cells. The basic 

differences between photodetectors and solar cells are (i) in case of photodetectors, 

charge generation takes place under reverse bias condition, whereas in case of solar 

cells photoinduced voltage is developed under open circuit condition, (ii) in current 

voltage characteristics the photodetectors show a minimum current at zero voltage, 

in solar cell the minimum gets shifted along the voltage axis depending on the 

photovoltage developed. 
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Polymer TiO, 

Figure 1.8: Polymer solar cell heterojunctions. The bilayer junction limits the 
device thickness to ensure that all the excitons reach the heterojunction. Bulk-
heterojunction however relaxes this constraint and every generated excitons finds 
a heterojunction within the diffusion length. An ordered heterojunction is an ideal 
case where D-A regions are separated by 10 nm (exciton diffusion length). 
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Figure 1.9: Efficiencies of various BHJ devices over time. D-A composites of 
PPV:PCBM [83, 84, 85], polymer:polymer [86, 87, 88, 89], polymer:CdSe, poly-
mer:oxide [90, 91, 92], low bandgap polymer:PCBM [93, 94]and P3HT:PCBM 
[95, 96, 97, 98, 99, 100] has been shown. University of California, Santa Barbara 
(UCSB); University of California, Santa Cruz (UCSC); University of Cahfornia, 
Berkeley (UC Berkeley); University of California, Los Angeles (UCLA); Technis-
che Universiteit Eindhoven (TU/e). The figure and the caption and references has 
been adapted from [101]. 
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Typical device architecture consists of a sandwich configuration between two 

asymmetrical electrodes with different work functions which enables the dissocia

tion of excitons. But in most of the cases work function difference is not sufficient 

for charge generation. The device performance was, to some extent improved by 

introducing a Schottky barrier between the polymer and the metal electrode. How

ever this approach was also proved to be not so efficient. An alternative approach 

to overcome the limitation has been adopted successfully by introducing hetero-

junction either in form of a bilayer or intermixed (also called bulk heterojunction) 

form. 

1.4.4 Device architecture cind current s tatus 

In order to break up an exciton, it is mandatory to incorporate a D-A heteroj unc

tion in the device. There are mainly three major device architectures which is 

followed to introduce the heterojunction: (i) planar heteroj unction (ii) bulk het-

erojunction (iii) ordered heterojunction (Figure 1.8). 

In planar heterojunction the device efficiency is limited by the exciton diffusion 

length. Since the exciton has to find an interface within its diffusion length, the 

device thickness is very small and the heterojunction is located near the contacts. 

This makes the light absorption smaller. 

The bulk heterojunction approach is the most widely used device architecture. 

Here the D and A type polymers are intermixed together to form an intimately 

entangled network of D and A phase (the phase separated domains are formed 

within few nm distance) so that a bulk photogeneration of exciton can always find 

an interface within the diffusion length. Using this architecture the solar cell power 

conversion efficiency has reached 5% and is comparable to the amorphous silicon 
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efficiency. In BHJ solar cells, active layer bulk morphology plays an important 

role in the transport process and is controlled by the factors such as solvent prop

erties, distribution of D-A networks [102], drying and annealing conditions [99]. 

The surface morphology and the structure of the blend-films has recently been 

studied by controlling the vertical phase segregation of P3HT and PCBM [103]. 

Different strategies in the improvement of the solar cell include designing low band 

gap systems to cover the infrared region of the solar spectrum [104], and engineer

ing the active layers for balanced electron/hole transport. Nano-scale patterning 

[105] and assembling D-A structures have resulted in efficient exciton dissocia

tion [106]. Recently a low band gap polymer, poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-

cyclopenta[b;3,4-b']dithiophene)-alt-4,7-(2,l,3-benzothiadiazole)](PCPDTBT)made 

of alternating electron-rich and electron-deficient units has drawn much attention 

[107]. Ultrafast electron transfer has been demonstrated between PCPDTBT and 

PCBM [108] and photovoltaic device has been realized with high power conversion 

efficiency [109, 110]. Heeger has reported the effect of alkanedithiol treatment on 

the performance enhancement [111]. This polymer has also found its application 

in a solution processed tandem solar cell with power conversion efficiency ~ 6 % 

[112]. 

Ordered heterojunction is formed by infiltrating polymers into the nanostruc-

tured oxide layers. Titania (Ti02) templates can be made having a mesoporous 

structure with pore sizes matching the exciton diffusion length can be fabricated 

by several techniques [113, 114, 115, 116]. The thickness of the nanostructured 

titania film used to be in the range 300-500 nm that ensures high light absorbtion. 

Straight pores are desirable in order to ensure direct pathways for charge carriers. 

The polymer-infiltrated TiOx layer is covered with a thin overlayer of polymer in 

order to avoid any contact between TiOx and hole collecting electrode (Au). In 
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these devices where TiOx is used as an electron transporter and is spin coated onto 

ITO or fluorine doped Sn02 (FTO) electrode, a top Au or Ag electrode acts as an 

anode and bottom ITO acts as an cathode. Since holes get transported through 

the low mobility polymer, thicker film may give rise to space-charge effect and 

recombination. 

Ti02 acts as an electron-transporter and hole-blocker due to its extremely low-

lying HOMO (4.2 eV). In few device designs it acts as an additional electron trans

port layer between polymer and FTO. Titanium dioxide is deposited as a smooth 

TiOx solgel or rough titanium dioxide nanoparticles (~ 10 nm suspended in water). 

In either case, the material is spin-cast at ~ 1000 rpm to produce a uniform film 

50-100 nm thick, then sintered at 450 °C for 30-60 minutes to convert the material 

to a crystalline anatase phase. The spin coated film from the sol-gel mixture when 

heated to a lower temperature (~ 80 °C) for 45 mins give rise to a crosslinked 

amorphous film. Further annealing at 450 °C give rise to crystallization. 

The high temperature for sintering makes this process unfeasible to use TiOx as 

a electron collecting electrode inserted between polymer and the cathode. Recently 

it has been demonstrated by Heeger et. al. that it can be used as an optical spacer 

[117] and as a protective interlayer when inserted between polymer and metal 

cathode [118]. It improves the light absorption efficiency and thereby improve the 

power conversion efficiency. The transparent TiOx layer can be used as an electron 

collecting electrode in tandem solar cells [119] as well. In Figure 1.9 the current 

status of the organic based PV has been shown. 
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1.5 Thesis outline 

The field of organic/polymer solar cell has undergone tremendous improvement 

in last decade with the power conversion efficiency reaching 5% limit in single 

layer devices which is comparable to the amorphous silicon based technology. Un

derstanding the basic underlying charge generation mechanism and transport is 

a crucial step for achieving higher efficiency in the long run. The contemporary 

research is focused on intelligent device engineering, understanding basic photo-

physics and synthesizing lower band gap polymers to capture the infrared photon 

fiux from the sun. The basic device architecture of the solar cell involves blends 

of polymers and resultant polymer-polymer interfaces which play a crucial role in 

deciding the device performance. A thorough understanding of the effects of var

ious polymer-polymer interfaces as well as the cathode-polymer interfaces on the 

performance parameters, is required in the current scenario. The present study 

addresses few of those aspects. 

Novel variable-band gap poly[2-methoxy-5-(2-ethylhexyloxy)-l,4-phenylene viny-

lene] (MEHPPV) polymers were synthesized to study the energy and charge trans

fer processes in a ternary blend system. The approach was to make an optimized 

blend structure where the blue light is captured by a high band gap polymer and 

is transferred to an efficient interface for charge-transfer reaction to take place. A 

ternary blend photovoltaic device was fabricated where both type 1 and type 2 

interfaces are present. Charge transfer efficiency and energy transfer efficiency of 

these interfaces and their roles in final photo-generation yield were studied. In the 

blend the different interfaces were identified and quantified using scanning pho-

tocurrent contrast microscopy. 

An identifiable direct signature of the interfacial efficiencies manifests them-
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selves in current-voltage performance of the device. The performance parameters 

of MEHPPV based solar cells were addressed based on the bulk and contact lim

ited effects. Bulk material properties affect the device output in two major ways: a 

strong field dependence of exciton dissociation rate and unbalanced charge carrier 

mobilities of electrons and holes. In both the cases mobility of the charge carriers 

play a major role. In order to study the cathode-polymer interface effects on the 

device, highly efficient P3HT:PCBM blend based solar cells were used as a plat

form where bulk-limiting effects are minimal. We utilized various forms of cathode 

layers such as aluminium, calcium, oxidized form of calcium and low melting point 

alloy to manipulate the cathode-polymer interface and monitor the current-voltage 

characteristics. 

Although the power conversion efficiency (PCE) is solely dictated by the bulk 

and the contacts, the role of device geometry can not be overlooked. PCE estima

tions were found to be dependent on the device active area. Scaling of efficiency 

with different active area was addressed by varying the electrode area and the spot 

size. The observed photocurrent contribution from the regions outside the assumed 

dimension of the device can be attributed to the several factors like light scattering 

in the ITO/polymer interface due to surface roughness and in the glass substrate 

due the finite thickness. Additional factors like lateral diffusion of photogenerated 

charge carriers were also identified as a source of the 'extra' current. 

The structure of the thesis is as follows: The basic theoretical understandings 

which forms the background of this thesis is discussed in chapter 2. The materials 

and their properties, device fabrication and the experimental techniques used in 

this study has been discussed in chapter 3. Studying charge transfer and energy 

transfer processes in the polymer blend systems and their application in designing 

efficient solar cell was the motivation of this thesis work. A novel approach of fab-
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ricating a ternary blend device and identifying the roles of different interfaces has 

been elucidated in chapter 4. Effect of cathode-polymer interface on the device per

formance has been described in chapter 5. Finally the power conversion efficiency 

scaling depending upon the device active area has been presented in chapter 6. 

Apart from qualitative and quantitative studies possible applications and optimum 

configurations have been postulated in all the above mentioned chapters. 



CHAPTER 2 

ORGANIC/POLYMER SOLAR CELLS 

2.1 Introduction 

In order to improve the power conversion efficiency a complete understanding of 

the photophysical processes are required. Although the operation of an organic 

solar cell is fundamentally different from that of a silicon based device, the device 

models for organic solar cells are primarily developed based on the 'drift-diffusion' 

equations and 'Poisson's equation' which applies well for conventional inorganic de

vices. The excitonic nature of the primary photogenerated species necessitates the 

modification of standard 'drift-diffusion' equation to accurately model the organic 

solar cell device performance. Charge carrier generation due to complete separation 

of electrons and holes from the neutral exciton dissociation proceeds through an 

intermediate bound polaron-pair state. The rate equation therefore has to incorpo

rate this phenomenon as well as the recombination factors which are dominant loss 

mechanisms in these low-mobility solids. In the following sections we shall discuss 

the physical processes in a BHJ solar cell under illumination and the interesting 

outcomes of theoretical modeUng using standard drift-diffusion equation. 

2.2 Device operation and electrical characterization 

The simple and most prototypical device structure of organic solar cell device com

prises of an active polymer blend layer sandwiched between two electrodes, of 

37 
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which one is high work-function material (transparent conducting oxide such as 

ITO) acting as anode and the other is a low work function metal (Calcium, Alu

minium) acting as cathode with good light reflection property. Additional layer of 

poly(3,4-ethylenedioxythiophene)/poly(styrene sulfonate) (PEDOT/PSS) is typi

cally introduced for better ohmic contact with the polymer. The two terminal 

diode is characterized by sweeping the bias across its terminals and measuring 

the current. A schematic representation of resultant JF-response is shown in the 

Figure 2.1. 
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Figure 2.1: The operation of solar cell under external bias. The band diagram is 
representative of a thin bilayer device 

Under dark conditions, the JF-characteristics essentially indicate a diode signa

ture with high rectification property in the reverse bias mode. In the high forward 

bias conditions (ITO '-j-ve', Al '-ve') the diode is operating in 'injection' mode and 

the current in the device is due to the 'drift' of injected charge carriers and can 

be modeled using standard analysis like Mott-Gurney law (J oc V^/d^). Under 
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illumination, charge carriers are photoinjected in the device and it gives rise to a 

'diffusion' current flowing in the opposite direction of the 'drift' current. At a cer

tain positive bias designated as 'open circuit voltage' (V^oc)> the diffusion current 

cancels out the drift current giving rise to minimum current through the device. 

Under zero external voltage diffusion current reaches its maximum and there too 

exist a drift component of current which arises due to the 'built-in field' present 

in the device. This field originates from the work function difference of the two 

electrodes. The drift current is in the same direction to that of the diffusion cur

rent and both the components adds up to give rise to 'short-circuit current' (Jsc) 

flowing through the external circuit. However the maximum usable power from the 

device (Jmax x V̂ max) IS just a fraction of the product V ôc x ^^sc, and this fraction 

designated as 'Fill Factor' (FF) depends on the shape of the JI/-charateristics in 

the fourth quadrant (Figure 2.1). Finally the power conversion efficiency is cal

culated using the expression, TJP = FFxVocxJsc/Pinc, where Pine is the incident 

power density (in mW/cm^). 

2.3 Physical processes in BJH-OSC under zero ex

ternal field 

The photoconversion process goes through the following hierarchy of events: (i) 

photon absorption (ii) exciton generation, (iii) exciton diffusion towards the inter

face (iv) exciton dissociation at the interface (v) charge carrier transport and (vi) 

carrier collection at the electrodes. Each of these events has an associated quan

tum efficiency number which dictates the final incident photon to collected charge 

carrier ratio (T/IPCE)- The 'incident photon to current conversion efficiency (IPCE)' 
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or 'external quantum efficiency' (EQE) is given by, 

rjlPCE = ??A??EDr/CT^CC (2.1) 

where rjx is the absorption efficiency of photons within the active material of the 

solar cell, 77ED is the exciton diffusion efficiency, 7?CT is the charge transfer efficiency 

and rice is the charge collection efficiency. We shall discuss the factors that limit 

these efficiency numbers in more detail. 

Conjugated polymers have high absorption coefficient (a ~ 10^ cm~^). As a 

result only a few nanometer thick film can absorb all the light at their peak wave

length of absorption. In order to absorb ~ 70% of AMI.5 solar photon flux the 

band gap should be as low as 1.1 eV. Conjugated polymers on the other hand, hav

ing a band-gap of 1.9-3 eV can only harvest 30% of the solar photon flux. Lower 

active-layer thickness further limits the efficiency and only 60% of the incident pho

tons are absorbed at the peak absorbtion wavelength [120]. Taking the reflection 

losses into account, the absorption efficiency is given by, 

r̂A = (1 - R){1 - e-^') (2.2) 

where d is the thickness of the polymer layer. Absorption of photons gives 

rise to generation of singlet excitons with binding energy 3> keT. In order to get 

dissociated, these excitons have to diffuse to sites, such as donor-acceptor interfaces, 

where the process is favoured. 

The exciton diffusion length Lo in conjugated polymer reported in case of var

ious conjugated polymers is in the range 5-20 nm [121]. Because LD < < d (~ 

100 nm) the efficiency of a bilayer device is limited by the number of photons that 

can be absorbed within the exciton diffusion length from the D/A interface. To 



2.3 Physical processes in BJH-OSC under zero external field 41 

circumvent this problem the bulk heteroj unction architecture was adopted where 

an exciton always finds a dissociation site within its diffusion length. Such an 

interpenetrating D-A network allows photon absorption improvement simply by 

increasing the active layer thickness. However, enhancement in photon absorption 

efficiency in thicker samples is achieved by compromising transport performance 

parameters. The optimum thickness for photovoltaic cells has been found to be 

100-150 nm. 

The excitons which reach the heteroj unction tends to dissociate and the discus

sion in Section 1.2.1 is relevant in the present case of bulk-heterojunction devices. 

Here we shall discuss the transport of dissociated charge carriers. After the charge 

transfer process, the free electron in the acceptor chain and hole in the donor chain 

has to get transported towards the electrodes through the percolating pathways 

where carrier mobility plays an important role. In pristine PCBM, the electron 

mobility (/ie = 2.0 x 10~^ cm^/Vs) [122] was found to be 4000 times higher than 

the hole mobility in pure MDMO-PPV (̂ h = 5.0 x 10"^ cmVVs) [123]. An im

portant question that arises is whether these mobilities get modified when the 

materials are blended together. In the blend system, the individual mobilities of 

electrons and holes, as measured in the pristine polymers, do not retain their char

acter and the notion of an effective mobility seems reasonable. In PPViPCBM 

blend [124], an enhancement in hole mobility was found in field-effect transistor 

measurement. Field effect mobility is always supposed to be higher as compared to 

the LED or solar cell devices, as it was observed even in case pristine MDMO-PPV 

[125]. The observed enhancement in the hole mobility is due to the dependence 

of charge carrier mobility on charge carrier density, which is orders of magnitude 

higher in transistors than in solar cells (Section 1.3.2). In general, the field-effect 

mobility can not be compared to the TOF mobility in solar cell devices. Although 
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from TOF measurements an enhancement of hole mobihty was observed depend

ing on the Ught intensity [126, 127]. Recently Blom et. al. have shown that the 

hole mobility in MDMOPPV-PCBM (in 1:4 wt ratio) blend is enhanced by more 

than two orders of magnitude as compared to the pristine polymer case [128]. The 

single carrier space charge limited current (SCLC) measurements were done on the 

devices with different PCBM concentration [129] and a gradual enhancement in 

mobihty of electrons with increasing PCBM weight fraction was observed. Surpris

ingly, the hole mobility was also observed to increase and follow the similar trend. 

This counterintuitive result is not well understood, and was explained based on 

the fact that the packing and the film morphology upon addition of PCBM gets 

favourable for hole transport. 

In addition to the morphology of bulk materials and the compositional variation 

in the blend, electrode modification plays an important role in determining the 

device efficiency [130, 131]. In classical metal-insulator-metal (MIM) model, open 

circuit voltage (FQC) is governed by the work function difference of the anode 

and the cathode. This approximation holds good for the case where the Fermi 

levels of the metal contacts are within the band gap of the semiconductor and 

sufficiently far away from the HOMO and LUMO levels. However when the metals 

form ohmic contacts with the polymer meaning, when the HOMO level of donor 

matches the work function of anode and LUMO level of acceptor matches the work 

function of cathode, the situation is different. Charge transfer from metal to the 

semiconductor takes place in order to align the Fermi levels at the positive and 

negative electrodes respectively. As a result, the electrode work function becomes 

pinned to the LUMO/HOMO level of the semiconductor [131]. Consequently V̂ oc 

becomes dependent on the energy difference between the LUMO of the acceptor 

and HOMO of the donor. Indeed in BHJ solar cell a linear correlation of the FQC 
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with the reduction potential of the acceptor has been reported [132]. In contrast 

only a very weak variation of the VQC (160 meV) has been observed when varying 

the work function of the negative electrode from 5.1 eV (Au) to 2.9 eV (Ca). Even 

when the work function of the metal goes below the LUMO level, the Fermi-level of 

the cathode remains pinned to the LUMO level (3.7 eV for PCBM). This explains 

why only a little change in VQC is observed when the top metal is changed from 

Al (4.2 eV) to Ca. 

2.4 Theoretical modeling: drift-difFusion equation 

Basic understanding of the device operation and the detailed theoretical modeling 

of the device are the useful tools to explore the performance limiting factors in 

organic solar cells. Theoretical modeling mostly incorporates the drift-diffusion 

equation and Poisson's equation to find out the local concentrations of electrons, 

holes and excitons in these devices and these equations have been used successfully 

in inorganic ones. However, when applied to organic devices, these same set of 

equations also satisfactorily reproduce the device characteristics. Since, diffusivity 

(D) can not be measured directly, one major assumption in the calculation is that 

the Einstein's relation, relating carrier mobility (//) to D, also hold good in these 

disordered systems. Hence D can directly be determined from //. This assumption is 

valid only when the carrier transport is classical Gaussian type (i.e. TOF transient 

displays a rectangular shape). This type of transport is characterized by, 

^ _ ( ( A ^ 2 ) V 2 ^ 

(/) ~ (x) qF ^^^^' ^^-^^ 

Equation 2.3 implies the validity of Einstein's law (qD = yukeT), where // = 

{l/F)d{x)/dt and D = ld{{x — {x))^)/dt. In case of time dependent dispersive 
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transport which is mostly observed in these disordered systems, the carrier motion 

is described in terms of a power-law variation of waiting-time distribution for carrier 

hops among localized sites. Under this condition Equation 2.3 no longer holds good. 

It has been demonstrated by Richert et. al. [133] that with increasing disorder 

{az/kQ T) and field, significant deviation from the Einstein's law can be observed. 

Transport in a Gaussian DOS give rise to the relaxation of charge carriers at an 

equilibrium energy ôo- The time required to reach this equilibrium is called the 

relaxation time (̂ rei) which is a temperature dependent parameter. It has been 

argued that in the "long time" limit {t » irei)) the transport begin obeying 

Gaussian transport and the Einstein's law will hold good in this regime. 

Deviation from Einstein's law has also been observed depending upon the car

rier concentration. Transport in a Gaussian DOS does not take into account the 

effect of high charge carrier density. It assumes the transport in a 'diluted' system 

meaning, the adjacent sites of a charge carrier, available for hopping is vacant. In 

a non-diluted system (with carrier density ~ 10 °̂ cm~^), the D//i ratio has been 

demonstrated to be higher than U-QTIq. Tessler et.al. has incorporated the effect of 

high carrier density where the semiconductor can be considered as degenerate and 

carrier distribution obey Fermi-Dirac statistics [134, 135, 136]. In solar cell devices 

where typical incident photon flux ~ 10̂ '̂  cm~^s~^ (under AMI.5), the assumption 

of the validity of Einstein's relation seems to be reasonable. In the following section 

a detail description of the solar cell device modeling schemes have been discussed. 

A numerical model to describe the current voltage characteristic was developed 

by Barker et. al. [137] for a bilayer device and by Koster et. al. [138] for bulk 

heterojunction solar cells. Both the models are based on standard set of Poisson 

equation, current continuity equations and current equations including both drift 

and diffusion term. The total current density is the sum of drift and the diffusion 
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component of the current and is given by 

dip _, dn 
Jn = -^rii^^^ + qDr,-

T dtp dp , . 

where Z)n,p are the carrier diffusion coefficients, which is assumed to obey Einstein 

relation; D/fi = ksT/q, i> is the potential which is related to the electron density 

n(x) and hole density p(x) by the Poisson's equation, 

^ = | K a : ) - p ( . ) ] (2.5) 

The current continuity equations are, 

dn 1 dJn{x) 

dt q dx 
dp _ 1 dJp[x) 
dt q dx 

+ U{x) 

+ U{x) (2.6) 

where U(x) is the net generation rate, i.e., difference between generation of free 

carriers (G) and recombination of free carriers (R). To obtain a unique solution 

for the system of equations, the boundary conditions are required to specify the 

carrier densities and the potential at both the contacts. 

The photogeneration of charge carriers goes through the intermediate polaron 

pair formation which has been discussed in detail in Section 1.2.1. Assuming G 

is the generation rate of bound polaron pairs, the population or the number X 

of bound polaron pairs per unit volume changes according to the following rate 

equation, 
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Figure 2.2: The relevant process under open circuit (OC) and short circuit (SC) 
conditions. If device operation is primarily determined by bimolecular recombi
nation processes at the D-A interface, it is difficult to understand why the short 
circuit current scales linearly with intensity. At open circuit no carriers are ex
tracted from the device, thus all generated polaron pairs must recombine, giving a 
population of pairs X = CTree- The third and fourth term of on RHS of equation 
2.7 must balance kA{8s{E.,T)X = k^issGr^ec = inp. Assuming n oc p, this gives rise 
to a free carrier density n at the interface which scales as G°-^. Since G oc Intensity 
(/), the dependence is 7°-̂  (consistent with bimolecular recombination dominating 
the carrier density at the interface). Under short circuit condition carriers can be 
extracted from the device and the population of free carriers is greatly reduced, 
so is the bimolecular recombination to form polaron pairs. The yield of free car
riers is therefore determined simply by the competition between dissociation and 
recombination of polaron pairs. Since both the processes are monomolecular, the 
photocurrent scales linearly with incident intensity. Adapted from reference [139]. 

dX 
dt 

= G - kfX - k^issX + R (2.7) 

where, k{ = l/T^ec is the decay rate to the ground state, A;diss is the dissociation 

rate constant given by Equation 1.3, R = f3np is the bimolecular recombination 

rate and (3 is the Langevin bimolecular recombination coefficient (Equation 1.15). 

Under steady state. 
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G-kfX = kdissX - R (2.8) 

which is the net number density of generated free carriers. Therefore, the 

continuity equation for electrons will read 

^ = - | - 4 + fcdissX-i? (2.9) 
at qox 

using Equation 1.3, fcdiss=[P/(l-P)]^f, therefore. Equation 2.8 becomes 

kdissX = PG + PR (2.10) 

and finally the steady-state continuity equation becomes 

-—Jn = PG-(\-P)R (2.11) 
qox 

In Equation 2.11, the factor (1 — P) appears essentially because, the recom

bination of electron and hole in a blend system does not directly give rise to the 

loss of charge carrier. Instead a bound polaron-pair is formed which can act as a 

precursor for free carrier generation effectively lowering the recombination constant 

to {\ — P)R. Finally the net generation rate is given by, 

U = PG - {1 - P)/3np (2.12) 

The simulation results reveal the following interesting inferences: (i) Under short 

circuit condition only 7.0% of free carriers are lost due to bimolecular recombina

tion and the subsequent decay to ground state. These low loss of charge carriers 

is in agreement with the experimental observation that the short circuit current 
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varies linearly with intensity (Figure 2.2). The low loss of charge carriers is a 

consequence of high field strength which facilitates charge carrier extraction and 

hence reduces the population under short-circuit condition. Due to low population 

of charge carriers bimolecular recombination strength is weak. Near the contacts 

the bimolecular recombination rate R is especially low since only one carrier is 

dominant (a consequence of ohmic contacts). As a result, the net generation rate 

U — G — Ris highest at the contacts. Generally in most of the blend systems, like 

P3HT:PCBM, the hole mobility is one order of magnitude lower than the electron 

mobility. Hence, the bulk of the device is dominated by the holes. Near the cath

ode (about 5 nm away) there still exist considerable hole density, but here electron 

density also strongly increases. Therefore the rate of bimolecular recombination 

also increases causing a 'dip' in the net generation rate near the cathode, (ii) Un

der open circuit condition 97.8% of carriers are lost due to recombination. Since 

under open-circuit condition, the field in the device is low and there is almost no 

extraction of charge carriers thus, the bimolecular recombination rate dominates. 

Only near the contacts, where only one kind of charge carrier density dominates, 

the net generation is high. 

Under steady state condition, the unbalanced electron and hole transport can 

give rise to interesting phenomenon which limits device performances. Unbalanced 

transport, leading to accumulation of the slower charge carrier near one of the con

tacts, manifests a typical square root dependence of photocurrent on the external 

bias. In the following section this aspect has been elucidated. 
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2.5 Steady-state space charge effect 

The external photocurrent saturates and shows a field independence under higher 

reverse bias. This behaviour indicates that all the photogenerated free charge 

carriers are extracted from the device. This happens when the drift-length of 

the charge carriers (Le.h*̂ "*̂ ) becomes equal or longer than the sample thickness 

(d). Under such condition the saturated photocurrent can be approximated eis 

•̂ pĥ *̂ = QGd, assuming no recombination is taking place. However if Le"̂ "*̂  < 

d or Lh^"^ < d or both are smaller than d then space charge will form and the 

recombination of charge carriers become significant. The drift length of charge 

carriers is given by, Le(h)'̂ '̂ '̂  = fJ'e{h)Te{h)F. In case of unbalanced transport where 

Lg 7̂  Lh carrier accumulation takes place near one of the electrode. The difference 

in the drift length can originate from the difference in mobility. It has been shown 

that in case of MDMO-PPV:PCBM blend where /ih << A*e, hole accumulation 

takes place near anode. As a consequence the electric field in the hole accumulation 

region (of thickness di) increases which facilitates the hole extraction. Similarly the 

field near cathode will decrease, diminishing the extraction of electrons. Near the 

hole accumulation region, the field increases and can become equal to the external 

applied field. In that case the current becomes 'space charge limited' [140] and is 

given by, 

Jph = gG[(Mr)s,ow carrier]°V°-^ (2 .13) 

It is evident that in the hole accumulation region (di), there is no counter 

negative charge carrier to balance the hole-density. However hole-density can not 

build up indefinitely and there is a fundamental limit to it. As pointed out by 

Goodman and Rose, the limit is reached when photocurrent generated in this region 
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Jph = qGdi, is equal to space charge limited current [141], 

9 V'^ 
"'SCL = ^^O^OA<slow carrier-I3- ( 2 - 1 4 ) 

where eoCr is the dielectric permittivity. By equating qGdi (RHS of Equation 

2.13) with Equation 2.14 it follows that the length of the space charge accumulation 

region di is given by, 

dl = f^^^^^^'slo^c.rneA ^ 1 / 2 (2 .15) 

Since Vi = V under SCL-condition, the maximum electrostatically allowed 

photocurrent that can be extracted from the device is given by, 

Jph ^ JpT" = Q (^^"^''^g""^""") G'/'V'/' (2.16) 

Therefore, for existence of SCLC, (i) The amount of photogenerated charge 

carriers should be large, meaning large G and a long carrier lifetime re(h) after 

dissociation of bound e-h pair, (ii) Charge transport has to be strongly unbalanced, 

meaning the drift length ratio b (= L/^^^^/L^^'^'^'^^^) should be much greater or less 

than one (b << 1 or b >> 1). There can exist one more case where the mobility 

difference is not so large and b > 1 or b < 1. This is called ';ur-limited case'. 

In this case also, the photocurrent can exhibit a square root behaviour on the 

voltage. However the distinguishing feature arises from the dependence on G. In 

'/xr-limited case' the photocurrent exhibits linear dependence on G (or the intensity 

of illumination), whereas in 'SCL' case the Jpj, oc G^/'^. Another way to check the 

presence of a SCLC is to consider the voltage V^ax at which Jph switches from 

square root dependence to saturation regime. In SCL case Fgat oc G°'^. 
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Tessler et. al. performed a detailed numerical analysis over a wider inten

sity range [142]. It was found that depending on the incident intensity, the space 

charge effect can take place even for equal electron and hole mobilities. It was 

further shown for semiconductors where the recombination is Langevin type, the 

onset of space charge limit and of recombination limit are very similar and practi

cally inseparable. Under low level light intensities the linear relationship between 

photoourrent and the light intensity is followed and the Langevin recombination is 

insignificant at low carrier concentrations. As the light intensity is increased, for 

a fixed applied bias, carrier concentration goes up and it triggers two inter-related 

mechanisms—space charge limit and consequent recombination (constant carrier 

accumulation can give rise to charging phenomenon whereas recombination comes 

as an exit channel for the charge carriers). The photocurrent quantum efficiency 

(QE = electrons out per photons in) was plotted as a function of intensity over 

several decades in a semi-log scale (0.01 to 1000 mW/cm^). The point where QE 

starts to decline from the saturation value was termed as the onset of SCL. As

suming a uniform illumination of the active layer and a low excitation power, such 

that recombination is negligible, the photocurrent is linearly dependent on intensity 

[143] 

Jph = A-P (2.17) 

where, A is a field dependent constant that relates to generation eflSciency and 

P is the excitation intensity. Taking bimolecular recombination into account, it 

was shown that the QE can be cast into a simple analytical form. 

QE^l-^ V 9 ^'^^ (2-18) 
^SCL8 
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where 7SCL is given by Equation 2.14. As P is increased, the QE starts to drop 

and at certain intensity (PR) it becomes minimum when charge generation current 

value ( ^ F R ) becomes close to slow carrier SCL current (JSCL)-

A-P=JscL (2.19) 

Using this expression one can deduce the minimum mobility value (for slow 

carrier) that is required for operating under AM 1.5 conditions to achieve a constant 

current at different voltages. "The minimum mobility value that is required for a 

bias close to the open circuit voltage will ensure almost ideal Fill-Factor." Using 

device thickness d = 100 nm, P = 100 mW/cm^ (concentrated at a wavelength 550 

nm), A = 0.5, V = V^bi-̂ appi == 0.05 (i.e. near the open circuit voltage regime). 

A^mir hu 
dV lee.V^ (2.20) 

The mobility value was found to be 10~^ cm^V~^s~^ The minimum value 

scales linearly with intensity. Thus beyond a certain intensity the FF decreases as 

a function of intensity. 

The bimolecular recombination constant as given by Equation 1.15 is valid for 

pristine material. However in case polymer blends the formula has to be modified 

according to Braun's proposal [32], 

/3=^(/Xe + //h) (2.21) 
e 

where ' ()' denotes the spatial average. The idea to use a spatial average value 

was to compensate for the eventual mobility differences between electrons and holes 

in the components of the blend. It was further modified by Koster et. al. [144] by 
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pointing out the fact that the recombination constant will be mainly governed by 

the slowest charge carrier mobility since, the fast carrier has to 'wait' for the the 

slow carrier at the interface to recombine. 

0 = ^mm{ne,fih) (2.22) 

In order to discriminate between spatially averaged Langevin and slowest only 

Langevin a large difference (at least by a factor of 10"̂ ) between electron and hole 

mobility is required and the difference is reflected in the observed fill-factor. FF 

is highly sensitive to the recombination strength. The JF-characteristics were 

numerically computed using set of equations (2.4-2.11). Using fi^ = I x 10~^ 

cm^/Vs and //e = 2 x 10 ~̂  cm^/Vs, a spatially averaged Langevin approximation 

gave rise to a FF of 48 %, while a slowest only Langevin resulted in a FF of 60 %, 

which is more close to experimentally observed FF of 61 %. The FF in absence of 

any recombination is ~ 84 %. 

2.6 Summary 

In summary, the device characteristics is primarily decided by the mobility of charge 

carriers. In the blend systems where the electron and hole mobility differs by almost 

two orders of magnitude, space charge effect has been observed to take place. The 

space charge effect is interrelated with the onset of bimolecular recombination. The 

higher mobility is desirable for better free carrier generation rate but at the same 

time this increases the recombination strength as well. Hence there is a trade off 

between carrier extraction and recombination. It has been shown by Mandoc et. 

al [145]. that the optimum mobility for best device efficiency is in the range of 

10~^-10 cm^/Vs, with higher mobility values having a negative effect on the VQC-



CHAPTER 3 

MATERIALS, FABRICATION AND 

MEASUREMENTS 

3.1 Introduction 

Polymer solar cell is essentially fabricated in a sandwich type geometry, where the 

active polymer layer is confined within a high work-function and a low-work func

tion electrodes. The choice of active polymer layer is essentially a blend of two 

kinds of polymers, one is donor type with high ionization potential and the other 

one is acceptor type with high electron affinity. A repository of donor and acceptor 

type polymers and small organic molecules has been compiled over the last couple 

of decades in this area of research. Among the donor type polymers, P3HT, MEH-

PPV, MDMO-PPV are of major imporatnce and the soluble derivative of fullerene 

(PCBM) is the most widely used acceptor material. The transparent indium tin ox

ide coated glass substrates in conjunction with a thin layer of PEDOT-PSS coated 

on top is used as anode and calcium metal coating (with an Aluminium top pro

tective layer) usually serves the purpose of the cathode. A detailed description of 

the materials selection and the fabrication procedure is discussed in the following 

sections. 

55 
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3.2 Materials 

In this section the details of several materials used for the study in this thesis 

is presented and the molecular structures, chemical properties and the synthesis 

procedures are included. 

3.2.1 Poly(3-hexylthiophene)(P3HT) 

P3HT belongs to the group of alkyl-substituted thiophene compounds and is usu

ally referred to as poly(3-alkylthiophene) (P3AT). Polythiophene is a leading can

didate for optoelectronic applications with sufficient thermal stability (Tg > 150 

°C). In order to achieve good solubility and processibility, the first synthesis of 

P3AT was reported a few decades ago [146]. Following this invention there was a 

considerable progress in synthesis of P3ATs. 

Tail 

Figure 3.1: Schematic structure of P3HT with head-to-tail coupling and tail-to-tail 
and head-to-tail coupling 

Typically there exist three well known methods for synthesis of P3ATs, namely 

(i) electrochemical polymerization, (ii) oxidative polymerization of 3-alkylthiophene 

by oxidants like ferric chloride (FeCla) and (iii) polymerization by dehalogenation 

of 2,5,dihalo-3-alkylthiophene [147]. Depending on the relative position of the alkyl 

group attached in the two consecutive chains, the polymer chains form head-to-

head (HH) or head-to-tail (HT) or tail-to-tail (TT) orientation as shown in the 
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100 plane / g s 

Figure 3.2: Schematic diagram for alignment of P3HT chains on a substrate 

Figure 3.3: Grazing angle X-ray diffraction of oriented P3HT chains. Supramolecu-
lar two dimensional structure of P3HT was obtained by spin coating P3HT solution 
in chloroform (0.7 to 30 mg/mL) on a functionalized substrate. Functionalizing the 
quartz substrate with hydrophobizing agent like Aminopropyltriethoxysilane (APS) 
and Hexamethyldisilane (HMDS) was done by leaving the substrates in vacuum for 
an hour in a 10 mM APS solution prepared in spectroscopic grade toluene. Self-
assembly was followed by blow-drying and rinsing and baking at 110 °C for 30 mins 
in nitrogen environment [148]. 
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Figure 3.1. For HH orientation, the couphng between two consecutive monomer 

rings occurs through 2- and 2'-positions and similarly HT and TT are trough 2, 5' 

and 5, 5' positions respectively. The appearance of the triad leads to four possi

ble isomerisms namely, HT-HT, TT-HT, HT-HH and TT-HH. The combination of 

HT-HT can access a low energy planar conformation, leading to high conjugated 

polymers. On the other hand, appearance of unfavourable HH coupling causes a 

sterically driven twist of thiophene rings that result in a loss of conjugation, higher 

band gap with consequent destruction of high conductivity and other undesirable 

properties. HH and TT interactions give rise to a twisted backbone, in which thio

phene rings are not coplanar. This results in a reduction of the intra-molecular 

TT-conjugation along the chain and also a slight increase in the separation between 

TT-conjugated chains when stacked in the solid state, leading to reduced intermolec-

ular TT-stacking. According to the degree of orientation, P3HT is divided into two 

categories. One is the 'regiorandom', where the HH and HT are randomly dis

tributed and the other is referred as 'regioregular' which contains either HH or 

HT. Most of the polymers are commercially available. In particular, P3HT was 

obtained from Sigma-Aldrich, USA. The organo zinc reagents formed by reacting 

Ricke Zinc with 2,5 dihalothiophenes is typically used to synthesize P3HT of this 

catagory [149]. These P3HTs offer more than 98.5 % regioregularity. 

Solid state crystallographic studies [150, 151] and images obtained by scanning 

tunneling microscopy (STM) [152] indicate that alkyl-substituted oligothiophenes 

and polythiophenes have a tendency to aggregate or self-assemble in a stacked in

terlocking comb-like structure as shown in Figure 3.2. The preferred orientations 

of the polymer chain along (100) plane due to the lamella layer structure and (010) 

plane due to TT — TT interchain stacking were reported on the basis of X-ray diffrac

tion (XRD) study of P3HT structure [153]. Recent exploration on the orientation 
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effect of P3HT using synchrotron grazing incidence XRD was also evident from the 

scattering angles (2^) 5.3° for (100), 10.7° for (200), 15.9° for (300) and 22.5° for 

(010) planes respectively [154]. Three dimensional structural order can be repre

sented by axes a, b and c along the lamella layer structure, TT — TT interchain stacking 

and polythiophene chain with repetition distance of 16.81 A° respectively (Figure 

3.2). However the structural orientation of P3HT is very sensitive to degree of 

regioregularity and the deposition techniques used. A strong regioregularity effect 

on the ordering has recently been studied [154]. The effect of self-organization 

on solar cells has been attributed to the enhanced absorption and better charge 

carrier mobility. Solar cell performance is also dependent on the molecular weight 

of P3HT. A molecular weight greater than 20,000 was found to yield best results 

[155]. 

3.2.2 Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene vinylene] 

MEHPPV is a widely used polymer in electroluminescence devices. This polymer is 

a soluble derivative of poly(para- phenylene vinylene)(PPV). It has two side groups 

attached to phenyl ring at ortho (methoxy) and meta (ethylhexyloxy) positions. 

Chemical structure of MEHPPV is shown in Figure 3.4. This polymer is expected 

to be amorphous in nature due to flexible backbone and coiled aggregates formed 

by long alkoxy sidegroup of chain in the soUd state. Determination of the lowest 

energy structures in this polymer gives the relative values of ground state spacing 

between the chains and a fairly good idea of the side groups. Because of their 

planar backbones and long alkoxy side groups, their low-energy configurations in a 

film have the planes of the backbones parallel to each other. 

MEHPPV used for our studies was synthesized at Prof. S. Ramakrishnan's 
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Figure 3.4: (on the left) (a) The chemical structure of fully conjugated poly[2-
methoxy-5-(2-ethylhexyloxy)-l,4-phenylene vinylene] (MEHPPV) and (b) cyano-
PPV (CNPPV); (on the right) The normalized absorption spectra of MEHPPV 
and CNPPV. The similar absorption characteristics essentially indicates equal band 
gap in these two polymers. 

OCH, 

e.e-phenyl-Cei-butyricacid 
methyl ester (PCBM) 

LUMO 
2.7 eV 

P3HT 

4.9 eV 

HOMO 

3.7 eV 

PCBM 

6.1 eV 

Figure 3.5: Chemical structure of PCBM and the relative positions of the HOMO, 
LUMO levels of P3HT and PCBM. 
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laboratory using a novel methodology which provides a control of conjugation 

and thereby the color of emission [156, 157] in this polymer. This approach relies 

on the random placement of thermally labile and inert groups on the precursor 

backbone followed by selective elimination of the labile group. The control of 

emission color was achieved by varying the mole-fraction of the thermally labile 

group in the precursor. The labile groups that have been utilized were acetate, 

xanthate and dithiocarbamate (DTC), while the inert one was a methoxy group. 

Photovoltaic device was made using 100 % conjugated (high conjugated, HC) and 

10 % conjugated (Low conjugated, LC) DTC precursor along with an acceptor 

polymer cyano-PPV (CNPPV). The weight average molecular weight (M^) and the 

polydispersity index (PDI) of the HC precursor were 145500 and 1.95 respectively. 

Similarly for LC, Mw = 146400, PDI = 1.83 and for CNPPV, Mw = 28400 and 

PDI = 4.5 was measured. 

3.2.3 [6,6]-phenyl-C6i-butyric acid methyl ester 

PCBM is the soluble derivative of buckminsterfullerene. Functionalized fullerene 

has found extensive use mainly in two areas, one is plastic solar cell and the other 

is optical limiting glasses [158]. The high electronegativity of Ceo raakes this mate

rial a wonderful acceptor material for solar cell. The high PL quenching efficiency 

was observed when Ceo was added to polythiophene [159] derivative and a PPV 

derivative [83]. Photophysical and electron spin resonance studies revealed that in

deed electron transfer occurred from the excited state of conjugated polymer to Ceo 

and, more importantly, the forward electron transfer was in the high femtosecond 

regime but the back electron transfer was only in the millisecond range. Hence, the 

charge separated state live long enough to get collected in the electrodes. Indeed 
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a photodiode was constructed and characterized [160], however, the efficiency was 

very low. This was attributed to the very low compatibility of Cgo with MEH-PPV. 

The problem was solved by functionalizing Cgo [161, 162]. 

A poly(3,4-ethylenedioxythiophene)/poIy(styrene sulfonate) (PEDOT/PSS) buffer 

layer was used between ITO and polymer layer in all the solar cell devices. P& 

DOT/PSS, a commercially available conducting polymer, is a water soluble dis

persion of colloidal particles containing PEDOT and PSS-Sodium. PEDOT was 

found to be an insoluble polymer, yet exhibited some very interesting properties. 

In addition to very high conductivity PEDOT was found to be almost transparent 

in its oxidized state. The solubility problem was solved by using a water soluble 

polyelectrolyte polystyrene sulfonic acid as charge balancing dopant during poly

merization to yield PEDOT/PSS [163, 164] (Figure 3.6). The stabilization against 

coagulation arises from the coulombic repulsion between particles, which results 

from the surface charge provided by the extra sulfonic acid groups in PSS. The 

complex is dispersed in water and can be used to make thin films. The conduc-

so; SO3H SO3H SO3H so; SO3H 

0 0 Q 0 o .0 

Figure 3.6: Chemical structure of PEDOT/PSS blend (BAYTRON P) 

tivity of PEDOT film can be modified by doping and proper annealing conditions 

[165]. For solar cells PEDOT/PSS is used on top of indium tin oxide (ITO) coated 

glass substrates. ITO/PEDOT:PSS composite works as a better hole collecting 
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electrode than the ITO itself. The PEDOT coating improves the work function 

of ITO and makes it more ohmic. This has been confirmed by electroabsorption 

spectroscopy [166]. ITO treatment is also an important step for better device 

performance [167]. 

3.3 Device fabrication method 

P3HT:PCBM blend based devices: Polymer solar cells in sandwich configuration 

were fabricated using standard protocol, as follows: (i) cleaning of ITO coated glass 

substrates, (ii) coating of PEDOT-PSS layer on top of it and subsequent annealing 

(iii) preparation of P3HT-PCBM blend in chlorobenzene (iv) spin coating of P3HT-

PCBM blend on PEDOT-PSS coated ITO substrates and subsequent annealing 

on hot plate for 10-15 mins and finally (iv) controlled and uniform deposition of 

cathode material. ITO coated glass plates (25 mm x 25 mm) were precleaned 

with soap-water, ethanolamine, iso-propyl alchohol and acetone (1:1) mixture and 

finally rinsed thoroughly with distilled water. The substrates were further cleaned 

using RCA protocol, where the substrates were dipped into a mixture of ammonium 

hydroxide, hydrogen peroxide and distilled water (1:1:5) and heated at 80 °C for 

15 minutes. Finally the substrates were cleaned in distilled water. PEDOT:PSS 

(Baytron P) was filtered through 40 //m filter and subsequently spin coated onto 

the cleaned ITO substrates at a spin speed of 1500 rpm to give ~ 80 nm thick film. 

The substrates were annealed on a hot stage for 30 minutes at 120 °C in ambient 

environment. P3HT and PCBM mixture (in 1:1 weight ratio) was dissolved in 

chlorobenzene (20 mg/mL concentration) and the solution was stirred for more 

than 24 hours inside a nitrogen filled glove box (< 1 ppm O2 and < 1 ppm H2O) 

to obtain a homogeneous mixture. The solution was filtered through 0.22 //m filter 



64 Chapter 3. 

and subsequently spin coated on top of PEDOT:PSS coated ITO substrates (at 

a spin speed of 1500 rpm for 1 min) inside glove box environment. The polymer 

coated substrates were annealed on a hot plate (at 80 °C for 10-15 mins). Finally 

the top metal coating (200 nm Calcium capped with 200 nm Aluminium coating) 

was done through shadow mask inside a thermal evaporator at a base pressure of 

10-^ mbar. 

MEHPPV-.CNPPV blend based devices: Photovoltaic devices based on MEH-

PPV was prepared from the DTC precursors. Photovoltaic device structures were 

fabricated with three different blends: (i) low conjugated MEHPPV (LC):CNPPV 

(in 1:1 weight ratio), (ii) high conjugated MEHPPV (HC):CNPPV (in 1:1 weight 

ratio) and (iii) ternary blends of HC:LC:CNPPV with varying weight fractions of 

LC (0, 11, 20, 33, and 66%), while retaining an HC:CNPPV ratio 1:1. For all 

three devices, the polymer precursor (DTC) and CNPPV mixture was dissolved in 

chloroform (concentration 10 mg/mL) and spin-coated onto PEDOT/PSS-coated 

ITO substrates inside a glove-box at 1500 rpm. The thickness of the PEDOT/PSS 

-I- polymer layer was measured by using a NTIOO optical profiler and was found to 

be 140 nm. The thickness of the polymer film was found, by measuring the product 

ad to be ~ 80 nm {a ~ 10^ cm~^). After spin-coating with polymer solution, the 

ITO substrates were annealed on a hotplate at 180 °C for half an hour inside a 

glove-box. Thermal annealing serves the dual purpose of converting the precursor 

to polymer and helping the formation of good networks and packing inside the ac

tive polymer layer, giving good percolating pathways to their respective electrodes 

for the charge carriers. Finally, the top aluminum electrode was evaporated under 

high vacuum condition (base pressure 10~^ mbar; 1 bar = 100 kPa). 

Patterning active polymer layer by photoacid generator based photolithographic 

method: Thin film samples were prepared by spin-coating filtered (0.22 /xm filters) 
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Figure 3.7: Methoxy-diethyl dithiocarbamate (DTC)-precursor polymer (x repre
sents mol% of DTC group containing segment) was mixed with photoacid gener
ator (Triphenylsulfonium triflate) (20:1 weight ratio of MDP-x:PAG) and coated 
onto ITO substrates. Polymer film was illuminated with UV exposure through 
a photomask. Under UV exposure PAG generates acid in the exposed regions. 
Subsequent annealing converts the precursor to completely conjugated form [168] 
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Figure 3.8: Electroluminescence spectra of ITOpolymerAl devices; inset shows the 
glowing HC polymer lines (each glowing pixel has an area of ~ 1.5 mm^). 
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polymer solutions (typically 10 mg/mL in THF) onto required substrates. Poly

mer solution was prepared by co-dissolving 5 wt% of a photoacid generator (PAG), 

triphenylsulfonium trifiate (Aldrich Chemical Co) in the polymer precursor solu

tion (methoxy-diethyl dithiocarbamate) solution for patterning (Figure 3.7). Prior 

to polymer coating, ITO-coated substrates were cleaned by sonicating in chloro

form, then isopropanol and dried in an oven; before spin-coating they were flushed 

with N2 gas. A 125 W Hg-vapour lamp was used for UV irradiation of the samples. 

An Instec Hot stage, model HCS-400, was used for elimination under nitrogen at

mosphere at 180 °C for half an hour (Figure 3.7). Onto the patterned polymer 

film Aluminium electrode was evaporated under high vacuum condition in order to 

make devices. The electroluminescence spectra was recorded using monochroma-

tor attached with a CCD camera (Figure 3.8). The PEDOT/PSS underlayer was 

avoided in these kinds of devices due to it's acidic nature. 

3.4 Measurements 

All the devices were kept inside a vacuum chamber (~ 1 mbar) with glass window 

and electrical feed-through. Measurements were repeated sufficient number of times 

to ensure the reproducibility of the results within the experimental limitations. 

3.4.1 Absorption coefficient and photoluminescence (PL) mea

surement 

Absorption spectrum (absorption coefficient (a) as a function of wavelength (A)), 

carries primary information about the energy levels of the polymer and provides 
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an estimation of band gap and sub-band gap levels. Here a{\) of several donor-

acceptor polymers were measured using Hitachi U-3400 spectrophotometer and 

Perkin Elmer spectrophotometer. The absorption coefficient is usually determined 

from Beer-Lambert's law i.e P = Poexp(—ad), where d is the thickness of the 

film, PQ and P are the incident beam intensity and transmitted beam intensity 

respectively. The relationship between a(X) and the thickness of the film can be 

written as 

a{X)d = 2.303 log(P/Po) (3.1) 

One can estimate a{X) when the polymer thickness (from the surface profilom-

etry measurements), PQ and P are known. Estimation of a near the band-edge is 

particularly important. Band-edge is determined from the intercept of the tangent 

at A corresponding to the derivative \da/dX\jnax near the long wavelength region. 

Band edge position gives an estimate of the band gap of the polymers. 

3.4.2 Solar cell JV-characteristics measurements 

The solar cell JF-characteristics was measured using one sourcemeter (Keithley 

2400) along with a high impedance electrometer (Keithley 6512). All the instru

ments were interfaced in parallel with the computer by means of General Purpose 

Interface Bus (GPIB). The data acquisition was done using computer-controlled 

Lab VIEW (version 6.1) programming. The schematic diagram of the set up is 

shown in the Figure 3.9. The scan was done with sufficient interval between two 

successive points (typically 1 sec delay). An extremely fast scan (few milisec) also 

resulted in similar response, indicating the fast response of the device. No hysteresis 

was observed during a reverse scan. For solar cell IV measurements four-probe 
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Figure 3.9: Schematic diagram solar cell IV measurement 
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Figure 3.10: Schematic diagram for the incident photon to current conversion effi
ciency measurement 
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electrical contact is preferable. The current magnitude observed in the elec

trometer is always slightly higher than that observed in the sourcemeter. 

3.4.3 Intensity modulated photocurrent spectroscopy (IMPS) 

Intensity modulated photocurrent spectrum is a powerful tool to measure the pho-

toresponse, field distribution, location of photoinduced charge generation etc. [169]. 

For solar cells the IMPS measurements yield an important parameter, known as 

'Incident Photon to Current conversion Efficiency' (IPCE), sometimes termed as 

'External Quantum Efficiency' (EQE). EQE is given by Equation 3.2 

IPCE[%] = '"'''^^^^''^^ (3.2) 

where 'S' is the responsivity of the photodiode which is obtained by normalizing 

the photocurrent with the power spectrum of the light source. The measurement 

performed in frequency domain employed a lock-in-amplifier (SR830) which has 

the advantage of high signal to noise ratio. IMPS involves chopping of illuminated 

light and measuring current which is synchronized with the chopper frequency. The 

integration time constant of the lock-in amplifier and so the speed of data acqui

sition were varied according to the chopping frequency. Tungsten lamp coupled 

with the monochromator was used to get a wide spectral window for this measure

ment. The schematic diagram of the experimental set-up is shown in Figure 3.10. 

IPCE measurement can also be performed by measuring DC current value using 

electrometer. DC technique however introduces errors due to external stray light, 

local heating effect and hysteresis of the sample. 

For IMPS measurement the calibration of the monochromator is required. Monochro-

mators are not perfect and produce an apparent spectral broadening of the purely 
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monochromatic wavelength. The ^-function type Hne-profile gets broaden and the 

resultant spectrum recorded by a detector is called the instrumental line profile. 

Any white light source can be considered to be the sum of an infinity of single 

monochromatic lines at different wavelengths. The resultant spectrum recorded 

through the monochromator (F(A)) from a white light source is thus the convo

lution of the real spectrum of the source (B(A)) and the instrumental line profile 

(Lp). 

F = Bx Lp (3.3) 

The shape of the instrumental line profile is a function of various parameters: 

the width of the entrance slit, the width of the exit slit, diffraction phenomenon, 

grating etc. In order to normalize the photocurrent spectrum obtained from the 

solar cell device, a Si photodetector with known responsivity [R (A) = S(A)/I(A)A 

(in V/W or A/W); S is the signal output (in V or A), I is the incident energy (in 

W/cm^), and A is the sensitive area] curve, is placed in front of the monochromator. 

The device quantum efficiency is thus obtained by normalizing the photocurrent 

spectrum with the power spectrum of the source recorded by the detector. 

3.4.4 Wide-field photocurrent microscopy 

In order to carry out photocurrent contrast microscopy on conjugated polymer 

based thin film devices, a wide field optical microscope was assembled around 

a NIKON TE-2000 inverted microscope as shown in Figure 3.11. Scanner head 

(NIS-70) was procured from Nanonics along with scanning software (Nanoview 

2.2v) was utilized. This scanner head (dimension 7 cm x 7 cm x 0.5 cm, with a 

circular optical opening) has scanning range 70 ^m in all the three directions with 

minimum step size of subnanometer. The interface box records data corresponding 
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Figure 3.11: Schematic diagram for the wide-field photocurrent microscopy. Ml 
is the dichroic mirror which reflects excitation wavelength and transmits higher 
wavelengths. Fl is the PL filter which specifically allows the fluorescence emission. 

Photodiode 

Figure 3.12: Schematic diagram for the one dimensional line scan 
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to each x-y position simultaneously from 4-channels measuring photocurrent 

signal, transmission signal, PL signal and morphology. In most of the experiments 

carried out in our laboratory two channels were used where a simultaneous mea

surement of photocurrent and reflected excitation light using lock-in technique was 

done. The reflected light was collected using camera port where a high sensitivity 

photomultiplier tube (APD, Sensil) was mounted. The detector signal was mea

sured by lock-in technique. A single mode optical fiber (core diameter = 4 /xm) 

was used along with lOX beam expander to illuminate backside of high numerical 

aperture (NA) microobjective lens (magnification 60X, working distance 150 //m 

with coverslip correction ring). Mercury lamp port was used for guiding the light 

coming from optical fiber. Typical excitation wavelengths of 405 nm, 470 nm, 543 

nm from three different lasers were used. Dichroic mirrors, coated with specific di

electric layers, and filters were procured from CHROMA for this using this setup in 

a wide range of scientific problems. The schematic of the set-up has been depicted 

in Figure 3.11. 

3.4.5 Spatially resolved photocurrent scan in I D 

In these measurements, transmission and photocurrent profiles were recorded simul

taneously using lock-in technique with a local chopped optical probe (spot diameter 

^1 ^m, optical power w 1 /iW, A = 405 nm, 473 nm, 543 nm, 633 nm). Trans

mission profiles were recorded using high sensitivity Si photodiode. The polymer 

device was mounted on a piezo-driver controlled linear translation stage (NEW

PORT ESPlOO, range = 25 mm, minimum step-size = 100 nm). The schematic 

diagram of the set-up has been depicted in Figure 3.12 
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Figure 3.13: TOF signal of a MEHPPV sample sandwiched between amorphous 
selenium coated ITO and Au, illuminated by a blue LED pulsed at a frequency 10 
Hz. Top figure: (a) LED was on for 1 msec. A constant voltage of 54 V was applied 
across the device (ITO was positively biased). The appearance of the 'cusp' is the 
signature of SCLC-transient. Bottom figure: (b) TOF signal with the LED (ontime 
= 50 msce) pulsed at 10 Hz. Voltage applied = 36 V, forward bias. 'Forward Bias' 
means, +ve bias to the illuminated electrode. A 'cusp' appears due to SCL-effect. 
The current saturates at the SCL-value due to bimolecular recombination. All the 
charges in the reservoir gets extracted after the light is switched off. A negative 
voltage pulse would have been useful to extract charge carriers. However, here 
charge carriers gets extracted under a constant applied bias. The decaying tail 
displays a point of inflection which can be identified as carrier extraction time. 
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3.4.6 Transient photocurrent measurements 

Transient measurements provide useful information about the carrier mobihty and 

RC time constant of the device. It is an deterministic tool to evaluate the detector 

response time and bandwidth. Time-of-flight measurements on thick MEHPPV 

samples fabricated on an amorphous 

Device 

Function Generator 
Synchronized trigger 

Figure 3.14: Schematic diagram for measuring transient response of photodiode 
using HP5420 digital storage oscilloscope (DSO) with iGHz sampling rate and 500 
MHz bandwidth. 

selenium coated ITO glass substrates was carried out. Amorphous selenium 

served the purpose of a charge generating layer. A Nd-YAG pulsed laser of pulse-

duration 10 ns and repetation rate 80 /is was used to generate a sheet of charge 

carriers. In few experiments chopped CW laser excitaion (at a particular frequency) 

was used. The photoexcitation input signal from a chopped light source gave rise to 

a square shaped photoexcitation as opposed to a (5-function type excitation from 

the pulsed laser. A LED, also used as an excitation source was pulsed using a 

function generator. The on-time of the LED was varied by varying the duty-cycle 

of the trigger pulse driving the LED. All the current traces were measured using a 

HP5420 oscilloscope which was triggered using synchronized output of the function 
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generator. Data was collected in real time using sequential single shot mode and 

was averaged over 10 segments. The coupling (both in AC and DC mode) resistance 

was 1 MQ,. 

3.4.7 Grazing incidence X-ray diffraction (GIXRD) measure

ment 

The ordering and self-assembly of pristine P3HT film oriented on hexamethyldis-

ilane (HMDS)-treated glass substrates was verified using grazing incidence X-ray 

diffraction (GIXRD) technique. In GIXRD measurement (in plane), a peak at 29 

« 5° {9 is the angle of incidence), representing the (100) plane, was observed (Fig

ure 3.3). The GIXRD measurement was conducted in CCMR, Cornell University, 

USA. 



CHAPTER 4 

EFFICIENT POLYMER SOLAR CELL BASED ON 

ENERGY TRANSFER IN GRADED-BANDGAP 

POLYMERS 

4.1 Introduction 

Polymer-polymer blend based solar cell has certain advantages over the polymer-

fullerene based solar cells. In fullerene based bulk-heterojunction (BHJ) solar cell, 

only one component is photoactive because of the low absorption of Ceo in the 

visible range. The charge transport properties for the two different charges are 

also unbalanced. Holes undergo a combined diffusion process along the polymer 

chain, with additional hopping between the chains (mobility for holes, measured 

by time-of-flight and current-voltage measurements, is ~ 10~^-10~^ cm^V~^ s~̂  in 

poly(phenylenevinylene) (PPV)-based devices [170]), and electrons are transported 

by an exclusive hopping transport process between the small molecules (mobility 

of electrons is ~ 0.5 cm^V~^s~^ in the single-crystal state of Ceo [171])- The use 

of conjugated polymers as both donor and acceptor (DA) components offers a 

conceptual solution to this problem. Mixing two polymers typically leads to phase 

separation and creation of microstructured DA junctions. Additionally, with the 

use of DA polymers of different band gaps, the device can be made sensitive over 

77 
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a wide spectral range. In this chapter results of BHJ-photovoltaics (PV) based on 

PPV derivatives are discussed. 

A value of power conversion efficiency (r/p) 1% and IPCE (incident-photon-

to-current conversion efficiency) of 6% at low light intensities have been reported 

for a BHJ-PV system fabricated from two different conjugated polymers: poly[2-

methoxy-5-(2-ethylhexyloxy)-l,4-phenylene vinylene] (MEHPPV) as the donor, in 

composite with cyanoPPV (CNPPV) as the acceptor [172]. Recently, much higher 

IPCEs of 23 [88], 25 [173], and 30% [174] have been measured in PPV-based 

binary-blend devices with white-light efficiencies of 0.75 [88] and 1.7% [174]. In 

the present study, the approach was to achieve an optimum morphology for the 

solar cell where three different polymers would phase segregate naturally and form 

vertically graded structure with donor type high band-gap polymer at the bottom 

and acceptor polymer at the top (maximum concentration of the donor polymer at 

the anode and a small concentration at the cathode end and having more amount 

of acceptor polymer at the cathode end). This approach has several advantages 

like better work-function matching of the Aluminum/Calcium electrode with the 

electron-acceptor (cyano-PPV in this case) LUMO and the proximity of electron-

transporting layer with the cathode. This approach also eliminates the presence of 

any abrupt p-n junction; rather the junction is quite smeared out. The interface 

between D-A, obtained in this manner is free from any additional barrier [175, 176]. 

This approach has already been tested from organic field-effect transistor perspec

tive where the polymer-dielectric interface plays crucial role in device performance 

[177, 178]. 

Devices were fabricated from three different blends which has been described 

in detail in Section 3.3. In the ternary blend device vertical phase segregation 

was not observed instead, the concentration of low-conjugated (LC) MEHPPV was 
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optimized in the blend. 

4.2 Variable band gap donor systems 

Band gap of PPV derivatives can be modified by suitably placing conjugation 

breaks within the polymer chain. The mole fraction of the non-conjugated seg

ment can be controlled which in turn modulates the band gap of the polymer. 

Blends of MEHPPV with different degrees of conjugation offer the interesting pos

sibility of accessing a wider spectral window. Such segmented MEHPPVs (Figure 

4.1) have been synthesized by selective elimination of side groups of a suitable pre

cursor containing two types of eliminable groups, namely, diethyl dithiocarbamate 

(DTC) and methoxy groups [156]. Selective elimination of DTC groups leaves the 

methoxy groups unaffected and hence leads to the generation of truncated MEH-

PV oligomeric units, of varying conjugation lengths, within each polymer chain. 

This approach provides a unique ability to control the extent of conjugation length 

from 100 to 10 %, consequently modulating the band gap to cover a significant 

portion of the UV-vis spectral window. Blends of two kinds of segmented MEH

PPVs, 10 % conjugated (low-conjugated (LC), absorbing the UV-blue part of the 

spectrum) and 100 % conjugated (high-conjugated (HC), absorbing the green part 

of the spectrum), can broaden the spectral sensitivity of the photodiode. Consid

erable energy transfer from the LC polymer to the HC polymer was demonstrated 

previously by fluorescence studies on these systems [179]. Nondissipative exciton-

transfer processes from the segments of low carrier mobility to those of higher 

mobility followed by their dissociation provide efficient pathways for charge extrac

tion. Thus, light can be harvested and the energy can be channeled to the interface 

where the charge transfer can take place analogous to the photosynthesis process. 
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EH= 

Figure 4.1: Chemical structure of a) segmented MEHPPV containing conjugated 
segments of varying lengths interrupted by the nonconjugated segments and b) 
acceptor polymer CNPPV 
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?L(nnn) 

Figure 4.2: Absorption and photoluminescence (PL) spectra of the low conjugated 
(10 %) and high conjugated (100 %) polymers. 
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Energy transfer in dye-polymer [180] and polymer-polymer [181] systems have 

been demonstrated as a viable route to obtain improved performance for laser 

and PV applications. Voltage-controlled color tuning has recently been achieved 

in organic light-emitting diodes based on efficient energy transfer from poly(9,9-

dioctylfluorene) (PFO) to MEHPPV [26, 182]. We have utihzed the broad spectral 

absorption of segmented MEHPPV copolymer blends to study some of these con

cepts. BHJ-PV devices using ternary polymer blends consisting of two polymers 

with different bandgaps (blend of HC-MEHPPV and LC-MEHPPV) as the donor 

(Figure 4.1a) and CNPPV (Figure 4.1b) as an acceptor reveal improved IPCE. 

4.2.1 Absorption and PL spectra of the blend 

A spectral overlap between the LC-MEHPPV (high-band gap polymer) emission 

and the HC-MEHPPV (low-band gap polymer) absorption, which is a primary 

prerequisite for the energy-transfer process, was clearly observed, as shown in Fig

ure 4.2. The broadening of the absorption spectrum of the blend film consisting 

of two kinds of polymer (LC and HC) was also observed, as shown in Figure 4.3. 

The absorption spectrum was tuned by varying the relative concentrations of the 

LC and HC components, where the characteristic peaks of the individual polymer 

constituents varied depending on the concentration. The absorption spectrum of 

HC-LC blends was approximately the weighed sum of the HC and LC spectra, sug

gesting that the ground-state interaction between the chromophores in the mixture 

is minimal and the lowest TT — TV* transitions of individual chromophores are roughly 

intact upon blending. The efficient exciton transfer was evident in the fluorescence 

spectra of the blends (Figure 4.4), in which an increase of photoluminescence (PL) 

from HC-MEHPPV at the expense of a complete annulling of PL 
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from LC-MEHPPV was observed. The quantum yield of the pristine LC phase 

in solution form is much higher (~ 85 %) than that of the pristine HC in solution 

form (~ 15 %) [156]. A similar trend was observed in solid-state polymer films. In 

the blend of the two polymers the PL of the LC phase was completely quenched and 

the PL of the HC phase was enhanced. The shape of the PL spectrum of the blend 

was similar to that of HC-MEHPPV with the expected vibronic fine structures. 

This behavior suggests that an efficient energy transfer takes place from the LC 

phase to the HC phase following a Forster-type mechanism, implying the formation 

of domains of nanometer dimensions (3-10 nm, the characteristic length scale for 

Forster energy transfer). The effect of phase segregation on the energy-transfer 

efficiency in segmented MEHPPVs has recently been studied [179]. 

Upon introducing an acceptor polymer, CNPPV, to form a D-A composite 

blend, the PL of pristine HC-MEHPPV and LC-MEHPPV was quenched by more 

than two orders of magnitude. However, the quenching efficiency in LCMEH-

PPV:CNPPV system was larger than in HC-MEHPPV:CNPPV system (Figure 

4.5) in solution. The PL-quenching efficiency can be lower in case of films de

pending upon the phase segregation. The active layer films obtained from these 

components were uniform in thickness, with a RMS surface roughness of ~ 1 nm, 

as indicated by atomic force microscopy (AFM) topography profiles. 

4.3 Intensity modulated photocurrent spectra 

The photovoltaic properties of these D-A composite films were investigated. The 

results are summarized based on the studies of devices with three different active-

layer compositions: (i) HC-MEHPPV and CNPPV blend device, (HC/CNPPV, 

1:1 weight ratio); (ii) LC-MEHPPV and CNPPV blend device (LC/CNPPV, 1:1 
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weight ratio); and (iii) HC-MEHPPV, LC-MEHPPV, and CNPPV based ternary-

blend devices containing varying weight fractions of LC-MEHPPV (0, 11, 20, 33, 

and 66 %), while retaining an HC-MEHPPV/CNPPV ratio of 1:1. Several de

vices (5-10) of each composition were tested to verify the reproducibility of the 

results. The spectral variation of the IPCEs of typical devices is displayed in Fig

ure 4.6 for short-circuit mode of operation. The lowest IPCE was observed in the 

LC:CNPPV device, whereas the ternary-blend device exhibited the highest IPCE. 

The photocurrent and the IPCE of the LC:CNPPV device, in the 450 to 650 nm 

range, is due to CNPPV absorption alone. The IPCE spectrum of the LC:CNPPV 

device showed a small peak at 370 nm, which may be attributed to the absorp

tion of LC-MEHPPV and CNPPV. The poor photocurrent and low efficiency (~ 

3% at 530 nm) are mainly due to poor hole-mobility along the LC chain. The 

charge-transfer (CT) states with electrons in the acceptor chain and holes in the 

donor chain are bound by weak coulomb interactions between them; therefore, the 

bichromophore recombination (either radiative or nonradiative) may possibly limit 

the IPCE of LCiCNPPV device. Contrastingly, the IPCE of the HC:CNPPV de

vice was quite high (~ 10% at 530 nm). It should be noted that the absorption 

coefficients, a(A), of HC-MEHPPV and CNPPV (Figure 4.2) are quite similar and 

hence the contribution from different processes cannot be distinguished. IPCE(A) 

across the entire spectral region arises from constituent HC-MEHPPV and CNPPV 

responses, distinct from the efficient processes occurring at their interfaces. In the 

ternary-blend devices the weight fraction of the LC phase was varied while retain

ing a constant 1:1 ratio of HC-MEHPPV and CNPPV. The IPCE of the device 

exhibited a maximum value when the weight fraction of the LC phase was ~ 20% 

(Figure 4.6(b)), at which the actual ratio of the three components was 2:1:2 (HC-

MEHPPV:LCMEHPPV:CNPPV). At this optimized composition. 
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Figure 4.5: Upon blending with CNPPV the PL of LC polymer gets quenched by 
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Figure 4.6: The short circuit action spectra of the binary and ternary blend devices. 
The variation of photocurrent (IPCE at 530 nm) with different LC ratios is shown 
in the adjacent figure. It was obseved that the overall photoconversion efficiency is 
at maximum for a particular concetration of LC (~ 20 %). The low IPCE (~ 3 %) 
of LC:CNPPV blend (in spite of high PL quenching efficiency of 92 %) indicates 
most of the charge-separated polaron pairs recombine geminately. 
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an enhanced IPCE (~ 19%) was achieved. This optimal composition of the LC 

phase reflects the balance of effective charge carrier separation and the mobility of 

the charge carriers, bearing in mind the poor hole mobility in the LC phase. The 

enhanced efficiency does not merely appear to arise from the linear combination 

of the IPCE of the homopolymer-CNPPV junctions. It is to be noted that three 

sets of interfaces are present in case of ternary-blend device, of which the HC/LC 

interface is favorable for energy transfer and the HC/CNPPV interface is favorable 

for efficient charge transfer along with the low-yielding LC/CNPPV interface. A 

simple physical picture can explain the observed improvement of the quantum 

efficiency in the blue spectral region. The excitons created at the LC phase are 

transferred to the HC phase followed by charge transfer at HC/CNPPV interface, 

which is a more efficient interface for CT, as depicted schematically in Figure 4.7. 

A similar mechanism was proposed by Inganas [181] in bilayer devices containing 

blends of PPV and polythiophene derivatives with Ceo as the electron-accepting 

layer. 

A simplistic quantitative estimate of the quantum efficiency can be obtained by 

considering the a{X) and the mobility-lifetime product (fxr) of the constituent poly

mers. External quantum efficiency or IPCE can be expressed in terms of photon 

absorption efficiency (T/A), exciton-diffusion efficiency (T^ED)) charge-transfer effi

ciency (T/CT)) and the charge-collection efficiency (?7cc) and is given by Equation 

3.2. The built-in field (Fbi), provided by the band offset between the aluminum 

electrode and the polymer (~ 10̂  V/cm), facilitates the charge-carrier extraction 

process and limits the charge-carrier recombination. The average distance over 

which holes travel before recombination is fir^ V̂M (where // is the hole-carrier mo

bility and Tr is the recombination lifetime of the holes). Hence, the exciton dissoci

ation efficiency (T/D) (the fraction of electron-hole pairs that contribute successfully 
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Figure 4.7: The absorption of high-energy hght photons creates excitons on the LC 
chain and HC chain. The exciton on the LC chain can subsequently be transferred 
to the HC chain and be dissociated at the HC/CNPPV interface; the excitons on 
the HC chain can also lead to the same charge-transfer process. 
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Figure 4.8: The derivative of the absorption coefficient {a) and photocurrent (/ph)-
The derivative of the /ph for the ternery blend photodiode has the lowest line width, 
indicating the steepest rise in the current near the band edge. 
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to the current) can be expressed as (Equation 4.1) 

VD = ??ED?7CT??CC = ??max[l - exp{-fXTrV^/d)] ( 4 . 1 ) 

where 77max is the maximum dissociation efficiency, and d is the thickness of the 

active-polymer layer. Incorporating these effects in the r;ipcE and neglecting the 

reflection losses at the air/substrate interface we get (Equation 4.2) [183] 

??IPCE(A) « 7?„,ax{l - exp[-^iTrVu/d]} X (1 - e-̂ ^̂ '̂̂ ) (4.2) 

At 530 nm, the small value of T̂A of LCiCNPPV is due to the low ad value, but 

at 400 nm the limiting factor is the mobility of holes along the LC polymer chain. 

The mobility of holes in LC polymer is much lower (ID mobility of the positive 

charges along the polymer chain (/Xh <S 0.005 cm^V~^ s"^) than in the HC polymer 

(//h ~ 0.42 cm^V"^ s~ )̂ [184], so the mobility-Ufetime product for the LC phase is 

small (//Tf ~ 5 X 10"̂ '̂  cm^V~^ s~ ;̂ Tf is the Hfetime of the fast transport and is 

approximately 100 ps in the case of PPV [185]), which explains the low quantum 

efficiency. In the case of the HC:CNPPV device. Equation 4.2 gives an estimate of 

??ipcE ~ 6% at 530 nm (using ad « 0.15 at 530 nm, //Tf ~ 4 x IQ-^^ cm^V-^s"^ 

and 77niax ~ 1), which is comparable to the experimentally observed value (~ 10%). 

In the ternary-blend devices, the enhancement in the blue region is due to 

energy transfer from shorter oligomeric segments to the longer oligomeric segments 

[186]. In the LC phase (which contains only 10 % conjugated segments), the 

fractional population of shorter oligomers is higher [187]. Selective excitation of 

the shorter oligomers is followed by significant transfer of energy to the neighboring 

longer oligomers, either in the same chain or to a neighboring HC chain. In the 

ternary blend, the LC phase always transfers energy to the more highly conjugated 
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chromophores, which in turn gives rise to an additional enhancement of r̂ max in the 

blue part of the spectrum. 

The increase in IPCE in the blue region (~ 400 nm), is attributed to energy 

transfer from chromophores in the LC domain to those in the HC domains and 

subsequent charge transfer across the HC/CNPPV interface. The feature suggests 

that the efficiency of energy transfer from LC to HC depends on A. As A increases 

a relatively smaller number of longer-conjugation-length excited chromophores are 

created in the LC domains, and these find it difficult to transfer the energy to 

chromophores in the HC domains because of the expected lower proximity. Hence, 

only directly excited chromophores in the HC domains contribute to the IPCE 

as the wavelength increases. This causes a slight decrease before the second in

crease because of increasing direct absorption by the HC domain. There is a small 

feature at 470 nm, which is consistently present in all the three kinds of devices 

(LC:CNPPV, HC:CNPPV, and HC:LC:CNPPV). This feature does not arise from 

the active medium but is an artifact which appears when there is an underlying 

layer of PEDOT:PSS present. Response from the (low-efficiency) devices in absence 

of the PEDOT:PSS buffer layer did not indicate this feature. Energy funneling to 

the HC sites from a broad range of absorbing chromophores in MEHPPV is a well-

established hypothesis [188]. In addition, the presence of the HC phase provides 

better transport pathways for holes. 

The transport factor appears to be enhanced in the ternary blend systems com

pared to the binary systems. This is indicated by studying the spectral profile 

near the band-edge region. The band edge of the polymers, as determined from 

the intercept of the tangent at A corresponding to the derivative \da/dX\max, was 

found to be ~ 590 nm for all the three devices. The essential features observed 

(Figure 4.8) are: (i) the steepest increase in photocurrent (/ph) in the case of the 
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ternary blend {\dIph/dX\ is at a maximum near the band edge); and (ii) the ratio 

of \dIph/dX\ for HC:CNPPV and ternary-blend devices is three orders of magni

tude higher than their \da/dX\ ratio. The significant rise in current near the onset 

of absorption can be attributed to the enhanced effective mobility in the ternary 

blend because of better interconnecting pathways to the electrodes. The LC phase 

is typically inactive near the band edge of the polymer. Hence, it acts as an inert 

host matrix for the HC:CNPPV composite near the red part of the spectrum. Di

lution of the conjugated polymer by the inert host matrix appears to facilitate the 

charge transport by increasing the HC/CNPPV interface and possibly providing 

greater interconnecting networks. Furthermore, inclusion of an inert matrix mod

ulates the overall dielectric constant e^ of the system [189]. The dielectric constant 

controls the Coulomb radius (re = e^/47r£oerkBT, where SQ is the permittivity of 

a vacuum, ke is the Boltzmann constant, and T is temperature), over which the 

attractive coulomb potential of the electronhole pairs extends and charge carrier 

recombination takes place. 

4.4 Wide-field photocurrent imaging of ternary blend 

device 

Scanning photocurrent microscopy images of the ternary blend system in conjunc

tion with transmission profiles confirms the envisaged physical processes. The 

measurements carried out at different wavelengths corresponding to HC and LC 

absorption regions are quite informative in discerning the characteristic contribu

tions from the different processes. The variations in the Iph in the scan zone are 

sizable and cannot be solely attributed to topographical undulations. The image 



4.4 Wide-field photocurrent imaging of ternary blend device 91 

405 nm 543 nm 
Figure 4.9: Current-contrast images of the ternary-blend device obtained by pho
tocurrent microscopy with two different excitations (543 nm He-Ne laser with an 
excitation power of ~ 60 nW, and 405 nm diode laser with an excitation power of 
~ 40 nW). The photocurrent images were normalized with respect to the high
est magnitude and the lowest photocurrent was set as the offset value. The total 
scanned area was 25 /zm^ and the normalized scale bar is shown for relative /ph 
magnitudes. 
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Figure 4.10: Histograms showing the area fraction of the image contributing to the 
different /ph regions 
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obtained from the excitation at 543 nm (a(A)niax for HC and CNPPV) is shown 

in Figure 4.9 The fractional areas (x 100%) at constant intervals of normalized /ph 

arc plotted as histograms (Figure 4.10). The histogram data (at 543 nm) reveals ~ 

35% of the total area are high /ph regions. These high-efHciency regions primarily 

indicate HC/CNPPV interfaces. The intermediate cfhcicncy can be attributed to 

regions of HC-MEHPPV or CNPPV-rich domains and the non-responsive regions 

correspond to the LC polymer forming an inert matrix. The images obtained from 

405 nm excitation are significantly different, with most of the area (~ 55%) cov

ered by average photocurrent regions as a result of the HC:LC/LC:CNPPV rich 

domains. At this wavelength, high photocurrent regions form approximately 24 % 

of the total area, and primarily indicate LC rich domains with HC:CNPPV do

mains in their close proximity, facilitating energy transfer from LC to HC followed 

by charge transfer at the HC/CNPPV interface. This analysis suggests that the 

efficient charge-transfer regions constitute only 24 to 35 % of the total scanned area 

(25 /im^) that contributes to the high photocurrent. 

4.5 JV-characteristics 

Comparison of the solar-cell characteristics of the devices validates the spectro

scopic observations and inferences. Current density (J)voltage (V) response (Fig

ure 4.11) of three devices under illumination indicate large values of short-circuit 

current density (Jsc)for the ternary HC:LC:CNPPV (2:1:2) devices and low values 

for the LC:CNPPV device. The dark JV characteristics of the ternary-blend device 

showed ohmic behavior at low electric field (from 0 to 1 V), albeit the injection 

current is very low in this regime. At high electric field,the JV characteristics do 

not follow the simple space-charge law. The open-circuit voltage (Koc) was quite 
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high (1.1 V) in all cases. The fill factor (FF = 12 %) and Jsc (~ 80 iiAlcm^) 

in the ternary-blend device were limited by the high series resistance, which was 

reflected in the low forward current at comparatively high field. While the ob

served photocurrent was sufficiently high, the overall power-conversion efficiency 

(T/P = 1%, under monochromatic illumination at 530 nm and with intensity of ~ 

1 mW/cm^) of the device was limited by the low FF. The high series resistance 

can be attributed to the barrier formation at the electrode/polymer interface. The 

barrier can arise from the work function mismatch and presence of a thin aluminum 

oxide layer between the polymer and the cathode. 

Bias (V) 

LC:CNPPV 
HC:CNPPV 
HC:LC:CNPPV 

Figure 4.11: The JV characteristics of the devices, under monochromatic illumi
nation at 532 nm with an intensity of 1 mW/cm^. The ternary-blend device gives 
the best performance open-circuit voltage, VQC = 1-1 V, Jsc = 80 /iA/cm^, fill 
factor FF=12 %, r/p = 1 %, under monochromatic illumination, A ~ 530 nm and 
incident power density, Pjnc = 1 mW/cm^ 
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4.6 Summary 

Efficient ternary-polymer-blend DA solar cells, with the donor part consisting of 

the blend of high-conjugated (100%) and low-conjugated (10%) MEHPPV in a 2:1 

weight ratio along with the CNPPV acceptor, have been demonstrated. It has been 

observed that the ternary-blend diodes are more efficient than the homopolymer-

acceptor diodes. The surface photocurrent profiles point directly to the more active 

HC/CNPPV interface, compared to the LC/CNPPV interface, for charge-transfer 

processes. The LC polymer behaves as a host polymer and photosensitizer, which 

transfers energy to the fluorescent dye polymer (HC) by a Forster-type mechanism 

and thus improves the total photo-conversion of the ternary-blend device in the 

blue part of the spectrum, whereas in the red region the observed enhancement 

is mainly because of enhanced effective mobility. The overall spectral response of 

the photodiode improves and the excitons in the LC-chain finds a new transport 

pathway to give rise to free charge carriers. The ideal morphology for a photovoltaic 

device has been shown in Figure 4.12 where, HC-CNPPV (efficient interface for 

charge transfer process) and LC-HC (efficient interface for energy transfer) interface 

is maximized and LC-CNPPV (not so efficient interface for free charge carrier 

generation) is minimized. Isolating LC-polymer from CNPPV, may maximize the 

energy transfer process. Ideally LC should be encapsulated within HC. A partial 

encapsulation of LC inside HC was achieved by introducing controlled amount of 

non-solvent in the system (see Appendix for more details). However devices were 

not realized using that route. 

To achieve the gradient in concentration the depth dependent curing procedure 

[168] was adopted. The patterning scheme has already been detailed in 
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Existing morphoiogy in the blend Near Ideal nnorphology for 
optinnized photovoltaic 

ITO Al 

• CNPPV-Electron transporting donnain 
• HC-Hole transporting domain 
• LC 

Figure 4.12: Postulated blend morphology. LC polymer should be encapsulated 
within HC to minimize LC-CNPPV interface and increase the HC-CNPPV inter
face. This will isolate energy transfer process from charge transfer process. 
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Figure 4.13: PL spectrum from both side of the film reveals that there is higher 
concentration of HC on the top and higher concentration of LC at the bottom. 
The film thickness was high (~ 15 ^m) and the curing was done by 370 nm light. 
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Section 3.3. The resulting concentration profile was probed by PL spectrum 

from both sides of the substrates (Figure 4.13) and shows the clear indication of 

HC polymer at the top and LC polymer at the bottom. The relative difference in 

PL intensity is due to the different fluorescence quantum yield. The film thickness 

was too high (~ 15 //m) to be used as an active layer in solar cell. However, with 

lower wavelength UV radiation, the thickness can be minimized. 

The vertical concentration gradient is difficult to achieve in these systems. Layer 

by layer deposition as has been adopted in many cases [190], was attempted. Bilayer 

structures with a bottom layer consisting of a blend of HC and LC polymers in a 2:1 

weight ratio and top layer consisting of an HC:CNPPV blend in a 1:1 weight ratio 

were investigated to optimize the electrical transport from the vertical gradient 

perspective and minimize electrode barriers. However, this bilayer structure did 

not result in higher efficiency and is probably limited by the presence of defects at 

the bilayer junctions. In spite of the designing hmitations, it has been successfully 

demonstrated that the presence of LC polymer can enhance photon harvesting. 

This method of blending three components for efficient light harvesting offers a 

promising route to developing polymer-based solar-cells [191]. 



CHAPTER 5 

CORRELATING CONTACT EFFECTS TO THE 

REDUCED FILL-FACTOR 

5.1 Introduction 

A large part of contemporary research on polymer solar cells involves design and 

synthesis of novel polymeric systems. From the device performance perspective a 

crucial factor to realize the maximum impact of different strategies finally depends 

on better fill factor of the device which is more sensitive to bulk-material properties, 

blend morphology, degradation [192, 193] and the physio-chemical morphology of 

the polymer-cathode interface. Apart from bulk issues the electrode-active layer 

interface plays an important role. ReaHstic deposition conditions of cathode lead 

to a variety of physical (in form of void space) and chemical defect features which 

can be detrimental. We emphasize this aspect in our studies using high perfor

mance model D-A blend systems, by monitoring the dependence of the solar cell 

parameters. 

Photogeneration of charge carrier is preceded by the dissociation of exciton at 

the D-A interface (with quantum efficiency TJCT)- Once the exciton is dissociated 

the charge collection efficiency (r/cc) does not approach 100 % under short circuit 

condition [194] since, the polaron pair (with hole on the D-chain and electron on the 

A-chain) created after dissociation is still bound by mutual coulombic interaction 

97 



98 Chapter 5. 

and this charge-transfer exciton has finite hfetime. The formation of free electron 

and hole pair is highly field and temperature dependent process which is refiected 

in the reverse bias photocurrent (Jph) behaviour [32]. In ideal case, the probability 

of free carrier formation from the bound polaron pair should not depend on the 

field across the device. In P3HT:PCBM devices where a good FF (< 50%) has been 

observed this near ideal behaviour is followed and the Jph essentially saturates at 

high reverse bias indicating the fact that almost all the photogenerated free charge 

carriers are extracted from the device. However in most of these systems Jph in the 

reverse bias shows mild field dependence. A strong field dependence of Jph reduces 

the FF significantly. Since near FoCi (V̂ sat < V < Foe, V̂ sat is the saturation 

voltage at which Jph switches from linear to saturation regime) the effective field 

in the device is low, a strong field dependent exciton dissociation rate changes the 

curvature of the JF-response and it tends to become concave. Besides the field-

dependent exciton dissociation rate, unbalanced transport of charge carriers can 

also play a major role. 

It has been discussed in Section 2.5 that the unbalanced carrier mobiUty give 

rise to carrier accumulation and consequent space charge effect. To recapitulate, 

let us briefly discuss the phenomenon here and its effect on the device FF. In case 

of perfect ohmic contacts (non-injecting in the reverse bias mode) the behaviour 

of the illuminated JV response depends on the drift length [L-D=HTF, where, /x is 

the mobiUty, r is the lifetime of the charge carriers and F is the field across the 

device) of the electrons (e) and holes (h) and the ratio (b) of their drift lengths 

(b = iie^ell^h^h) [141]. For balanced transport (b ~ 1), Jph varies linearly with 

V at lower voltage regime and at higher voltage it saturates to a value Jph = 

qG{F,T)d, where, q is the charge, G is the generation rate, F is the electric field, 

T temperature and d active-polymer layer thickness [34]. At this point Lo becomes 
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equal or greater than d. However in case of unbalanced transport (b < 1 or b > 

1), which is also known as '//r-limited' process, carrier accumulation takes place 

near both the contacts modifying the field and in absence of any recombination 

the thickness of the accumulation region (s) is governed by the smaller fj, . In 

an extreme case (b <C 1 or b » 1), the slower charge carrier will accumulate 

near one of the electrode to a greater extent leading to build up of an internal 

field. When the field in this region becomes equal to the external applied voltage 

(V), the current becomes 'space charge limited' (SCL). Under SCL condition Jph 

= qG[{fiT)siov/ carrier]°'̂  ̂ '̂ '̂ ^ A fundamental electrostatic limit for the build-up of 

space charge is reached when Jph becomes equal to JSCL (= 9/8£o£̂ rA'siow carrier)-

Using this condition, the electrostatically allowed maximum photocurrent density 

is given by Equation 2.16 [128, 140]. Both in SCL and //r-limited case Jph shows a 

square root dependence on V and at higher voltage Jph saturates. However the Jph 

varies linearly with G, hence with the intensity of illumination (P) in //r-limited 

case and shows a three-quarter dependence on G (or P) in SCL case. The square 

root dependence on voltage limits the maximum possible FF to 42 % in SCL-case 

[140]. Jph oc {VQ-VY^'^ => Jsc oc VQ^^"^- In the maximum power point. 

^{Jr^V) = 0 (5.1) 
V=V,n 

Hence, Vmax oc |Vo and Jmax oc (|V^) . This dependence give rise to a FF of 

40 %. SCL-Jph as seen in Equation 2.16 does not depend on thickness d. For non-

SCL devices the saturation photocurrent is approximated by qGd. Consequently 

increasing d will result in a higher Jph due to enhanced absorption. With increasing 

d, a transition has been observed from non-SCL to SCL behaviour where the Jph 

reached the {d independent) space-charge limit given by Equation 2.16 [195]. The 
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thickness d also determines the slope (= IIT/(P) of the JF-curve (in the range 

^sat < V < Foe) [196, 197]. A steeper slope moves Fgat closer to VQC and hence 

increases the FF. 

SCL behaviour has been demonstrated for a blend of PPV derivative and PCBM 

where ^h in PPV phase (/Xh ~ 3.2 x 10~^ cm^/Vs) is two orders of magnitude lesser 

than the /Xe in the PCBM phase (/ie ~ 4 x 10~^ cm^/Vs) [140]. For balanced trans

port and better FF, a DA pair with comparable //r-product is always preferable. 

From this point of view, DA pairs, P3HT (//h ~ 10"'' cm7Vs)-PCBM {^l^ ~ 10"^ 

cmVVs), and MEHPPV-CNPPV [^i^ = /Xh ~ 10~^ cmVVs) should show compa

rable 

PCBM 
.0CH3 

|j,~4x10'cmWs 

—o 

Mh~ 3.2x10'cm'A/s 

Figure 5.1: The scheme summarizes the observed fill-factor for commonly used 
donor-acceptor pairs. P3HT:PCBM and MEHPPViCNPPV both has balanced 
mobility values although MEHPPV:CNPPV devices show a general trend of low 
( « 30%) FF. In case of MEHPPV:PCBM, the mobility difference is high which 
give rise to space-charge limited (SCL) fill-factor. 

efficiency. Experimentally in spite of a higher F Q C of ~ 1.2 V, all active-
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polymer solar cells based on MEHPPV-CNPPV blend have much lower FF (~ 

30 %) [173, 174, 198, 199, 200] resulting in a lower PCE as compared to P3HT-

PCBM (FF ~ 68 %) [99] devices which can be attributed to the lower mobility and 

consequent field dependent exciton dissociation rate in PPV systems [200] (Figure 

5.1). Solar cells based on small molecules are also capable of giving high FF (50 

%) [201]. However lowering of FF (25 %) [202, 203] due to the "S-shaped" JV-

response, has been observed in these systems as well. Thus the bulk can reduce 

the FF in two ways: (i) strong field-dependent exciton dissociation rate and (ii) 

unbalanced transport and consequent space charge effect. The characteristic 'S-

shaped' JV curve is the signature of a counter-injecting diode which arises due to 

charge accumulation near one of the electrode. Charge carrier accumulation can 

be a contact-driven process and in this chapter the importance of contact-effects 

to the FF has been demonstrated in the two model systems of P3HT-PCBM and 

MEHPPV-CNPPV where transport is balanced and exciton dissociation is weakly 

dependent on the applied field. 

5.2 Field dependence of photocurrent 

The JV characteristics measured in the dark ( J D ) and under illumination (7L) with 

white light are shown in Figure 5.3 for P3HT-PCBM solar cell with Ca cathode. 

Jh{ y) gives rise to a FF of 62.6 % under white light illumination of 80 mW/cm^ 

leading to a moderate PCE of 1.5 % (neglecting reflection losses). Similar efficiency 

was achieved under AMI.5 (100 mW/cm^) illumination. The photocurrent (Jph = 

JL-JD) when plotted against the effective applied bias voltage ( VQ- V) (where VQ 

~ 0.64 V is the compensation voltage, defined by the voltage at which the Jph = 

0), linearly increases with voltage at low effective field {VQ-V < 0.1) and for high 
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Figure 5.2: Schematics of photocurrent in the fourth quadrant plotted in log-log 
scale has been shown. The solid line is the ideal response. In presence of SCL-
condition, the square root behaviour on voltage comes into play. At high reverse 
bias the Jph always show a mild field dependent increase. 
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Figure 5.3: JF-characteristics of a P3HT-PCBM solar cell with active area 25 
mm^. The device shows Jsc = 3.08 mA/cm^, FQC = 0.59 V and FF = 62.6 % 
under white light illumination with Pine = 80 mW/cm^ 
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effective field {VQ-V > 0.1), Jph gradually saturates to the value, qG{F,T)d 

and shows a weak field dependence (assuming no charge carrier recombination) 

[34]. These devices (with d ~ 100 nm) have no significant SCL contribution. The 

dissociation efficiency is quite high and weakly dependent on field since almost 

one sixth of the total photogenerated charge carriers (which give rise to saturation 

photocurrent in high effective field region), is already dissociated in the low effective 

field regime. The performance of PSC can be adjudged by the second derivative 

(d^J/dF^) or the extent of convexity which is positive in the region Fgat < V < 

Koc, where Vg&t ~ 0.4 V. 

5.3 Cathode-polymer interface effect on FF 

Replacing the Ca electrode with Al gives rise to a point of inflection near FQC and 

subsequent concavity in the fourth quadrant (d^ J /d F^ < 0 in the range Kgat < V̂  < 

Voc) of the J\/-characteristics with similar magnitude of Jsc and FQC as has been 

shown in Figure 5.4. Work function differences do not significantly alter V ôc which 

is in accordance with the idea that VQC is controlled primarily by the energy levels 

of the DA materials. The morphology and the chemical integrity of the interface 

play crucial roles in the J{ V) mechanism. Slow evaporation rate or an inverted 

geometry has been speculated to be useful to get a better PCE with Al cathode 

[204, 205]. In the present case, Al electrode formed by slower deposition rate 

appeared to improve the FF with magnitude approaching the values corresponding 

to Ca electrode (which was less sensitive to the deposition rate) devices. 

High rates of deposition led to increased concavity in the JV-characteristics. 

The inhomogeneity of interfaces is higher with a rapid evaporation rate of metal 

as evident in the AFM surface images. The RMS roughness of the slowly grown 
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External field (reverse bias) 

Of holes 

Conformal metal coating 

Figure 5.4: Illuminated JF-characteristics of a P3HT-PCBM solar cell with Al 
deposited at an extremely fast evaporation rate (200 nm/5 sec) and at slow evap
oration rate (200 nm/100 sec). The fast evaporation process of Al gives rise to 
concavity in the fourth quadrant and consequently a low FF of 12.5 %, with VQC 
= 0.52 V and Jsc = 1-47 mA/cm^ (Pin^ = 20 mW/cm^). The slow evaporation 
rate improves the FF to 45 %, with Voc = 0.4 V and Jsc = 4.3 mA/cm^ (Pine 
= 80 mW/cm^). The schematic on the right represents the interface morphology 
(top: fast evaporation, bottom: slow evaporation). 
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Figure 5.5: Illuminated JV-response of a P3HT-PCBM solar cell with chemically 
modified Ca cathode under different intensity of illumination. With standard 
AMI.5 illumination the FF is 28 %, while uder low intensity illumination (< 10 
raW/cm^) the kink in the fourth quadrant disappears and the FF becomes 36 %. 
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Al was ~ 1.37 nm, whereas that for the fast grown Al was ~ 1.13 nm. The 

image (Figure 5.6) shows the occurrence of local big domains and large voids pace 

in case of fast evaporation. The close packing feature which is present in slowly-

grown Al is not seen in the fast grown Al. A simplistic analysis of bias dependent 

Schottky-type depletion width can explain the lowering of the Jph in 0 < V < 

VQC region. In maximum power point the device is operating under a bias of 

220 mV (corresponding field ~ 2.2 x 10̂  V/cm) which makes the current at this 

point (Jmax) to be only 7 % of Jsc- This argument is not applicable for PSCs 

with a slower, more uniform coated Al layer. The difference can be reconciled 

to the metal-polymer reaction leading to different barrier levels and widths under 

different thermodynamic conditions [206]. Under high reverse bias the current 

tends to saturate (Figure 5.4). The generation rate for Al-cathode devices G « 

9.1 X 10̂ '* cm~^s~^ as obtained from the saturated photocurrent is much higher 

than the Ca-cathode devices (G w 1.8 x 10̂ * cm~^s~^) under same intensity of 

illumination. This indicates that the possibility of reverse injection of holes from 

the cathode in case of Al devices can not be overruled. 

A non-uniform contact or incomplete coverage of the metal over the polymer 

surface can result in a scenario of charge accumulation leading to a barrier formation 

which can possibly explain the resulting J( V) response. As it has been depicted 

schematically in Figure 5.4, the polymer film has a microscopically rough surface, 

so that the metal does not have uniform contact and there are a vast number of 

sites forming blind alleys, which act as electron traps. High electron density over a 

very sharp edge (~ nm) gives rise to concentrated electric field which facilitates the 

injection of holes from the metal (under large reverse bias). This explains the high 

photocurrent observed in reverse bias regime in a fast-grown Al-cathode device. 

This phenomenon is quite similar to the photo-multiplication observed in n-type 
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Figure 5.6: AFM image of a slowly grown AI film (on the left) surface on the 
polymer film (scan window size 2 /xm x 2 //m). Image indicates the appearance of 
small grain-like islands which are closely packed. The AFM image of a fast grown 
Al film shows occurrence of local large domains with void spaces. 
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Figure 5.7: Illuminated JV-response of devices with different active layer thickness. 
Incident power density (Pine) ~ 80 mW/cm^. Higher thickness reduces the FF and 
the Jsc increases due to enhanced absorption. 
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perylene pigment [207, 208, 209]. A thin layer of aluminium oxide present 

in the cathode-polymer interface has also been shown to facilitate the injection 

of electrons from the cathode when significant amount of holes accumulated in 

the Al203-polymer interface, in an OLED geometry [210]. This has significance 

with the present result where we speculate a reverse injection of holes from the 

cathode under high density of electron traps in the interface. A bias dependent 

quantum efficiency measurement can give valuable insight of this phenomenon. 

The reduction of FF can also arise due to the chemical degradation of the metal-

polymer interface. These observations were confirmed on samples exposed over 2-

weeks with Ca cathode which showed the signature of degradation due to exposure 

to ambient conditions where the appearance of a 'kink' (second point of inflection 

where d^J/dK^ changes its sign from negative to positive) in the fourth quadrant 

reduces the FF by half (Figure 5.5). The kink in the fourth quadrant, which is 

suppressed at low light intensity (P < 10 mW/cm^), is indicative of a defect induced 

recombination process. FF also depends on the active polymer layer thickness [211]. 

In case of thicker devices Fgat shifts towards the origin. Saturation photocurrent 

stems out from the fact that the slow carrier accumulation region has become equal 

to the device thickness d. Therefore for higher thickness the Fsat becomes closer 

to the origin and slope of the JF-characteristics in the range Fsat < 1̂  < VQC 

decreases. In Figure 5.7 the effect of increasing thickness has been depicted for two 

different thicknesses of the devices. 

5.4 MEHPPV-CNPPV blend device 

The situation is however different in case of PSCs based on MEHPPV-CNPPV 

blends [212]. The JV characteristics of a MEHPPV-CNPPV device indicate FF ~ 
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20 % for Al and 28 % for Ca electrodes. Jsc is one order of magnitude smaller in 

Al-devices due to the higher series resistance {RsA ~ 95 kfi-cm^) as compared to 

Ca-devices {RsA ~ 0.4 kQ-cm^). The dark JF-characteristics is almost symmetric 

in the entire voltage range (-2 V to +2 V). The high JD in the reverse bias region 

can be attributed to the carrier injection through the CNPPV phase in reverse bias 

mode and not to the mechanical pinholes. 

Occurrence of high reverse-JD has been observed in devices with different area 

(ranging from 1 mm^ to 25 mm^). The strong increase in Jo in the forward 

bias above 0.8 V is an indication of current through MEHPPV phase. This sug

gests MEHPPV phase also connects to both the electrodes and the blend is co-

continuous. The reason for a low fill factor can be attributed to the poor rectifi

cation property from the high reverse injection current which competes with the 

diffusion current under illumination apart from the lower exciton dissociation rate 

arising from the low carrier mobility that prevails in these systems [200]. 

5.5 Interface manipulation with meltable cathode 

The hypothesis was further confirmed based on the study with a low melting point 

(MP) cathode alloy of In-Sn-Pb-Bi (~ 58 °C). This alloy forms an ohmic con

tact with the polymer and is a good electron collecting cathode. This thermally 

deformable cathode layer also provides a direct evidence of the importance of the 

cathode morphology on the FF. P3HT-PCBM solar cell characteristics with this 

cathode were carried out on a hot-stage in a microscope platform. This system 

using the low MP alloy can be used to gauge the effects caused by physical and 

the physio-chemical features at the interface. The physical effect appear in terms 

of the effective contact area between the metal alloy and the semiconductor while 
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Figure 5.8: The JV characteristics of a MEHPPV-CNPPV device with Al and 
Ca/Al cathodes, under monochromatic light illumination of power density of 1 
mW/cm^. For Al cathode, Jgc = 0.015 mA/cm^, FQC = 1-18 V, and FF=20 %. 
For Ca device, Jsc=0.43 mA/cm^, KQC = 0.76 V, and FF=28 %. 
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Figure 5.9: IV characteristics of a P3HT-PCBM blend solar cell. Active device 
area was 4 mm^ with meltable alloy as the cathode showing the FF 37.66 % and 
24.8 % when the interface is contaminated. FF in the melt phase is 41 % and 38 
% in the solid phase. 
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the trapped oxygen and moisture upon freezing the sample acts as the source 

for an additional oxide-barrier layer. The similarity of the IV in the melt phase (at 

60 °C) and solid phase (at 45 °C) of the cathode in the device shown in Figure 5.9 

indicates similar contact area for the two phases with a high FF of 40%. However, 

during the solidification process if defects are introduced the IV drastically changes 

with a significant field dependent reverse bias I{V) as shown in Figure 5.9 and a 

low FF of 24%. The effects related to the heating and cooling rate of the cathode 

and the consequent structures at the interface are currently being pursued in our 

laboratory. 

5.6 Summary 

In conclusion, it has been observed that the shape of the JF-characteristics in 

the power generating fourth quadrant strongly depends on the quality of polymer 

cathode interface and does not always reflect the bulk characteristics. A partial 

metal coverage or a chemically modified layer can reduce the fill factor drastically 

in an otherwise efficient solar cell device. The most commonly known bulk-limiting 

factors, such as space charge effect due to difference in mobility numbers and strong 

field dependence of dissociation efficiency seem to be secondary in these cases. 

Physio-chemical defects in the polymer metal interface gives rise to the charge 

carrier accumulation (due to inefficient collection) and the consequent space-charge 

like effect. For better FF, a conformal coating of metal which follows the polymer 

surface undulations is always preferable. These results show a clear distinction 

between generation-transport occurring in the bulk and carrier collection efficiency 

which is determined by cathode-polymer interface morphology. An identifiable 

direct signature of this effect manifests in the the profile of the JF-characteristics. 



CHAPTER 6 

EFFECT OF CATHODE DIMENSION AND 

GEOMETRY ON PERFORMANCE OF SOLAR 

CELL 

6.1 Introduction 

Organic solar cells are intensely being studied as a potential photovoltaic (PV) 

device due to the solution processing methods and the relative ease in fabrication. 

The combination of unique semiconducting electronic property and mechanical as

pects similar to conventional plastics are attractive features in spite of the lower 

efficiencies prevailing in these systems. The increasing number of reports neces

sitates accurate estimation of power conversion efficiency (PCE) and appropriate 

comparison of devices with a uniform set of guidelines for the parameters, especially 

in regards to the dimensions of the PV element and the extrapolation procedures 

of the parameters to large area pixilated structures [213, 214]. 

In BHJ-PSC, efforts have largely been targeted to optimize the bulk morphology 

for efficient charge generation and subsequent transport. Efforts in optimizing the 

geometry and pixel dimensions and distribution has been quite negligible. Small 

active-area (typically < 10 mm^), defined by the overlap area of the bottom in

dium tin oxide (ITO) anode and top cathode have been reported to give rise to 
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high short-circuit current density (Jsc) values [215, 216]. We highUght the impor

tance of the cathode-size and the extent of photoactive regions beyond the assumed 

dimensions in PSCs. This issue has been partly addressed in earlier report for or

ganic PV devices [217, 218] however we present additional insights and observations 

which can potentially be utiUzed to design an effective grid pattern for a large area 

polymer photovoltaic structure. 

6.2 P3HT:PCBM solar cell characteristics 

For the present studies, P3HT-PCBM based PSCs were fabricated using standard 

protocol by spin coating the polymer solution onto the PEDOT-PSS coated glass-

unpatterned ITO substrates. Devices of wide range of active-area (0.04-1 cm^) were 

prepared by metal deposition onto the active polymer layer of P3HT:PCBM blend. 

Shadow mask arrangements were used to pattern accurate, predefined square elec

trodes on the active layer with asymmetry factors (cathode area /ITO area) ranging 

from 10"'̂  to 10~^ These devices were tested under complete illumination using 

collimated white light source. PCE of ~ 2% was achieved for a prototypical de

vice under AM 1.5 illumination. A batch of devices for the present studies which 

represented a slightly lower PCE but which could be reliably reproduced was cho

sen. The J (current/cathode-area)-V (Figure 6.1) for these representative devices 

indicates Jsc in the range of 1.78 mA/cm^ (PCE w 0.6%)-1.42 mA/cm^ (PCE « 

0.48%). In all the batches of samples a general trend of reproducible high Jsc value 

for small area devices was observed. The decay of Jsc for different area devices in 

general follows a l/x (~ perimeter/area of the cathode) decay profile where x is 

the length of the sides of top square-shaped cathode (Figure 6.1). VQC however 

remains unaffected and was observed to be independent of x over a wide range. 
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Figure 6.1: JV characteristics of the P3HT-PCBM solar cell with different active 
area under flooded illumination with white light of intensity 80 mW/cm^. Devices 
were fabricated on two different substrates with pixel size 4 mm^, 9 mm^ (substrate 
1) and 25 mm^, 49 mm^ (substrate 2). The variation of Jsc .̂nd VQC has been 
depicted (the left figure). 
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Figure 6.2: A second set of results fabricated from a different batch of samples 
(P3HT:PCBM) exhibiting the scaling of photocurrent dependence on the cathode-
area. The Jsc magnitude varied from 1.5 mA/cm^ (for 0.09 cm^ device) to 1.43 
mA/cm^ (for 0.49 cm^) device under coUimated, broad white light illumination of 
intensity ~ 80 mW/cm^. VQC remains largely independent of the area. 
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Experiments were then carried out to estimate the significant, apparent contri

bution from the non-overlapping region. For this, the devices were characterized 

using restricted illumination by inserting a mask which precisely fitted the active 

region and covered the peripheral regions. The metal-cathode contour was used for 

mask alignment while maintaining negligible shadow effects. The measurements in 

all the cases indicated a substantial drop of Isc (by ~ 15% for 0.25 cm^ device) as 

compared to the flooded illumination which also illuminated the peripheral regions 

around the active region (Figure 6.3). 
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Figure 6.3: IV characteristic of 25 mm^ device under flooded and restricted (re
stricted to the overlap region) illumination. The schematic in the inset shows the 
device layout. 

Under restricted illumination the JV-characteristics for different area devices 

are identical and superpose on each other, revealing that resistive-losses are not a 

dominant factor in the present range of devices. The finite drop across the ITO 

surface (between the electrical contact point and the region of illumination) barely 

accounts for these significant changes. Since the ITO is not patterned, contributions 

from the PEDOT-PSS (resistivity ~ 0.1 fi-cm) layer is not relevant here. 
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6.3 Optical effects 

Possible sources of the contribution from the periphery are expected to arise from 

diffused component of light scattered due to the surface roughness of the ITO/polymer 

interface (Figure 6.4). This contribution can be quantitatively addressed in terms 

of the haze parameter for the transmitted light (HT) (the ratio between diffused 

and total [diffused + specular] light). HT has been shown to be dependent on the 

RMS surface roughness (A) of the substrate and incident wavelength with larger 

contribution from shorter-wavelengths. It is an appreciable factor at visible region 

when A exceeds 40-50 nm [219]. For ~ 530 nm (EQE maximum), the HT has 

been shown to be only 15% and give rise to negligible enhancement in the short-

circuit current density considering A ~ 1 nm for ITO/PEDOT and ~ 1.37 nm 

for Al/polymer interface. Beam-spreading within the glass substrate (thickness ~ 

1.12 mm, refractive index ~ 1.45) is a sizable factor under non-uniform illumina

tion conditions. The optical effects arising from the glass substrate was verified by 

using thinner substrates such as ITO coated cover-slip glass (thickness ~ 160 //m). 

Devices fabricated on these thinner substrates exhibited similar performance 

levels. Measurements involving restricted illumination indicated small contribu

tions from the periphery in this case. The light distribution in the polymer medium 

was simulated using Fourier optics numerical simulation tools and was also veri

fied experimentally by studying the extent of the beam spread using a near-field 

collection setup around the edges upon irradiating the sample in the far-field. The 

Fourier simulation using the expression (Equation 6.1) below indicates a spread of 

the beam only to the extent of few microns. The light intensity spread contour is 

calculated with unit-less quantity, as discussed by Wilson [220]. 
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Figure 6.4: The possible optical effects that can give rise to enhancement in mea
sured photocurrent are (i) scattering inside the thick (1.12 /im) glass substrate (ii) 
waveguiding of isotropically emitted PL emission from the active polymer layer 
(iii) scattering in the ITO-polymer interface due to surface roughness. Waveguid
ing inside the ITO slab is negligible due to extremely small thickness (~ 500 nm) 
and reflectivity RiTO-poiymer ~ 10"'' since n2 « ns. Also, the ITO-polymer interface 
roughness parameter (A) ~ 1 nm <C A (300 nm-700 nm). Hence the interfacial 
scattering of transmitted light for collimated near-normal incidence is also negligi
ble. The scattering inside the glass (thickness ~ 1.12 /xm) was minimized by using 
ITO-coatcd cover-shps (160 //m). 
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Figure 6.5: The beam profile was captured using a high-resolution CCD camera 
(640 X 480 pixels in 64 /xm x 48 /xm area) fitted with a SOX (numerical aperture ~ 
0.95, working distance ~ 10.1 mm) micro-objective lens. The laser spot (A ~ 543 

power ~ 10 nW) was focused onto the sample using a 60X (working distance nm, 
150 fim, numerical aperture ~ 0.55) micro-objective lens. In case of cover-slip the 
spot size is 0.5 /xm and on the glass substrate it was 0.7 /itm. The broadening of 
the spot can be attributed to the finite thickness of the glass substrate (1.12 mm). 
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The spot is focussed at a distance h inside the polymer material by a 60X micro-

objective lens with numerical aperture sin a w 0.95. /3 is the absorption parameter, 

u and V are the optical co-ordinates. Light intensity spread contour is plotted in 

Figure 6.6. 

u=kz Sin^a 

Figure 6.6: Optical beam simulation inside polymer matrix using Fourier optics 
formalism.Laser beam coming from 60X micro-objective lens (with cover-slip cor
rection ring, working distance = 150 /xm, numerical aperture (= sin a) = 0.95, A 
« 470 nm) focused on patterned ITO substrate. 

Direct images of the scattered-light from the device using a high resolution 

camera also provided the intensity profiles. A small spot of light (spot size ~ 

200 /im) was focused on the ITO through a 50X objective lens and the scattered 

intensity profile was captured from the other side with a CCD camera. For a 

localized incident-spot the scattering factors in the cover slips (160 /um) is 30% 

less than that in glass slides (1.15 mm). Consequently, the enhancement of Jsc 

from the additional peripheral illumination using a well collimated source is w 5% 
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in case of cover slips as compared to 15% in case of glass substrates for similar 

area devices. These effects have been observed to be more pronounced in case of 

results from small-area illumination on a dye-sensitized solar cell on much thicker 

FTO coated (thickness ~ 4 mm) substrates [221]. Possibility of efficient guiding 

of isotropically reemitted light by the absorbing polymer species [222], coated on 

glass substrates is not significant in the present case because of the low emission 

from the acceptor quenched donor systems. 

6.4 Spatially resolved photocurrent scan 

Finite extent of the fringing electric field outside the coverage of Al-cathode was 

estimated to decay to magnitudes as low as ~ 10-100 V/cm within a span of 50 

nm from the edge. The extent of photoactive region outside the active area was 

probed using spatially resolved Isc measurements (Figure 6.7) with a low intensity 

(~ 120 nW) source incident locally using a 60 X microscope objective (~ 470 nm, 

spot size ~ 1 ^m) (Figure 6.5) and a stage translated at a step size of 0.5 /xm. 

Measures were taken to minimize the diffusive spreading of light and minimize 

wave-guiding by fabricating the devices on thin ITO coated cover slip (160 fim). 

The short-circuit-photocurrent (Iph) decreases progressively as the light is scanned 

away from the overlap region of the electrodes [223]. The Iph decay profiles (cor

rected with transmission profile) outside the Al electrode and ITO electrode reveals 

decay length of 16 /xm and 109 ^m respectively (Figure 6.8). It is to be noted that 

the Iph from these measurements have their origin from the localized source of 

carrier generated by the narrow light source that distorts the built-in potential 

locally. In the steady state, a non-local lateral electric field can be set up that can 

self consistently induce a lateral flow of the separated carriers. This lateral 
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Figure 6.7: Spatially resolved short-circuit photocurrent (Iph) profile of a BHJ 
solar cell made from P3HT-PCBM blend sandwiched between unpatterned ITO 
and a stripe of Al cathode. The transmission of the beam was monitored using 
a photodetector to determine the position of the beam. In region 1, the spot 
(1 //m diameter) is completely inside the overlap region. Region 2 corresponds 
to the boundary region where edge effects dominate. In region 3, the spot is 
completely outside and the transmission is position independent. The exponential 
fit (solid line) to the data reveals the decay length of 16 //m. Inset depicts the 
device structure and schematic of the measurement. The long arrow indicates the 
scanning direction. 

Figure 6.8: The spatially resolved photocurrent with the beam scanning the Al 
electrode track (outside the ITO boundary) also reveals an exponential type decay 
profile. The decay length ~ 109 //m. 
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Figure 6.9: The photocurrent measurement using two beams with broad illumina
tion restricted within the overlap region and a local point source illumination in 
the external region. 
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Figure 6.10: JV-response of different area devices were recorded with spot illumi
nation from laser (A « 532 nm) of different diameter centered in the overlap region. 
Spot diameters were: 125.61 //m, 487.59 /im, 1.04245 mm, 1.38661 mm, 2.50028 
mm. The diameter of the spot was changed using a movable lens and a fixed beam 
expander (lOX) assembly. 
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charge flow, which is ohmic in nature, produces a potential drop between the 

locus of illumination and the electrodes can be used to possibly explain the large 

decay lengths beyond the expected value for simple diffusion processes. 

Measurements with two beams on the two regions (within the device-area and 

outside the device) are more appropriate to confirm the processes under broad 

uniform illumination. These were carried out with two light sources on a solar cell 

device fabricated on smooth thin ITO coated cover-slip substrate to minimize the 

beam dispersion. One source was directed from the ITO side onto the overlapping 

region in front of the Al while the second beam was incident from the opposite 

side, with the light focused on the region outside the Al region (Figure 6.9). A 

clear increase in the Jsc was observed when the second source was incident outside 

the overlapping region; however this increase was less than the sum of the values 

obtained from individual contributions with only one light source. 

This expected non-additive feature can be understood from the differences in 

the charge carrier transport rate from the two carrier generation sources. The 

lateral diffusion process rates assisted by small field are expected to be lower than 

the transverse transport rates aided by the large built-in field. This feature is also 

evidenced in the chopper frequency dependence and transient profiles of Jsc from 

the carriers generated at the two locations. Short circuit photocurrent frequency 

response of P3HT:PCBM blend solar cell devices, fabricated on thin (thickness 

~ 160 //m) ITO coated cover-slip, has been carried out on the overlap region 

as well as in the outside region. The photocurrent (RMS value) measurement 

using lockin-technique as a function of frequency (cu ~ 0 to 3.4 kHz) reveals a 

progressively increasing trail in the outside regions (~ 60 //m away from the Al 

edge) and eventually exceeds the DC current value (2.32 nA under illumination 

with 543 nm laser spot, power ~ 215 nW). Inside the overlap region the current 
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value is almost constant over the concerned frequency range. The increasing profile 

can be attributed to the capacitive charging effect and slow rate of transport in the 

external regions. The beam size dependence was also observed to be markedly less 

sensitive for smaller area devices, beam concentrated in a small area of diameter 

~ 485 iim gave rise to the Jsc which differs only by < 2% as compared to a larger 

spot (0.025 cm^) falling on the overlap region of a 0.01 cm^ device (Figure 6.10). 

Earlier reports on area-scaling basically dealt around the issues of the finite 

sheet-resistance of ITO anode which give rise to a finite loss in efficiency due to 

PR drop [224, 225]. A small elemental length da: of ITO stripe, having width b 

and thickness t has resistance dR, given by, 

,^ dx ^ dx ,„ „, 
dR = p-~— = i^sheetX (6.2) 

t X 0 0 

where Rsheet(= p/i) has the unit Q/D. The electric power dissipated in this section 

is dP = PdR. Under illumination, I = J x b x x. The total power loss Pioss is 

given by, 

/.L/2 ^3 

P\oss = / J%R^heetX^dx = J^R^heetb— (6.3) 

where L is the spacing between two metallic grid lines on the ITO slab [226]. 

In order to circumvent the ITO sheet resistance drop, the area of the device was 

required to be < 1 cm^ since for a 5% efficient solar cell (area = 1 cm^, Jsc = 

13 mA/cm2, VQC = 0.6 V, FF = 0.65, J^ax = 10 mA/cm^, Vn,ax = 0.5 V) the 

fractional power loss p = Pioss/Pmax, given by, 

p J T2 

P = "B = 77—RsheetjT; (6-4) 
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is 16% where Pmax = VmaxJmax X bL. Our present results suggest the benefits 

of further pixilation within this 1 cm^ area of the metal cathode. The cathode 

pixilation which can be easily done with physical masks or printing methods can 

enable the device to utilize the higher efficiencies observed in smaller area device, 

which can more than compensate the loss arising from a decreased net active-area. 

6.5 Summary 

In conclusion, we have demonstrated the contributions from the optical and elec

trical effects to the area dependence of PCE in organic solar cells. The design of 

large area solar cells can incorporate factors such as the substrate thickness, beam 

profiles, and the possibility of the constructing an hierarchy in the patterns where 

the ITO is patterned at a larger length scale and cathodes are patterned at smaller 

levels to enable extraction of high levels of performance from these structures. 



CHAPTER 7 

SUMMARY AND FUTURE DIRECTIONS 

A thorough study of the photophysical processes which can limit the performance 

parameters has been presented in this thesis. The overall results and the relevant 

remarks on the charge and energy transfer mechanism deciding the performance of 

the solar cell has been summarized. 

Variable band gap poly[2-methoxy-5-(2-ethylhexyloxy)-l,4-phenylene vinylene] 

(MEHPPV) polymers, namely the low conjugated (LC, 10% conjugated, high band 

gap ~ 2.6 eV) and high conjugated (HC, 100% conjugated,low bad gap ~ 2.1 eV), 

are model polymer systems to study energy and charge transfer processes in a 

ternary blend device. In the three component blend of HC, LC and CNPPV (ac

ceptor), with optimized concentration of LC, a cascaded process of charge carrier 

generation takes place. Charge transfer and energy transfer efficiencies of dif

ferent interfaces dictates the pJiotogeneration quantum yield. Charge transfer in 

LC:CNPPV and HC:CNPPV is highly efficient, although, the photocurrent quan

tum efficiency of LC:CNPPV is limited by low yield of separation of bound CT-

exciton. The yield can be substantiated by channefing the excitons to a relatively 

more efficient HC:CNPPV interface. In LC:HC interface the energy transfer ef

ficiency is almost 100%. LC polymer absorbs blue part of the visible spectrum 

which give rise to generation of singlet exciton and it's subsequent transfer to the 

nearby high conjugated (HC) segment by Forster-type energy transfer mechanism. 

Charge transfer and separation of the geminate pair at the HC-CNPPV interface 
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is highly efficient. An enhancement in the quantum efficiency was achieved in the 

blue region of the spectrum as well as in the green region of the spectrum. Presence 

of LC seems to be helping in enhancing effective carrier mobility. 

JV -response of MEHPPViCNPPV devices with Al cathode manifests concave 

("S" shaped) nature in the fourth quadrant. The FF improves from 12.5% to 30% 

upon introducing Calcium as the cathode material. Experimentally in spite of a 

higher Voc of 1.2 V, all active-polymer solar cells based on MEHPPV-CNPPV 

blend has much lower FF (30%) resulting in a lower PCE as compared to poly[3-

hexylthiophene] (P3HT)-[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) (FF 

~ 68%). Lower FF stems out from the low mobility in the PPV systems and 

consequent low exciton dissociation rate. The characteristic "S-shaped" JV-curve is 

the signature of a counter-injecting diode which arises due to charge accumulation 

near one of the electrode. Charge carrier accumulation can be a contact-driven 

process if either there is any thin contamination layer (in form of oxide) present or 

the metal-polymer interface has void spaces. Two model systems with balanced //r, 

P3HT-PCBM and MEHPPV-CNPPV, was chosen to investigate the importance 

of contact-effects to the FF. Bulk material properties of the polymers affect the 

FF in two ways: (i) accumulation of charge carriers due to unbalanced mobilty 

of electrons and holes and subsequent space charge effect and (ii) the strong field 

dependence of photocurrent in the third quadrant of the JV-characteristics. The 

shape of the JV characteristics in the power generating fourth quadrant strongly 

depends on the quality of polymer cathode interface and does not always bear the 

fingerprint of bulk material properties. A partial metal coverage or a chemically 

modified layer can reduce the fill factor drastically in an otherwise efficient solar 

cell device. The polymer film has a microscopically rough surface, so that the metal 

does not have uniform contact and there are a vast number of sites forming blind 
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alleys, which act as electron traps. High electron density over a very sharp edge (~ 

nm) gives rise to concentrated electric field which facilitates the injection of holes 

from the metal (under large reverse bias). This explains the high photocurrent 

observed in reverse bias regime (third quadrant) in a fast-grown Al-cathode device. 

The role of device geometry and size of the active area on the power conver

sion efficiency has been investigated. Larger the area of the device larger is the 

resistance of the bottom indium tin oxide (ITO) electrode material. When the 

short circuit current density becomes high this gives rise to larger power loss in the 

ITO contact due to the ITO sheet resistance. To avoid the series resistance con

tribution due to the ITO, it is preferable to keep the device area (which is decided 

by the overlap area of the top cathode electrode. Aluminum and bottom anode, 

ITO) smaller. It has been observed that the active-area described by the overlap 

region of ITO and Al is not the only photoactive region. The measured current 

in case of flooded illumination is always accompanied with the extra current from 

the peripheral regions. The origin of this current is partially due to optical ef

fects like beam spreading inside the thick glass substrate and light scattering from 

the rough interfaces, the other reason being the lateral diffusion of photogenerated 

charge carriers. Lateral diffusion phenomenon in case of organic semiconductors 

was firstly observed in our laboratory in pristine polymer systems by local spot 

illumination outside the overlap region. Same set of experiments were extended 

to find out lateral diffusion length scales in case of polymer blends and attempts 

has been made to correlate device performance to the active area related issues in 

organic solar cells. 

The studies of this thesis can further be taken to understand and quantify the 

photocurrent contribution from the peripheral regions. The transport mechanism 

and rate of transport can be investigated by studying the temperature dependence 
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in order to reveal the effect of trap states in the transport. The optical effects can 

be simulated and quantified using standard simulation tools. These information 

can be utilized to design a proper grid pattern for solar cells. 



Appendix to Chapter 4 

Efficient energy transfer from LC to HC has been demonstrated both in blend-film 

and in solution of the HC (100%)/LC (10%) in chloroform. However the efficiency 

of energy transfer depends on the phase segregation of HC and LC. Upon addition 

of controlled amount of cyclohexanc (non-solvent for HC polymer alone) the HC 

chain starts collapsing and give rise to micron sized phase segregated domains. 

The modulation of phase separation with controlled amount of non-solvent (NS) 

was useful to study the energy transfer efficiency [179]. At a high concentration of 

cyclohexane, the fluorescence data revealed the co-collapse of HC and LC. During 

the collapsing process, LC polymer gets encapsulated within HC. This observation 

prompted the utilization of cyclohexane in ternary blend devices (HC:LC:CNPPV) 

in order to study the effect of LC encapsulation within HC. Cyclohexane is a non-

solvent for both HC and CNPPV. Polymer solution was prepared by dissolving 

HC:LC:CNPPV in 2:1:2 weight ratio in chloroform. Controlled amount of cyclo

hexane (0%, 20%, 40%, 60% by volume fraction) was added to the solution while 

keeping the concentration of the polymer in the chloroform-|-cyclohexane mixture 

same. Devices were prepared by spin coating polymer solutions onto the ITO 

coated cover slips and by subsequent evaporation of Aluminium cathode. 

Wide field photocurrent images and confocal microscopy tools were used to 

characterize the micro-phase separation in the blends and its effect on 
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NS 0% NS 20% NS 40% NS 60% 

Figure A.l: The photocurrcnt contrast microscopy images of the devices containing 
controlled amount of non-solvent (top panel) using 473 nm excitation and 20 //m 
X 20 /xm scan window. Confocal PL images of the ternary blend devices using 543 
nm (power ~ 500 nW) excitation and collecting PL emission from 560 nm to 650 
nm (bottom panel). The scale bar corresponds to 1 nm. NS: non-solvent. 

NS (in %) 

Iph 

/T 'vmax 
i^ph) 

PL 

60 

47.60% 

130 pA 

35% 

40 

57% 

75 pA 

58.23% 

20 

34.86% 

13 pA 

43.60% 

0 

41.35% 

33 pA 

74.45% 

Table A.l: Summary of results obtained from the scanned images on ternary blend 
devices. Iph indicates fractional area that contributes to the high photocurrent. PL 
indicates the fractional area where HC PL emission is quenched. (Iph)'"^ indicates 
maximum photocurrent magnitude. 
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photocurrent. Local illumination laser beam revealed highest photocurrent 

magnitude from the device containing 60% non-solvent concentration. Analysis 

revealed that the 40% nonsolvent mixed device has most optimum sizeable donor-

acceptor homogeneous network through out the film. The confocal local spectro

scopic data reveal the quenched PL from HC region. Area histogram analysis for 

confocal and photocurrent images were found to be correlated, though measure

ments were carried out on separate samples. 

Photocurrent imaging was done on (20 /xm x 20 /zm) area, almost similar phase 

separation was found throughout the scanned region for smaller scanned window 

(5 ^m X 5 fiva) of higher resolution. Images were processed using wavelet analysis 

in WsXm software, in order to improve the resolution (step size = 100 nm, beam 

spot ~ 400 nm). Although local spot illumination revealed higher photocurrent, a 

controlled experiment with varying spot size (to replicate broad-band illumination 

condition) didn't reveal similar trends. 



Appendix 

A.0.1 Comments on Chapter 3 

1. Charge transfer at a polymer/polymer interface, a fundamental issue in this 

study, depends on the band alignment of the two polymers at the interface. There

fore, it would be helpful if a table listing the energetic values of the HOMO and 

LUMO levels of ALL polymers used in this study was provided in chapter. 

Polymer 

P3HT 

PCBM 

HC-MEHPPV (100%) 

LC-MEHPPV (10%) 

CNPPV 

HOMO (eV) 

4.9 

6.1 

5 

-

5.4 

LUMO (eV) 

2.7 

3.7 

2.8 

-

3.2 

Bandgap (eV) 

2.2 

2.4 

2.2 

2.6 

2.2 

Table A.l: Summary of energy levels and bandgap of all the polymers used. The 
bandgap of the LC-MEHPPV was estimated from the absorption edge near the 
370 nm peak. 

2. A general comment regarding methodology: details on the PL measurements 

were not provided in section 3.4.1 despite the section title. This information, mainly 

the excitation wavelengths used should be clearly indicated in each PL spectra (if 

different) because this has a major effect on the absorption, energy transfer and 

emission. 
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Photoluminescence (PL) measurements on all the HC-MEHPFV and LC-MEHPPV 

polymers and HC-LC blend films for the present study were done in a Perkin Elmer 

spectrophotometer with 370 nm excitation unless otherwise stated. The polymer 

films were coated on quartz substrates and measurements were done in reflection 

geometry with an excitation wavelength cut-ofF filter in the emitted light path. 

A.0.2 Comments on Chapter 4 

1. The PL of HC in Figure 4.2 shows a peak at 600 nm with a broad tail to longer 

wavelength; while that in Figure 4.4 shows the peak closer to 550 nm. What is the 

reason for this discrepancy? A different polymer batch? This should be indicated. 

Photoluminescence spectra shown in Figure (4.4) of the polymer blend films in 

different weight ratio using 370 nm excitation. In the blend the PL resembles the 

feature of HC polymer and the PL of LC phase gets completely quenched. The 

resultant PL peak of the blend films is slightly blue shifted ( 575 nm) as compared 

to pristine HC PL peak ( 600 nm). This can be attributed to incomplete elimination 

of the LC-polymer precursor 

2. The discussion over PL quenching on Page 83 should include the type of 

excitation used for the PL measurements. This information is absolutely necessary 

to follow the arguments of energy transfer. For example: Was the quantum yield 

of PL measured for both HC and LC using the same excitation wavelength? Is the 

increase in PL intensity as a function of LC fraction in the HC/LC blends (Figure 

4.4) due to the fact that the wavelength used for excitation suits the LC polymer, 

but not the HC polymer? 

PL measurements were done with 370 nm excitation characteristic of LC ab

sorption peak. The quantum efficiency of both the polymers (HC and LC) was 
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also measured using 370 nm excitation. The enhancement is solely due to en

ergy transfer from LC to HC and the final PL response is characteristic of HC PL 

response. 

3. The similar Voc obtained for all devices is somewhat surprising because it 

should reflect the "efficient interface for charge separation" which is the HC/CNPPV 

in two of the blends, but not in the LC/CNPPV. Please comment on this result 

Similar VQC (~ 1-1 V) obtained from all the three types of devices, viz. HC:CNPPV, 

LC:CNPPV and HC:LC:CNPPV blend devices indicates that it is not solely con

trolled by the LUMO of the acceptor and HOMO of the donor. Al cathode forms a 

Schottky contact and the work-function difference of cathode and anode also dic

tates the measured VQC' A thin layer of aluminum oxide formed between metal-

polymer interface give rise to charge carrier accumulation near cathode which can 

also affect VQC-
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