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Synopsis 

 

 Polymer-fullerene based bulk heterojunction solar cells (BHJ-PSCs) are turning out 

to be attractive energy options due to the ease of processability and reasonable power 

conversion efficiency. The limiting processes in BHJ-PSCs have been attributed to a wide 

variety of factors ranging from molecular level to macroscopic sources. It has been 

observed in BHJ-PSCs which consist of tailored donor-acceptor molecules to form an 

optimized interface for charge transfer and separation, factors such as donor-acceptor 

domain size and inter-domain connectivity limit the performance. Optimizations of these 

performance limiting issues present a considerable challenge in the efforts to realize 

efficient polymer based solar cells. The thesis largely addresses these issues by introducing 

specific techniques to probe the role of heterojunction morphology. These studies were 

carried out as a function of annealing conditions, effect of solvents and the ratio of 

constituent donor and acceptor materials which apparently govern the heterojunction 

microstructure. 

 Correlation of morphology and device performance demands high resolution 

microscopy techniques on working devices. In general, high resolution techniques such as 

transmission electron microscopy or photo-conducting atomic force microscopy, which are 

capable of imaging electrode-less heterojunction films, provide insufficient evidence for 

correlating heterojunction morphology with device performance. In this context, near field 

transmission and photocurrent mapping technique along with atomic force microscopy 

based near field scanning optical microscope (NSOM) is useful to establish the correlation.  

 In BHJ films, donor-acceptor phase separation is observed at meso-scale regime 

with the inter-domain distance of the order of 10 nm to 500 nm. Differences in the optical 

absorption of donor and acceptor material result in local optical transmission contrast. This 

local contrast can be followed by NSOM based techniques. This methodology of imaging 

via near field scanning optical microscopy is emphasized in Chapter-two and the technique 

is demonstrated for imaging single dye molecules and polymer nanoparticles. 

 The following Chapter focuses on PC studies in BHJ films upon local illumination 

and form the basis of the PC mapping method. The PC which decays as a function of spatial 

distance from the electrode periphery can be utilized to obtain the local information. The 

decay length scale is quite informative in evaluating the microscopic charge and spatial 
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anisotropy. The technique involves the measurement of the spatially varying PC generated 

at the photo-active layer sandwiched between a patterned substrate and a top electrode, 

where the narrow-incident light beam scans regions beyond the overlapping electrodes.  

 In Chapter-four, the results obtained from near field current-contrast-optical 

scanning microscopy studies on heterojunction films with different blend ratios and 

processing conditions are discussed. The quasi-periodic length scale present in the contrast 

images is obtained from the 2-dimensional fast Fourier transform and power spectral 

density analysis of these images. This method has been employed to follow changes in bulk-

heterojunction morphology with the variation in donor-acceptor ratio in the blend and 

thermal annealing conditions. Correlations between the changes in heterojunction 

morphology with carrier generation and transport pathways are clearly established from 

these studies. The presence of peak spatial frequencies in power spectrum renders the 

existence of quasi-periodic length scales which prevail in these binary mixtures. The 

variations in peak spatial frequencies upon thermal annealing are exploited to quantify the 

formation of nano-crystalline domains on film surface, the elongation in donor-acceptor 

domain size and the improvement in inter-domain connectivity.  

 Chapter-five of the thesis deals with the rationalization process of donor-acceptor 

ratio towards optimum device performance. During the performance optimization of BHJs 

consisting of crystalline or amorphous donor polymer blended with small molecule 

acceptor, it was observed that highly efficient devices were obtained from dissimilar donor-

acceptor ratios for two systems. In this chapter, the requirement of different donor-acceptor 

ratio for different blend families from the microstructure perspective is discussed. Optimum 

donor-acceptor phase separation length scale and bicontinuous interpenetrating network for 

continuous carrier percolation to the electrodes are the prerequisite conditions for higher 

device performance. The effect of acceptor concentration on percolation transport is 

obtained by employing lateral PC decay measurements. The results demonstrate that an 

optimized blend composition leads to a balanced ambipolar transport that yields maximum 

device efficiency. The power spectral analyses of near field transmission contrast images 

demonstrate that for the crystalline polymer, the optimum length scale is formed at low 

acceptor concentration, whereas for the amorphous blend, optimum length scale is obtained 

at higher acceptor concentration. So, the phase-separation process which develops an 

interpenetrating network in heterojunction films evolves with the crystalline nature of donor 

polymer. The study predicts a universal rule that dictates the role of donor polymer structure 

on optimum blend ratio for efficient device performance. 
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 The last Chapter deals with miscellaneous but relevant problems involving 

modification of transparent electrode by depositing graphene film on it. The lateral PC 

decay measurements on graphene coated substrates demonstrate the consequences of 

graphene on ambipolar transport for both acceptor and donor type polymers. The presence 

of graphene layer significantly alters the unipolar PC decay profile at the electrode edge. 

The variation in decay profile is then correlated to microscopic transport processes in the 

polymer system by employing a spreading impedance model. It is observed that the 

granularity of the graphene layer has a significant influence on the carrier transport network 

formation in polymer films. 
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Chapter 1  

 

 General Introduction 

 

 

1.1 Introduction 

 Photovoltaics deal with harnessing sunlight and subsequent conversion into 

electrical energy. Efficient photovoltaic solar cells based on inorganic semiconductors have 

developed considerably [1] since the first realization of silicon solar cells in 1954 from Bell 

Laboratory [2]. To date, silicon based cells with power conversion efficiency up to 30 – 

40% are still leading technology in the photovoltaic market. However, the costs of silicon 

based cells are still not comparable to other conventional sources of energy, primarily due to 

the large-area requirement of harnessing the sunlight. An approach for roll to roll 

production of solar cells at low cost is to utilize as organic semiconducting materials that 

can be processed under less demanding conditions. Research on organic based photovoltaics 

have been pursued for more than 20 years, however, within the last decade this research 

field has made considerable improvement with higher efficiency and reliability to make it 

commercially feasible [3, 4], [5]. 

 Organic electronics research started with the discovery of dark conductivity in 

halogen doped organic compounds [6]. It was followed by both experimental and theoretical 

studies on charge transport properties of photo-responsive polymers and small molecule 

systems [7]. Conductivity in carbon-based semiconductor arises due to extensive π-

conjugation of the carbon backbone [8]. The isomeric effect of these π electrons results in 
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high electron polarizability. Due to the Peierls instability (alternating single and double 

bond structure) delocalized states are formed in long conjugated polymer chains. It 

constitutes two different electronic energy states, the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) [9, 10]. HOMO and LUMO 

are separated by a bandgap ∼ 1 - 3 eV, resulting in conjugated polymers being 

semiconductors. Energy states have a direct implication on optical properties and charge 

carrier transport in these amorphous materials. The accessibility of modifying 

optoelectronic properties following different synthesis methods accompanied by low cost 

large scale production makes conjugated polymers a very interesting choice for photovoltaic 

applications [11].  

 First generation organic solar cells were based on the hole conducting organic layer 

sandwiched between two metal electrodes of different work functions (Figure 1.1a) [9],
 [12]. 

The conversion efficiencies for this device structure was generally poor (η ∼ 10-3 to 10-1 %), 

with very low photovoltage (0.2 - 0.4 V). In this context, second generation organic solar 

cell (bilayer cell) was reported by Tang and co-workers [13] consisting of donor and 

acceptor layer, and achieved a power conversion efficiency ∼ 1%. The typical device 

configuration is shown in Figure1.1b. 

 

Figure 1.1: Different polymer solar cell architectures 

 The concept of bulk heterojunction polymer solar cell (BHJ-PSC) was introduced 

with the discovery of photovoltaic effect in an intermixed polymers network [14]. This 

approach, shown in Figure 1.1c, features a distributed junction between the donor and the 

acceptor material. BHJ concept is implemented by spin coating a polymer–fullerene blend 

solution on conducting glass substrate. Bulk heterojunction has an advantage of being able 

to dissociate primary photo-excitation very efficiently, thus generating electron–hole pairs 

throughout the active layer. It has been extensively shown that the choices of solvent, 

thermal annealing, and additive solvent have a profound effect on the heterojunction 



 
35 

morphology and the performance of the solar cells [15]. It elucidates that a good control 

over the morphology is very important for an efficient bulk heterojunction solar cell (∼ 3%). 

The choice of solvent as well as post-annealing of the solution-processed polymer-fullerene 

thin film, leads to a more favourable bulk structure in view of the dissociation of bound 

electron–hole pairs and the subsequent charge transport [16], [17]. Indeed, optimization by 

novel routes is an ongoing research, and over the last five years, further steps in improving 

power conversion efficiency have been made. Efficiency between 5% and 8% had been 

achieved by the use of novel materials as well as additives optimizing the D-A phase 

separation [18, 19]. It is imperative to understand the fundamentals of opto-electronic 

properties (photophysics) of polymers before exploring the ramifications of morphology on 

BHJ device performance. 

1.2 Photophysics of Semiconducting Polymers 

 Conjugated polymers have anisotropic, quasi-one-dimensional electronic structure 

with π electrons coupled to the polymer backbone. This extensive π electron conjugation 

along a rigid backbone confers extraordinary coherence lengths on wave functions. Chains 

are typically broken into conformational subunits consisting of planar π-electron systems by 

2 to 12 repeat units. These are the primary absorbing units, or chromophores, [20, 21] as 

shown for poly[2-methoxy-5-(2-ethyl-hexyloxy)-1,4-phenylene-vinylene] (MEH-PPV) 

chain (Figure 1.2b). The overlapping of π (also π*) electron wave functions form a valence 

band (conduction band) with a gap size of typically 2.7 eV, corresponding to the 

conventional semiconductor gap. The electronic structure of semiconducting polymers were 

described by Su et al. in terms of a quasi-one-dimensional tight binding model [22]. Upon 

photoexcitation self-localized excitations are formed in the polymer chains — solitons, 

polarons, or bipolarons, depending on the ground-state degeneracy [23, 24]. In degenerate 

ground-state (trans- polyacetylene), solitons are the important nonlinear excitations, 

whereas in non-degenerate ground-state systems, including most of the conjugated 

polymers such as poly(p-phenylene vinylene), polypyrrole and polythiophene, polarons and 

bipolarons are the responsible charge-storage excitations (Figure 1.2a) [23]. Photophysics 

of conjugated polymer chains are ascertained by the formation and properties of such 

nonlinear excitations. Photoexcitation i.e. perturbing charges onto the polymer backbone by 

direct optical pumping above the π-π* energy gap with an intensive external light source, 

reveals the physical properties of non linear excitations in conjugated polymers. Depending 
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on strength of the electron-electron interactions relative to the band width and the electron-

phonon interactions, these elementary excitations are generated as mobile charge carriers 

(charged polarons) or bound neutral excitons. 

 

Figure 1.2: (a) Natural excitations from non-degenerate ground-states polymers 

(polaron pairs) (b) Chemical structure of poly(2-methoxy 5-[2'-ethylhexyloxy]-p-

phenylene vinylene(MEH-PPV). Rectangles represent twisted conjugated polymer 

segments. (c) Schematic of chromophores along a conjugated polymer backbone 

(adapted from Science 2009, 323, (5912), 369-373. Reprinted with permission 

from AAAS). 

 These electronic coupling interactions dictate the energy transport between 

conformational subunits. Two basic types of electron energy transport (EET) have been 

identified: intrachain and interchain [25-27]. The former consists of energy migration along 

the backbone between adjacent segments (Figure 1.2c). The latter is described as energy 

hopping among segments coupled through space, either because the chains are near to each 

other in a solid film or because the chain is folded back on itself (Figure 1.2c). Interchain 

interaction in printed or solid film modifies the optical property of chain with red–shift in 

photoluminescence. In this respect the optical properties of individual segments can be 

found by studying optical properties of diluted solution [28]. In polymer film, energy 

migrations through polymer chains demonstrate the electrical transport in conjugated 

polymer, which is discussed in the next section.  

1.3 Charge Transport in Disordered Semiconducting Polymers 

 Unlike the crystalline materials, charge transport in amorphous semiconducting 

polymers is governed by structural and energetic disorders which arise from positional 

disorders and fluctuations in local conjugation length [29]. The hopping mechanism of 
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charge carrier transport between different energy sites is one of the most important factors 

in understanding and developing organic semiconductors based devices. The density of state 

(DOS) distribution of HOMO and LUMO energy levels in organic semiconductor is well 

represented by a Gaussian-like distribution of localized states [29-33]. It reflects the 

energetic spread of the charge transport sites as -  

 ������ � �	√2�. � ��� �� �� � ��√2�. ���� (1.1) 

where E is the energy, E0 the Gaussian centre; NV is the DOS and σ the Gaussian variance 

(Figure 1.3). In a disordered organic system with a Gaussian density of states of width σ, 

the charge density under steady state conditions thermalizes near to -σ2/kT, below the centre 

of the density of state distribution at a given temperature (Figure 1.3).  

 

Figure 1.3: Schematic of DOS, charge carrier density distribution and transport 

process in a disordered system. 

 Electrical transport in these amorphous materials is always accompanied by frequent 

capture of involved carriers in localized states (Figure 1.3). Such trapped carriers are 

released after a specific retention period forming a trap centre or may recombine with the 

carriers of opposite charge by forming a recombination centre. These trap states originate 
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from impurities, structural defects, geminate pairs and sometimes self-trapping. To 

distinguish between the trap states and regular transport sites, temperature dependent 

transport energy (Et) concept was introduced by Monroe et al. for amorphous 

semiconductors [34]. According to the multi-trapping and releasing model, a carrier in a 

deep tail state will most probably escape to a state of energy Et, independent of its initial 

energy in the tail. Consequently, states below the Et are trap states, while the states above 

the transport energy are regular transport sites. During transport, carriers are repeatedly 

trapped in localized states and released by the thermal excitations to the transport energy 

[35-37]. As transport energy varies with temperature, a state acting as trap state at room 

temperature may become a transport state at lower temperature. The rate of carrier release 

from a trap with binding energy E at temperature T is defined as �������� ��⁄ �, where ω0 

is an attempt to escape prefactor which is order of 1012 s-1 and relates to the demarcation 

energy ED(t) as ����� � ��� ����� [36]. Trapped carriers at shallower trap states release 

within a short time compared to those from deeper states which have much lower in 

concentration and excitation probability [38]. Indeed carriers are predominantly excited 

from the states near ED at any time; hence ED represents average trap energy with respect to 

the transport energy at temperature T (Figure 1.3). So total carrier concentration is a sum of 

the mobile, conductive charge carriers nc and immobile charge carriers nt trapped in a tail of 

the Gaussian density of states. Gaussian centre, width and functional form of the DOS for 

semiconducting conjugated polymer can be obtained from their optical absorption and 

emission spectroscopy, whereas demarcation energy is associated with the carrier activation 

energy. These measurements are limited to the optically accessible electronic states of DOS. 

Investigation on MEH-PPV polymer demonstrates that Gaussian DOS (LUMO) is centered 

(E0) at 2.86 ± 0.03 eV with a variation (σ) of 60 meV [39]. Macroscopic charge transport in 

organic semiconductor based devices was determined by a theoretical model (Gaussian 

disorder model) based on the thermally assisted intermolecular variable range hopping of 

charges from one site to next [40, 41]. The Gaussian disorder model (GDM) is purely based 

on cubic lattice arrangement of charge transport sites as assumed by Bässler et. al [42]. 

These sites are represented either by entire small molecules, or the conjugated segments of 

polymers. According to the Marcus model (effective medium approximation) [43, 44], the 

hopping transport between two sites (i→j) depends on the transfer integral of corresponding 

wave functions and a thermally activated process which describes the local charge transport 

as 
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 !"# � $%"#$�ℏ ' �(�� ��� )� *Δ,"# + (.�4(�� 0 (1.2) 

Here, Iij is the transfer integral, λ is the reorganization energy related to the polaron 

relaxation, and ∆Gij is the energy difference between these two particular sites. 

 Considering spatial disorder, tunneling and thermal activation even more explicitly, 

a charge positioned at point i on this lattice will hop to a neighboring point j with a rate νij 

that is defined by Miller-Abrahams expression [45] 

 !"# � !1���*�23"#. 4��� �� ∆�"#�� � , ∆�"# > 0 �:� ℎ<��1, ∆�"# ≤ 0 �?<@  ℎ<�� A (1.3) 

where νo is frequency pre-factor, νij the maximum hopping rate, γ the inverse localization 

radius which is proportional to the transfer integral and rij the distance of the site i and j. 

Then by computing the motion of charges across the lattice with Kinetic Monte Carlo 

algorithm, the expression of carrier mobility with temperature was simulated [46]. These 

calculations, over a range of lattices, temperatures T and electrical fields E, reveal an 

empirical expression for experimentally measured mobility (µ). In presence of an applied 

electric field, the potential drop between the sites is calculated as the distance between the 

sites time the applied electric field. The occupation probability of the state at energy Ei at a 

certain site is determined by the Fermi-Dirac distribution f(Ei). So the hopping current from 

site i to the site j is  

 B"# � C�����"�D��" , �E �F × H���*�#. I1 � D*�# , �E .JK !"#3L"# ∙ �N (1.4) 

 Therefore, the total hopping current can be expressed as [12]  

 
O � P ?�"

Q
RQ P ?�# P ?3L"#

Q
ℜ

Q
RQ C�����"�D��" , �E �F

× H���*�#. I1 � D*�#, �E .JK !"#3L"# ∙ �N  

(1.5) 

The temperature and low field dependent charge carrier mobility was derived from GDM 

formalism as a function of the degree of disorder [42, 46] 
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TU�V��, Σ, �� � TQ��� �� I �XYZ[J�� × \ ��� �]� ^I XZ[J� � Σ�_ √�� , Σ ≥ 1.5
��� �]� ^I XZ[J� � 2.25_ √��  Σ < 1.5A  (1.6) 

 where µ0 and C0 are constants. GDM successfully reproduced many of the features of 

charge mobilities that were observed in disordered organic solids, in particular their 

dependence on the temperature and field [47-49]. Disorder in Bässler model is incorporated 

by choosing νij and εi−εf from Gaussian distributions of width √2Σ and √2σ respectively 

[29, 50]. 

 Conventional carrier transport, which is defined by the Einstein relation between the 

diffusion coefficient (D) and the carrier mobility (µ), � T � �� �⁄  ⁄ , is not well adequate to 

establish carrier transport in organic semiconductor. A generalized relation can be derived 

considering the generalized DOS and charge carrier distribution (P) as � T � d � efeghi  i , 

where d � j ������D�D�?�QRQ  and EF represent chemical potential. Accounting Gaussian 

density of state distribution in organic semiconducting materials, the generalized Einstein 

relation is represented as  

 
�T � ��k

j ��� �� �� � ��√2� ��� 11 + ��� I� � �E�� JQRQ ?�
j ��� �� �� � ��√2� ��� exp I� � �E�� JH1 + ��� I� � �E�� JK�QRQ ?� o (1.7) 

 where η assumed to be larger than one for any practical charge density and the effect is 

more pronounced for high disordered materials (larger σ value) [51]. 

1.4 Principles of Organic BHJ Photovoltaics 

 Conversion of sunlight into the electric current in an organic photovoltaic cell can be 

summarized by five successive processes: (i) Absorption of a photon leading to the 

formation of an excited state, exciton or the tightly bounded electron-hole pair (ii) exciton 

diffusion to the D-A interface region, (iii) charge transfer process at the interface (iv ) 

charge transfer complex dissociation and (v) finally free carriers transport to the anode 

(hole) and cathode (electron) [5]. The electric current delivered by the photovoltaic device 

corresponds to the number of charges collected at the electrodes [52, 53]. The overall 
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internal quantum efficiency (IQE) of photovoltaic devices (η) is determined by a) the 

fraction of photon absorbed (ηA), b) the fraction of dissociated electron-hole pairs (ηED), c) 

fraction of separated charge that reached to the electrodes (ηCT) and d) the fraction collected 

at the electrodes (ηCC) [54]. 

 o �  opoq�or[orr  (1.8) 

ηA can be calculated from the Beer-Lambert law accounting for the absorption spectrum, 

absorption coefficient (α) and film thickness (t) of the active material with internal multiple 

reflections from two metal electrodes (R) 

 op � �1 � s��1 � �Rtu� (1.9) 

ηED is determined by whether the excitons diffuse to the region where the charge separation 

occurs, or on the charge separation probability. ηCT is directly related to the film 

morphology, which yields the percolation pathways to the carrier transport and ηCC is 

determined by band bending at the metal-polymer interface. Carrier concentration gradient 

at the interface results in a field induced drift and diffusion currents and drives the carriers 

to the electrode [55, 56]. Detailed numerical analyses of charge carrier distributions over 

film depth depicts that thin film devices (≤ 100 nm) are mostly dominated by the field drift 

whereas thicker devices are more dominated by the diffusion of charge carriers in the 

concentration gradient at the selective contact [57, 58]. In characterization process, PC 

action spectrum of solar cells, i.e. incident photon to current conversion efficiency (IPCE) 

or the external quantum efficiency (EQE), represents ratio of the PC to the incident photon 

flux as a function of the excitation wave length,  

 %d]��(� � �v��(� � wxyxz{|}~w��}{}~ � � �i� ��i � �� ���� � �� ������w��  (1.10) 

 where J is the measured PC in A/m2 and P is incident light power in W/cm2. EQE is 

obtained by recording PC at different wavelengths (λ) of incident light and is a measure of 

efficiency of photon to electron conversion. The current density-voltage characteristics 

(yellow line) of a typical polymer solar cell are presented in the Figure 1.4 and 1.5 in dark 

and under illumination (100 mW/cm2) respectively. Under illumination condition, separated 

charges drift in this electric field, electron move to the metal with low work function and 

holes move to the opposite electrode.  
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 A certain applied voltage balances the built-in field and no current flows through the 

circuit. This open circuit condition known as “Flat-band-condition” and applied voltage is 

called open circuit voltage (VOC). In dark condition, no current flows through the circuit, 

until charges are injected heavily at forward bias for voltages larger than VOC. 

 

Figure 1.4: Schematic of current density-voltage characteristic of typical bulk 

heterojunction solar cells 

 Under illumination, current flows in the opposite direction to the injected current. In 

Figure 1.4 at point (a), the drift and diffusion PC currents are balanced to zero and 

maximum PC (b) flows under the short-circuit condition. The device generates power (J××××V) 

in the fourth quadrant and the performance of a solar cell is described by the power 

conversion efficiency (PCE) or η. At point (c) in J-V response, J×V product hence the 

power output is largest, which denotes as a maximum power point (MPP). PCE is represents 

in terms of open circuit voltage VOC, short circuit current density JSC (JSC = ISC/active area) 

and fill factor FF. Assuming that organic layer is thick enough to absorb all photons in the 

wavelength range from λ1 to λ2, the maximum value of JSC can be obtained as 

 O�r � �ℎ� P d"w�  �v��(� ( ?(��
��  (1.11) 
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  Fill factor is calculated as FF = VMPP×JMPP/(VOC×JSC) and determines the part of the 

generated power that can be used. The power conversation efficiency of solar cell devices is 

defined as  

 o���q� � �������  ���ff.	�ff���  �EE. ��� .	�����   (1.12) 

  

 

Figure 1.5: (a) Semi-logarithmic J-V measurements of P3HT: PCBM (1:1) plastic 

solar cell under (AM 1.3) solar spectrum simulator (light) and in dark. (b) EQE 

spectra of typical BHJ solar cell. 

 The efficiency of the polymer solar cells is strongly dependent on cell temperature, 

incident light intensity and its’ spectral content. The standard reporting protocols for 

efficiency measurement are specified as [55] 

Light Intensity 1000 W/m2 

Sun Spectrum AM 1.5 Global (IEC 904-3) 

Sample Temperature 25° C 

The measurement procedure requires use of solar simulator (ES) with a light spectrum 

approximate to the AM 1.5 global spectrum (E1.5G) with calibrated reference cell. Due to the 

difference in spectral response of test devices (ST) with calibrated cell (SR), a spectral 

mismatch factor is defined as  
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 � �  j ��.�U�(����(�?(j ���(����(�?( j ���(��[�(�?(j ��.�U�(��[�(�?( (1.13) 

The conversion efficiency ηAM 1.5 of the photovoltaic devices measured with a simulator is 

giving by  

 opV �.� � ������� V �EE ��� .	����� V  (1.14) 

  Various solar cells parameters such as influence of leakage current and the degree of 

different recombination losses can be quantified from J-V characteristics (Figure 1.5a). In 

general J-V characteristics of organic solar cell are described using Shockley equation [59, 

60]. In order to account for a real solar cell, the ideal Shockley equation is extended by two 

resistors. A series resistor RS, which is in series with the ideal diode describes the contact 

resistances, such as injection barriers and the sheet resistance. In contrast, the parallel 

resistance RP represents the influences of the local shunts between two electrodes. The total 

current density for a practical solar cell, therefore, consists of three contributions, 

photoinduced short circuit current, diode current and parallel current through RP, where j0 is 

the reverse saturation current density and n denotes the diode identity factor [55].  

 B��� � B�� + B� ����  k�� � Bs�� �� ¡ � 1� � � � Bs�s�  (1.15) 

 However, certain devices show a strong field-dependent PC behavior in the third 

quadrant, and maximum PC is not reached under short circuit condition but only at more 

negative bias. This reduces the fill factor and consequently the solar cell efficiency. These 

features of the current density-voltage curve cannot be explained properly by diode 

equation. Such J-V response can be attributed to the field dependence dissociation of 

Coulomb-bound electron-hole pair.  
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Figure 1.6: Schematic of current density (J)-bias voltage (V) characteristic of 

polymer-small molecule solar cells. The equivalent circuit representation of 

practical solar cell (left). 

 For small deviations from the ideal values RS → 0 and RP → ∞, the influence of both 

losses on the J-V curve can be derived analytically by differentiating with respect to bias 

(V). In a particular modes of operation such as V (j = 0) ⇒ VOC and V (j = jSC) ⇒ 0, 

assuming RS 〈〈 RP -  

 
¢�¢B |#�� � s� + s�1 + B�s� �� ��� ��r �� ¤ s� (1.16) 

and 

 
¢�¢B |	�� � s� + s�1 + B�s� �� ��� I� B�rs� �� J ¤ s� + s� ¤ s� (1.17) 

 So the reciprocal derivatives of the J-V curve under illumination at the open circuit 

and short circuit represent a series and parallel resistances RS and RP respectively. Due to 

diode non-linearity, these parameters are not constant but vary with illumination level, 

reverse saturation current (J0) and cell temperature.  

1.5 Morphology Driven BHJ Performance 

 Conjugated polymer-fullerene bulk heterojunction (BHJ) is the benchmark 

architecture for current polymer material based solar cells with the possibility of achieving 

high external quantum efficiencies [61]. The dispersed interface throughout the bulk film 

improves the exciton dissociation rate and charge separation within the different phases and 
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reduces the back recombination to a certain extent. The bicontinuous and interpenetrating 

network of donor and acceptor components yield percolation pathways for hole and electron 

transport to the metal contacts. Therefore, the bulk heterojunction devices are more 

sensitive to their morphology of blend film. This idea of correlating morphology to device 

performance is the central theme of the thesis.  

1.5.1 Phase separation process in blend films 

 In the BHJ-PSC, both the excitons dissociation and the carrier transport are 

facilitated by the presence of a quasi-bicontinuous, interpenetrating network of electron 

donor (conjugated polymers) and acceptor (e.g., fullerene) domains [62-64]. But the origin 

and structure of bicontinuous phase separation in polymer-fullerene systems had been 

neglected for years. Recently temperature-composition phase diagram for donor polymer-

small molecule acceptor solvent mixture was computed using the Flory-Huggins (F-H) 

model [65-70]. Particularly, acceptor solubility limit is an important thermodynamic 

parameter to control phase separation and morphology in a blend film. Furthermore, the 

correlations of phase behavior with electrical transport facilitates better understanding of 

structure-property relationships in polymer-fullerene blends and allows to develop rational 

strategies for improving polymer solar cell performance.  

 In a dilute limit, polymer-polymer blends in a common solvent behave as single 

phase system. During spin-coating, rapid solvent evaporation essentially increases the 

density and eventually leads the condensed film states where small-scale phase segregation 

is observed. In polymer-fullerene blend, phase segregation morphology is governed by the 

solubility limit of fullerene acceptor (∼ 9-47 mg/ml) and two-phase liquid-liquid demixing 

kinetics [71, 72]. The surface directed demixing between two components mainly develops 

from the polymer-fullerene interaction at liquid-liquid phase regime [73]. In this thesis, 

resulting morphology of spin coated polymer-polymer and polymer-fullerene blends are 

studied closely as a function of (i) different type of donor polymer (ii) different weight ratio 

of the blend and (iii) processing condition (Chapter 4 and 5). An amorphous or dispersion 

of fullerene nanocrystal are formed in film in spin-coating process of polymer-fullerene 

blend [74]. With rapid solvent evaporation (thermal annealing) the composition of the liquid 

phase is reached to the higher fullerene concentration beyond the equilibrium limit, which 

finally end up with rapid nucleation and growth of fullerene crystals which was observed 

under high resolution optical microscope [75], while with increasing fullerene 
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concentration, fullerene island formation was clearly observed in heterojunction film [76]. 

During the thermal annealing process, fullerene diffusion and pure crystalline domain 

formation is generally explained by Fick’s diffusion process 

  
¢Φ¢� � �� ¢�Φ¢��  (1.18) 

where Φ and D represent the fullerene concentration (in volume) and diffusion coefficient 

respectively [77]. The approach described in the thesis presents the observed segments of 

this aggregation. Various fundamental processes governed by the phase separated 

morphology, which directly influence the performance of heterojunction solar cells are 

briefly discussed below. 

1.5.2 Exciton generation, diffusion and formation of charge-transfer 

 states 

 In an organic D-A solar cell, light is usually absorbed by the donor materials, i.e. 

conjugated polymer which exhibits very high absorption coefficients (∼ 105 cm-1). Absorbed 

photon generates Coulomb-bound electron-hole pairs or excitons in the organic 

semiconductor. The binding energy of these excitons is larger compared to the activated 

thermal energy in the organic semiconductor [78]. The photogenerated excitons dissociation 

process is confined at the D-A interfacial area of active film. So the excitons, which are 

produced at the distance shorter than their diffusion length (10 -20 nm), have the good 

probability to reach D-A interface where charge carriers are formed. Hence, in polymer bulk 

heterojunction solar cell, exciton diffusion length (LDiff) is an important parameter since 

diffusion process dictates the photoexcitation energy transfer to the D-A interface. Once the 

exciton reaches the interface, it transfers electron to the electronegative acceptor. This 

charge transfer is extremely fast and in order of tens of femtosecond [79]. Recent studies 

demonstrate that the charge generation process consists of exciton generation mostly at the 

polymer, energy transfer to acceptor molecule and subsequent hole transfer to the polymer 

[80]. The intermediate step is ascribed to the Förster resonant energy transfer [81]. This 

charge transfer process is much faster compared to any loss processes such as 

photoluminescence or inter-system crossing, associated with the transition from the singlet 

to triplet exciton [82, 83]. The exciton will dissociate after electron transfer, if its energy is 

larger compared to the energy of electron-hole pair which is often known as polaron pair 

(positive polaron on the donor material and negative polaron on the acceptor) or charge 
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transfer complex (CTC) [84, 85], [86]. Along with the donor conjugated polymer, acceptor 

material also absorbs light, although the exciton generation rate is much lower as compared 

with the polymer [87]. A substituent charge transfer to the polymer from fullerene acceptor 

has been also observed experimentally [88]. 

 

Figure 1.7: Cartoon representation of exciton generation, diffusion, dissociation 

and PC generation in a bulk heterojunction solar cell.  

    

1.5.3 Charge carrier pair dissociation  

 After dissociation of exciton at the interface, electron and hole resides on the 

acceptor and donor respectively, but they are still Coulomb bound as a polaron pair. The 

dissociation of polaron pair produces free and mobile charge carriers [89, 90]. A cartoon 

representation of the polaron pair separation is shown in Figure 1.8 Polaron pair 

dissociation in the context of photogeneration in BHJ-PSC has been appropriately described 

by Braun-Onsager model [91, 92]. This model accounts for the finite lifetime of the initial 

bound states and has been successfully applied to the charge transfer states dissociation in 

D-A systems. The polaron pair (PP) can either dissociate to the free charges with the rate 

kPPd or recombine to the ground state with a constant rate, given by inversed of its life time 

kPPf = τpp
-1. 
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Figure 1.8: Schematic of polaron pair dissociation at the donor-acceptor 

interface. Dissociation rate of polaron pair to free charges with represents as kPPd 

and reverse process of free recombination rate as kPPr. kPPf is the recombination 

rate of the polaron pair to ground state. 

 On other side, free charges can also recombine and generate bound polaron pairs 

again with a rate kPPr. At a balance situation, the detailed expression of dissociation rate kPPd 

can be obtained considering Langevin recombination rate [93]. According to this model the 

local electric field dependent (E) dissociation probability is expressed as  

 d��� � ���¦������¦��� + ���§  (1.19) 

and the field dependent dissociation rate kPPd as 

 ���¦��� � 324�3��Y ��� )�© ��i 0 O�*2√�2ª.√�2ª  (1.20) 

where γ = q(µe+µh)/εε0, is the Langevin recombination factor, rpp the initial polaron pair 

radius, Eb = e2/(4πεε0rpp) the Coulomb binding energy of the pair, and b = e3
E/(8πεε0(kT)2) 

[94]. The fraction of polaron pairs which are not able to dissociated, can recombine 

geminately in a monomolecular process, being proportional to the polaron pair 

concentration not on the product of the electron and hole densities [95]. In a very fine-

grained phase separated BHJ film, polaron pairs cannot escape their mutual influence and 

electron back transfer from the acceptor to the triplet exciton state takes over [96]. These 

studies demonstrate the significance of BHJ morphology on polaron pair dissociation 

process. 
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1.5.4 Charge carrier recombination 

 In BHJ solar cell, carrier recombination processes mainly depend on the internal 

electric field and the carrier concentrations. A monomolecular recombination process is 

approximated by n/τ, where n is the carrier density and τ represents average lifetime. 

Recombination of free polarons that originates from different excitons is called 

nongeminate. Such a nongeminate process in low mobility materials is considered as 

bimolecular or second-order process, where the recombination rate R is expected to be 

proportional to the electron concentration (n) times the hole concentration (p) – s ∝2� � �  "�� [97, 98]. According to the experimental observations, thermally activated 

recombination rate in BHJ can be expressed as 

 s¬w®�¯"w � °2� � �  "�� (1.21) 

where n (p) is the free electron and hole density, ni (pi) the intrinsic electron (hole ) density 

and γ the Langevin recombination factor [7]. For a pristine material γ can be expressed as 2 � ��T� + T�� ±⁄ , where ε is the dielectric constant and µe(h) the temperature dependent 

electron (hole) mobility [51, 99]. However there are many possibilities to consider 

recombination process at different stages of the device geometry. A detail summary of 

different recombination processes is as follows – 

 a) Recombination of the exciton before it reaches the interface − an exciton generated in 

the polymer could recombine with a hole by an Auger process and similarly an exciton in 

the acceptor can also recombine with an electron. These are bimolecular recombination 

mechanisms since the rate depends on the product of the exciton and free carrier 

concentration, both of which are proportional to the optical generation rate [100].  

 b) Field ionization of the geminate CTE − when exciton reaches the interface, it splits into 

an electron in the acceptor and a hole in the polymer, which are presumed to form a bound 

geminate electron-hole pair (CTE). The internal electric field in the cell reduces the barrier 

for electron-hole separation and separated bound carrier can again form localized exciton 

[101]. In polaron-pair recombination, if electron and hole pair is generated from one 

common precursor state, i.e. singlet exciton, the transition of the polaron pair to the ground 

state is called geminate recombination, and is a monomolecular or first-order decay [102]. 
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 c) Non-geminate recombination of the charge-transfer exciton − there is a high probability 

that a free electron and a free hole will meet at the interface and recombine as a charge-

transfer exciton, with each carrier on an either side of the interface. The difference in 

recombination kinetics arises because the geminate pair originates from one initial exciton 

and the non-geminate pair originates from two different excitons. This is a bimolecular 

mechanism [103]. 

 d) Recombination through interface states in the middle of the interface gap − the defect or 

impurity states at the D-A interface can trap electrons and holes, and hence allow 

recombination. The states are in a narrow energy band or broadly distributed across the gap. 

The recombination adopts a monomolecular kinetics, provided that the density of states is 

larger than the density of carriers. In a general way, trap-assisted recombination involves 

trapping of one type of carrier at defect states within a donor or acceptor phase and its 

subsequent recombination with free carriers present at different phase. This trap-assisted 

recombination rate follow Shockley-Read-Hall (SRH) mechanism at low light intensity 

[104, 105]. The trap assisted Shockley-Read-Hall (SRH) recombination mechanism in BHJ 

at ultralow optical intensity is defined as  

 s��² � ]w]��u� � �  "��]w� +  "� + ]��� +  "� (1.22) 

where Cn and Cp are the capture coefficients of electrons and holes respectively, Nt the 

density of traps, n and p the electron density at the LUMO and hole density at the HOMO 

[106-108]. 

 e) Reverse diffusive recombination at the contacts − free carriers can diffuse against the 

internal field, and therefore could recombine at the metal contacts. This mechanism plays a 

significant role when the carriers are created very close to the contact as the diffusion length 

exceeds the drift length for these carriers [9].  

 However, in BHJ organic solar cell, carriers created near the heterojunction and 

diffusive recombination at the interface is mainly dominated by trap-assisted non-geminate 

bimolecular recombination [109, 110]. Experimentally, non-linear recombination rate is 

evaluated from the illumination light intensity dependent VOC, JSC and fill factor [111-114] 

and it reveals that the order of the decay is not constant at a value of 2 but varies between 
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the 2.5 to 3.5, depending on the processing conditions. Thus experimentally found 

recombination dynamic follows:  

 sq³��´"��wu ∝  µ�RY.� � � � �  "���RY.� �i  (1.23) 

 These non-linear exponents mainly originate from influence of the dynamic trapping 

in the tail state i.e. trap-assist recombination [115]. 

1.5.5 Carrier transport in BHJ-PSC 

 Microscopic current density (J) in OPVs is composed of a drift and a diffusion 

component- 

 OL" � kT" "�¶L + k�"∇¶¶L " (1.24) 

where µ is the carrier mobility, n the carrier density, E the applied electric field, D the 

diffusion coefficient and i indicates negative (e) or positive (h) charge carrier [114]. The 

charge carrier dynamics in BHJ is given by the continuity equation,  

 
? ?� � � 1k ?Bw?� + , � s (1.25) 

where, G and R represent optical generation and recombination rate respectively. Similarly, 

continuity equation for polaron pair in BHJ solar cells can be represented as[105]  

 
��µµµµ?� � ,��µµµµ � ���´��µµµµ � ���¦��µµµµ¹̧º¹»U + s (1.26) 

where ,��µµµµ is the polaron pair generation rate (singlet generation rate) and R the 

recombination of free carriers which leads to the generation of polaron pairs. Under steady-

state conditions 
��µµµµ¦u  → 0, the continuity equations (1.25 and 1.26) lead to  

 
? ?� � � 1k ?Bw?� + o��¦,��µµµµ � �1 � o��¦�s (1.27) 

The factor (1-ηPPd) can be interpreted as free electron and hole recombination in a blend 

system which creates a bound electron-hole pair as a reverse process.  
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 At working condition, net diffusion current in BHJ solar cells dominates over drift 

component and amplitude depends on the random distribution of D-A phases [116]. The 

diffusion current gets modified depending on the donor or acceptor domain connectivity 

which often contains dead-ends or percolating pathways for each components to the 

respective electrodes [117]. 

1.5.5.1. Percolation model 

  Interpenetrating phase separated D-A network composites, i.e. bulk heterojunction 

appear to be ideal the photovoltaic composite. Simultaneously a bicontinuous network is 

required to enhance the carrier collection efficiency of the electrode. Schematic (Figure 1.9) 

shows the onset of percolation transport in polymer-fullerene BHJ cell. Carrier transport in 

the BHJ film depends on the properties of individual component, but recombination and 

trapping at phase separated components drastically influence the carrier lifetime. Carrier 

transport by thermally assisted hopping transitions between the spatially separated sites in 

an interpenetrating network can be inferred from the percolation theory [42, 45, 118, 119]. 

According to the classical percolation model, the conductance between the sites m and n is 

given by 

 

Figure 1.9: Schematic of electron and hole percolation paths in a bulk 

heterojunction solar cell. 
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¼�wR� � ¼�R����*�2½$s¶L� � s¶Lw$.
× ���  � |�� � �E | + |�w � �E | + |�w � ��|�� ¡ 

(1.28) 

Here, Z0 is a prefactor, α the Bohr radius of the localized wave functions, Rm denotes the 

position of the m
th site and Em the energy of the carriers at site m. The first part of the 

equation 1.28 represents tunneling term and the second one is the thermal activation term ~ 

Boltzmann term.  

 According to the percolation theory, the average conductivity of each component in 

BHJ film can be expressed as � � �¾ ¼�R�. Here, l is the characteristic length scale depending 

on the network-connectivity between the domains, while Zc represents lowest average 

resistance. The efficiency enhancement at certain fullerene concentration can be attributed 

to the enhancement the percolation connectivity in two ways: Firstly, the higher acceptor 

concentration decreases l, and secondly, new paths with a lower resistance Zc are formed.  

1.5.6 Charge extraction 

 After successfully surviving in exciton dissociation and polaron pair separation, free 

charge carriers, which have been transported to their respective electrodes avoiding 

recombination, can finally be extracted. Charge extraction at the electrode involves surface 

recombination, carrier transfer rate from photovoltaic bulk to the electrodes and directly 

modify solar cell J-V characteristic [120]. Charge extraction at metal electrodes sometimes 

gets modified by the dipoles present at the metal-polymer interface, which is reflected as S-

shape current density-voltage characteristic.  

1.5.7 Open circuit voltage (VOC) in BHJ-PSC 

 Open circuit voltage is an important factor in understanding process and 

performance optimization of organic photovoltaic devices [121]. In bulk heterojunction 

devices, VOC is mainly governed by effective energy gap Eg, DA (≤ �¦1w1´²�V� � �����u1´¬¿V� ). A 

fine intermixing blend shows a flatter potential distribution, and a weaker band bending at 

D-A interface, which leads to an enhancement in the open circuit voltage. Theoretically VOC 

is determined by energy difference of the quasi-Fermi levels at zero net current flow. So the 

energy of the polaron pair or charge transfer state (CTC) is the maximum possible VOC that 

can be obtained from a device [122]. Moreover, the quasi-Fermi levels are influenced by the 
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injection barrier at the anode (∆ΦA) and cathode (∆ΦB). The influences can be summarized 

as 

 ��r � �®,�pk + ÀÀp + ÀÀ� � ∆Φp � ∆Φ�  (1.29) 

where BBA and BBD correspond to the band bending at the donor and acceptor layers (Figure 

1.10). 

 

Figure 1.10: Schematic of the BHJ solar cells open circuit voltage. 

 Calculation by Cheyns et al. accounting to the injection mechanism, demonstrated 

that the band bending cancels the effect of the injection barriers and VOC can be expressed 

as [123] − 

  ��r,r��ÁwÂ � �®,�pk � ��k � ����p� � � 1� Ã¬ (1.30) 

 Here ND and NA is the donor and acceptor effective density of states, p, n are the hole 

and electron, concentration respectively. The third term represents the sum of all additional 

free-energy losses during carrier transport [124]. A series of studies were carried out by 

Brabec et. al and Gadisa et. al. on different polymers in combination with fullerene 

acceptor in order to conclude the influence of effective bandgap on VOC [125, 126]. These 

studies depict almost a linear correlation of VOC with D-A effective bandgap. Accounting 
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carrier continuity equation (equation 1.27), Koster et al. [127] presented a description of 

VOC derived from the quasi-Fermi level difference as 

 ��r � �®,�pk � ��k �  �1 � o��¦�2�����o��¦, ¡ � 1� Ã¬ (1.31) 

Here, ηPPd is the probability of exciton dissociation to free charge, G the exciton generation 

rate, γ the Langevin recombination rate, and NDOS represent effective density of state. 

Investigations show that the effect of injection barriers can be neglected for a wide range of 

cathode metals on donor polymer-fullerene cells [128]. So for a specific cathode-anode 

combination, the maximum VOC is mainly determined by the effective bandgap of the D-A 

blend [124].  

 Fourier transforms PC spectroscopy measurements by Vandewal et al. provide more 

insight into the origin of effective bandgap dependent VOC [128]. It was demonstrated that 

polaron pair energy depends directly on the D-A properties and blend morphology [129], 

and the effective bandgap reduces to 0.3 eV below the corresponding HOMOD − LUMOA 

energy. Also, the quasi-Fermi level splitting corresponding to the VOC turns out to be about 

0.4 to 0.5 eV below the effective bandgap [96]. This discrepancy is assigned to the band-

banding at D-A interface due to the carrier diffusion, energetic disorder and the energy 

required for polaron pair dissociation. The determined experimental VOC is given as  

 ��r �  1 ki �Ä���� � ÅÆ��p� � 0.43 � (1.32) 

 In order to optimize VOC, the difference between the polaron pair energy and VOC 

should be reduced. It should be insured that energy levels are still suitable for efficient 

exciton dissociation without electron back transfer, which yields efficient PC generation 

[59, 130]. Simultaneously, charge carrier recombination will have to be minimized in order 

extract the maximum possible VOC.  

1.5.7.1 Intensity dependent VOC 

 Open circuit voltage dependence on the incident light intensity is found to be a 

useful parameter to quantify the recombination order in the polymer BHJ solar cells. Recent 

studies reveal that not only the energy level difference of D-A or photogenerated carrier 

concentration but also the available density of states (NDOS) have a significant contribution 

to VOC. Earlier, light intensity dependent VOC in BHJ cells was mainly attributed to the 2nd 
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term in the VOC expression (equation 1.31) which is related to the quasi-Fermi level in the 

polymer and fullerene domains [60]. Bimolecular recombinations are found to be most 

dominant recombination mechanism for a large number of well optimized devices [125, 

131]. But direct evaluation of trap-assist recombination on VOC can be made by utilizing 

same equation. At solar cell operating condition (1.5 Sun) trap-assisted interfacial 

recombination also aggravates by the enhancement of trap occupied carriers. Devices made 

of different donor polymers in combination with fullerene acceptor reveal that intensity 

dependent VOC is largely correlated to the disorder present in the donor polymer. The 

presence of hole trap levels above the HOMO of the disordered amorphous polymer depict 

more significant dependency of open circuit voltage on background light intensity compared 

to more crystalline donor polymer [121]. It is also observed, for fast grown polymer-

fullerene device which accumulates large trap carrier density at interface, that trap-assist 

recombination dominates over Langevin recombination at 1.5 Sun [104]. However, the rate 

of trap-assist recombination should be quantified to determine its actual role in device 

performance.  

1.5.8 Field dependence characteristics 

 In BHJ solar cells, the field dependent behavior of PC originates from the polaron 

pair dissociation and charge extraction process. Michiletchi et al. [132] first described the 

experimental PC of a BHJ cell as a combination of polaron pair dissociation (Braun-

Onsager model) and polaron diffusion based on Sokel-Hughes model [133]. According to 

this model, neglecting trap states and recombination at the metal-organic interface and 

assuming a constant voltage drop across the device, PC for a simple BHJ structure is given 

as  

 O�� � O��,�³  ����k� ��⁄ � + 1����k� ��⁄ � � 1 � 2��k ¡ (1.33) 

 where O��,�³ � k,��, ��Å, denotes the maximum PC, G is field and temperature 

dependent carrier generation rate, L the device thickness and V the internal voltage. The 

exact shape as strong voltage dependent nature of PC in bulk heterojunction cells is 

reconstructed by considering the polaron pair dissociation and charge extraction as  
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 O�� � k o��¦���,��µµµµ¸¹¹¹º¹¹¹»U Å�§§  ����k� ��⁄ � + 1����k� ��⁄ � � 1 � 2��k ¡ (1.34) 

Here ηPPd(E) is the polaron pair dissociation yield and ,��µµµµ is the polaron pair generation 

rate with effective device thickness Leff as E = V/Leff. [134] Leff approximates the influence 

of the inhomogeneous voltage drop across the device, particularly close to the electrode. In 

a BHJ solar cell, irrespective of applied voltage, the work function difference of the two 

metal contacts yield another voltage V0 in the device. At large forward bias, the liner 

dependence of Jph is explained in Sokel-Hughes model by reducing equation 1.34 to O�� �ko��¦���,��µµµµÅ�§§. Difference in electron and hole mobility develops an unbalanced carrier 

transport and subsequent space charge limited PC (SCL) at high intensity [135-137]. At 

moderate bias, recombination losses dominate and the extraction of photogenerated carriers 

are governed by the mean carrier drift width w, which is the mean distance that a carrier can 

travel before recombination to occurs. When wn and wh are large compared to the active 

layer thickness, charge carriers readily flow out without distorting the field in the device. 

However, in the case of wp or wn < Leff, a space charge accumulates near the electrode as 

shown in the Figure 1.11d. Near the anode, the hole concentration dominates which results 

in a large space charge effect and ensuant a large voltage drop (Figure 1.11d, region 1). A 

neutral regime exists at intermitted position where electron and hole density are balanced 

(Figure 1.11d, region 2). Near the cathode, the electron density is much larger than the hole 

density (Figure 1.11d, region 3). At the space charge limited regime, PC is described by the 

relation -  

 O�� ≤ �k,��.Ç� �98 Ã´±�T���.�� √� (1.35) 

  Thus the space charge limited PC is characterized by a root square dependence on 

voltage and three quarter dependence on incident light intensity I (I0.75). Since the space-

charge limited PC is independent of device thickness, the transition from a non space-

charge limited to a space-charge limited response can be experimentally verified by varying 

active layer thickness [135]. Considering a constant generation rate G throughout the active 

layer, two regimes in the Jph - (VOC −V) plot could be identified; one regime where drift and 

diffusion currents compete and PC varies linearly with voltage and the second regime where 

PC saturates (Figure 1.11a and c) [5].  
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Figure 1.11: Schematic of PC versus voltage drop across the active layer for a 

device without (a) and with (b) space charge limitation. (c, d) Band diagram of 

BHJ solar cells for balances transport and space charge limited transport.  

1.6 Materials and Architecture for BHJ-OPV 

 Polymer-polymer bulk heterojunction for organic photovoltaics were first described 

for poly[2-methoxy-5-(2-ethyl-hexyloxy)-1,4-phenylene-vinylene] (MEH-PPV) and 

cyano(poly-phenylene vinylene) (CN-PPV) as donor and acceptor respectively [138]. For 

farther improvement on device efficiency, significant developments are required in open 

circuit voltage, short circuit current as well as in fill factor, which can also be possible by 

improving active polymer semiconductor properties [55]. An ideal bulk heterojunction 

active layer should absorb majority of the light in the solar spectrum down to the around 

950 nm or 1.3 eV. The maximum VOC of the cell should be about 1.0 V with an assumption 

of 0.3-0.4 V driving force for charge separation. Donor material HOMO level should be 

lower than − 5.2 eV to avoid air oxidation and facilitate material handling and device 

assembly [5]. New potential materials, which have been used extensively in this work for 

BHJ device fabrication and device architecture utilized to optimize polymer BHJ 

performance are discussed in the following sections.  
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1.6.1 Donor materials 

 Structural optimization of the polymeric semiconductor like low-bandgap 

copolymers represent a promising way to increase the power conversion efficiency of 

organic bulk heterojunction solar cells (BHJ) [18, 139]. Alternate D-A units across the 

monomer results in an intrachain coupling between the electrons donating and accepting 

units and finally lower the band gap. This small bandgap is desired for increasing the 

conductivity and light absorption up to a near IR wavelength (∼1200 nm) [140].  

 

Figure 1.12: Chemical structure of different donor polymers and corresponding 

HOMO-LUMO levels. 

For good power conversion efficiency, donor polymer absorption should have good 

coverage of the solar spectrum. One important class of such low band gap donor polymers 

consist of electron deficient heterocycles like benzothiadiazole (BT) or pyrazine (PQ) 

covalently attached to the electron rich moieties (thiophene) at both side [140]. The most 

well known class of alternative copolymer donors are based on the poly (2, 7-carbazole) 

such as poly [[9-(1-octylnonyl)-9H-carbazole-2,7-diyl]-2,5-thiophenediyl-2,1,3-

benzothiadiazole-4,7-diyl-2,5-thiophenediyl] (PCDTBT) [141]. It exhibits almost 100% 

internal quantum yield when blended with PC71BM in bulk heterojunction geometry [142]. 
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The other class of donor copolymer is based on the cyclopentadithiophene compound and 

used as a low band gap donor in tandem solar cells [143, 144]. Copolymer of this class 

Poly[2,1,3-benzothiadiazole-4,7-diyl[4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-

b']dithiophene-2,6-diyl]] (PCPDTBT) shows a promising improvement in terms of the 

device efficiency [145-147]. The upper limit of efficiency for these low bandgap polymers 

is, in principal, slightly higher due to their low refractive index and enhanced absorption in 

the red part of the spectrum as predicted after Shockley-Queisser limit [148]. The main 

drawback of these donor polymers is large exciton binding energy due to their low dielectric 

constant (∼ 3). Replacing bridging carbon atom by silicon atom introduces a small distortion 

in the cyclopenta-di-thiophene unit and enhances the dielectric constant, backbone rigidity 

and overall crystallinity of the donor domain [147, 149]. Power conversion efficiency is 

improved to 5% following the influence of bridge atom in low band gap materials. The 

longer C-Si bond modifies the geometry of fused dithiophene which assists in better 

ordering of the polymer chains. The strong stacking of the Si-bridge materials leads to the 

limitation in solubility in common organic solvent and can be processed only at elevated 

temperatures. The high degree of π-delocalization in Si-bridge polymer yields large carrier 

mobility (2 ×10-2 cm2/Vs). In this regards, a chain of Si-substituted low band gap materials 

were synthesized over last five years [150]. Poly[(4,4′-bis(2-ethylhexyl)dithieno[3,2-b:2′,3′-

d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl] (PSBTBT)[151]; Poly[2,1,3-

benzothiadiazole-4,7-diyl-2,5-thiophenediyl(9,9-dioctyl-9H-9-silafluorene-2,7-diyl)-2,5-

thiophenediyl] (PSiFDTBT); poly[(4,40-bis(2-ethylhexyl)dithieno[3,2-b:20,30-d]silole)-

2,6-diylalt-(2,1,3-benzothiadiazole)-4,7-diyl] (PSiPDTBT) [152] are some of the promising 

Si-substitutes low band gap materials for high efficient photovoltaic applications.  

1.6.2 Acceptor materials 

 Fullerene and its derivatives have been adopted widely as n-type semiconductors in 

solution process bulk heterojunction organic photovoltaic [55]. The most well known 

fullerene derivative is phenyl-C61-butyric acid methyl ester or PC60BM (Figure 1.13). The 

key parameters that determine device performance are solubility of n-type fullerene 

acceptor in organic solvent, electron mobility, LUMO levels and film morphology (reducing 

crystalline phase separation). Very recently, non-fullerene, air stable, electron accepting 

small molecule acceptor [2-({7-(9,9-di-n-propyl-9H-fluoren-2-ylbenzo}[c] [1,2,5] 

thiadiazol-4-yl) methylene ]malononitrile (K12) and P(NDI2OD-T2)/(N2200) was 

synthesized with a power conversion efficiency about 1-2% with P3HT as donor [153-156]. 
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Simple design, solution processable, possessing large electron mobility demonstrated the 

potentiality of whole class of non-fullerene electron acceptors.  

 Fullerene and most of its derivatives exhibit sub-picosecond forward photoinduced 

electron transfer in combination with various conjugated polymers [100]. The exciton 

diffusion length in pure C60 has been estimated to be of the order of 40 nm with electron 

mobility up to 6 cm2V-1s-1 [157]. The isotropic (C60) electron accepting nature of fullerene 

derivatives has a positive implication in D+-A- pair dissociation and charge transport across 

the grain boundaries. Fullerene derivatives have adequate LUMO (-3.7 eV) w.r.t most 

conjugated polymer (donor) LUMO levels for efficient photoinduced electron transfer. 

Further, the HOMO levels of C60 (- 6.1 eV) is low enough to avoid possible back energy 

transfer between donor and acceptor. Delocalization of π electrons in fullerene structure 

results in high polarizability and large dielectric constant (εr = 4.4), which allow the 

intimate D+-A- formation upon exciton dissociation and stabilizes it at the D-A interface 

[158], [159, 160]. Low optical absorption of C60 and its derivatives at visible range is one of 

the major drawbacks in increasing device efficiency. 

 

Figure 1.13: Chemical structure of different acceptor materials and relative 

position of their HOMO-LUMO levels. 

 The most effective development with respect to increasing optical absorption has 

been based on higher fullerene (C70 and C84). PC70BM had shown substantial improvement 

in device performance when blended with MDMO:PPV and P3HT; but a extensive 

improvement was reported with low bandgap p-type polymer materials [19, 148]. With the 

increasing size of fullerene cage, the solubility of the big sized fullerene derivative becomes 

lower, and the miscibility of the methano-fullerenes with donor polymer clearly diminishes 

from polymer -PC60BM or PC70BM solution. 
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1.6.3 Additive materials  

 The device function of polymer BHJ solar cell arises from charge separation at 

discrete interfaces between phase-separated materials and subsequent charge transport 

[161]. Recently, improvement in device efficiency from 2.5% to 5.5% for P3HT and newly 

synthesized low band-gap polymers are observed in addition of alkane-dithiols into the 

solvent [162, 163]. Alkane-dithiols (boiling point∼ 250°C) do not react with either the 

polymer or fullerene, and function as processing additives. In-situ measurements (FTIR, 

XPS and Raman Spectroscopy) demonstrate that alkane-dithiol is removed during thermal 

annealed process under high vacuum [139, 164]. Small acceptor molecules such as PC60BM 

and PC71BM readily dissolve in alkane-dithiols, but conjugated semiconducting polymers 

are not soluble in alkane-dithiols. This selective (differential) solubility of the fullerene 

components and higher boiling points than host solvent demonstrate the utility of this class 

of processing additives to control the morphology of the BHJ film used in solar cells. 

Various processing additives like 1, 8-di(R)octanes with various functional group (R = Cl, 

Br, I) have been investigated to improve the solar cell performances [162, 165]. Comparing 

these device performances, it was concluded that 1,8-di-iodooctane yield larger 

improvement in BHJ device efficiency. As fullerenes are selectively dissolved in 1,8-di-

iodooctans, three distinct separated phases are formed during the process of liquid-liquid 

phase separation. A fullerene-alkanedithiols phase, a polymer segregated phase and 

polymer-fullerene phase are observed under high resolution TEM measurements [164]. Due 

to the higher boiling point of Alkane-dithiols as compared the host solvent, PC60BM tends 

to remain in solution (during thermal annealing process) longer than the donor polymer. 

This enables more control on phase separation and results in more optimized BHJ 

morphology for solar cells. 

 Efficiency of P3HT:PC60BM devices also improve when long alkyl chain surfactants 

such as poly(oxyethylene tridecal ether) (PET) are used as additive materials [166]. This 

improvement is mainly attributed to the increase in dissociation efficiency of e-h pairs, due 

to the orientated PET surfactant molecules at the interface between the phase-separated 

domains. These observations suggest that PET is a promising additive material for efficient 

polymer solar cells.  
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1.6.4 Metal contacts 

 To extract more photogenerated carriers from bulk active martial, low work function 

metals like Al (WF=4.3 eV), or Ca (WF=2.9 eV) are used as cathode (∼ LUMO level of the 

acceptor) and high work function metals are used as anode (∼ HOMO level of donor). A 

thin layer (5-10 nm) of titanium oxide (TiO2) or LiF improves electron collection at the 

polymer/Al interface and works as hole blocking layer too [167],
 [168]. In case of inverted 

structure, a thin nano-structured oxide layer (ZnO, TiO2) is introduced between bottom ITO 

electrode and polymer for efficient electron collection [169]. These oxides act as hole 

blocking and electron conducting layer and improve the efficiency of inverted organic solar 

cells. Similarly, thin layer of molybdenum oxide (MoO3) or vanadium pentoxide (V2O5) 

improves hole collection and reduces recombination at gold/silver electrode [170].  

1.6.5 Conducting materials  

 A thin buffer layer of conducting polymer poly(3,4- ethylenedioxythiophene) : 

poly(4-styrenesulfonic acid) [PEDOT:PSS] improves hole collection between ITO and 

active polymer. PEDOT:PSS is a water soluble dispersion of colloidal particles containing 

PEDOT and PSS-Sodium. PSS is utilized as charge balancing dopant during polymerization 

of PEDOT to produce water soluble PEDOT:PSS [171]. The conductivity of PEDOT:PSS 

can be improved by selective doping and proper annealing conditions. The Ohmic nature of 

ITO/PEDOT:PSS film with the polymer HOMO level has been demonstrated by Electro-

absorption measurements [172]. 

 

1.7 Morphology Characterization Tools 

 Morphology of the bulk heterojunction governs the charge separation and charge 

transport, and therefore decisively determines the performance of the solar cell. So, proper 

investigation of BHJ morphology is required, which connects different processing condition 

to morphology and ultimately the device efficiency. A combination of transmission electron 

microscopy (TEM) and AFM [173] provides the identification of a two-phase system 

consisting of fullerene-rich domains embedded in polymer matrix. A high resolution 

scanning electron microscopy combining planar and cross-sectional views help to 

investigate the three dimensional structure of the bulk film [174].  
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1.7.1 Transmission electron microscopy 

 One of the most common techniques for examining bulk heterojunction morphology 

is transmission electron microscopy imaging at lower operating voltages [175]. Spin-coated 

polymer-PC60BM blend films are first floated onto the surface of deionized water and 

finally picked up by copper mesh grids for TEM measurement. For drop-cast films, TEM 

specimens are obtained by putting a droplet of the blend solution onto a carbon film 

supported copper grid. Energy dose was chosen properly such that morphological change or 

the crystalline structures of the samples remain undisturbed. The stability of PC60BM 

crystals under electron beam illumination is much better compared to most polymer 

samples. Polymer rich domains appear as bright regions, since the electron scattering 

density of PC60BM is higher as compared to P3HT [87, 176]. The TEM images as obtained 

by Yang et al. and co-authors clearly demonstrate a morphology in which PC60BM-rich 

domains were dispersed in a polymer-rich matrix [87]. TEM images of film cast from 

different solvents reveal that the size of the PC60BM-rich domain in the blend film changes 

drastically with the choice of solvent. The average PC60BM-rich domain size appears to be 

600 nm in film cast from the toluene, which is 80 nm when prepared from chlorobenzene 

solution. On the other hand, a dramatically different morphology was observed in TEM 

imaging with thermal annealed samples of different PC60BM concentrations [16]. PC60BM 

clusters, formed upon annealing, is identified in TEM images as dark areas in a grey 

polymer:PC60BM matrix. The brighter areas initially surrounding the PC60BM clusters 

reflect thinner regions of the film, being composed of almost pure polymer domains 

(depleted from PC60BM). TEM images of drop-cast film provide different information such 

as the kinetics of phase separation process getting modified in presence grid and confines 

the volume available to the phase separation [177]. As TEM imaging is not possible to carry 

out in a working device, it is very difficult to rationalize the strongly different performance 

of photovoltaic devices fabricated using different solvents or annealing conditions merely 

based on the mages. 

1.7.2 Photo-conducting atomic force microscopy 

 Photo-conducting AFM (pc-AFM) measurement on BHJ device provides 

opportunity to measure the generated PC at each pixel with laser illumination that has been 

focused onto a diffraction-limited beam spot on the sample and co-aligned with the tip 

[178]. A direct correlation between the PC generations with film morphology can be 
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possible with this measurement. Photo-conducting AFM measurement on MDMO-

PPV:PC60BM blend demonstrates that PC predominantly originated at the D-A boundary 

and the amplitude varies locally depending upon the PC60BM aggregation [179]. In-situ pc-

AFM measurements of P3HT:PC60BM BHJ device depict the PC evolution and its spatial 

variation with thermal annealing [180, 181]. Spatial distribution of short-circuit PC reveals 

that the maximum, average, and standard deviation of the PC all increase with thermal 

annealing time. The effect of the 3D morphology on carrier transport and recombination can 

be identified from these PC maps. Measurements of local VOC using AFM tip as an 

electrode suggest that the unusual light intensity dependent VOC for BHJ devices is directly 

related to the morphological heterogeneity, present in the blend film.  

1.7.3 3D electron tomography  

 3D Electron tomography somehow relates the morphology-performance relationship 

in polymer photovoltaic cells by providing volume information in nanometer resolution [61, 

182]. This technique is used to reconstruct the 3D structure of the blend film from a series 

of two dimensional TEM projections. In this process, a series of 2D projections is taken 

from TEM at different angles by tilting the specimen with respect to the electron beam line. 

The tilt series thus obtained contains normally more than 100 images of the same specimen 

spot. These images are then carefully aligned to reconstruct a 3D image of the specimen 

with nanometer resolution by back projection algorithms [61]. The outcome of electron 

tomography (“volume pixel”) provides the specimen’s volume morphological organization 

in detail [183]. Volume data demonstrate the presence of 3D nanoscale networks of the 

P3HT nano-fibers and PC60BM domains, and indicates the inclination toward the crystalline 

P3HT nano-fibers. The reconstructed volume cross-section confirms the presence of 

genuine 3D rather than 2D networks in bulk film, which yields excellent hole transport from 

any place within the photoactive layer to the hole collecting electrode and vice versa [184, 

185]. Imaging with different density values of P3HT and PC60BM demonstrate the modified 

3D profile of photoactive layer. 3D topography analyses for the 100 nm thin film depict that 

35% of the layer volume is actually made up of crystalline P3HT nanofibers. It indicates a 

high crystalline arrangement (60%) for the P3HT [186]. Upon annealing treatment, the 

formation of nano-scale interpenetrating networks of P3HT nanofibers and PC60BM nano-

crystals with favorable gradients are observed within the thickness of the layer for thinner 

specimens [183, 185]. These changes in the 3D volume organization of the P3HT:PC60BM 

photoactive layer are paramount for obtaining high efficient PSCs. Recently Helium ion 
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microscopy was utilized to image the nanostructure of P3HT:PC60BM in film following 

secondary quantum yield contrast [187].  

1.7.4 Grazing incidence X-ray diffraction (GIXRD) analysis 

 Grazing Incident X-Ray Diffraction (GIXRD) provides detailed information about 

the crystallographic alignment of the individual domain in bulk heterojunction blend films 

[188, 189]. The technique utilizes x-ray incident on thin film below the critical angle such 

that only the evanescent component (which decays rapidly) gets diffracted from film surface 

(depth ∼ 10-20 nm). The crystallization orientations (parallel or perpendicular to the 

substrate axis) of the model polymer (P3HT) is distinctly observed under this technique. 

These two orientations known as face-to and edge-to conformations as the π-π stacking 

direction is perpendicular and parallel to the substrate respectively [190]. While the edge-on 

stacking is desirable for the transistor geometry, the face-on orientation is preferable for 

OPV architecture where charge transport normal to the electrode is needed. In-situ GIXRD 

measurement of P3HT:PC60BM film depicts the role of PC60BM in P3HT crystallization 

and device optimization [131]. GIXRD data of annealed P3HT:PC60BM film cast from the 

higher boiling point solvent like dichlorobenzene have shown improved edge-on 

crystallinity in film [191]. The intercalation of PC60BM in thiophene-based polymer has 

been studied by GIXRD measurements following the lamellar spacing peaks in an edge-on 

crystal region. It has been shown that even at 1:1 blend ratio, devices could produce 

drastically different efficiencies depending on PC60BM intercalation in polymer matrix 

[192]. Therefore, the results obtained from GIXRD measurements are important for 

optimizing bulk heterojunction device.  

1.8 Overview and Scope of Thesis 

 It is important to follow the heterogeneity of BHJ film at much smaller length scale 

(∼ 40 – 100 nm). The challenges in experimentally probing these morphological and 

electronic structure of highly intermixed semiconducting polymer-small molecule blends, 

ultimately limit the fundamental understanding of the BHJ device performance. In this 

regard, near field scanning optical microscope (NSOM) is utilized to correlate local 

heterogeneity in morphology and local PC from microstructure with device performance for 

wide range of model BHJ systems. 



 
68 

 In this thesis, Chapter 2 focuses on the fundamentals and selected applications of 

aperture NSOM to characterize BHJ morphology under different processing treatment and 

substrate modification. Near-field imaging was carried out by positioning a sub-micron 

optical probe over very short distances from the examined sample. The optical near-field is 

defined as the region above the surface of examined sample with dimensions less than a 

single wavelength of the light incident on it. Finite difference time domain analysis was 

employed to simulate the near field-BHJ film interactions which demonstrate the actual 

spatial resolution achieved in our measurements. 

 Chapter 3 involves with BHJ film morphological characterization technique to probe 

the phase separated polymer-fullerene domains in active solar cells devices. Spatial 

dependence of current-decay profiles vary with BHJ morphology and provide a nice route 

for optimization of constituent fraction ratio in BHJ films. Further, to study local short-

circuit PC signal on a BHJ film layer, asymmetric device structure was fabricated with two 

cross type lateral electrode. The device structure was utilized to map out local PC and 

optical transmission variation following the carrier transport pathways. Advanced 

techniques such as 2-dimensional fast Fourier methods are demonstrated to determine the 

quasi-periodic distribution of domains. A simple circuit model employing spreading 

resistance analysis is developed to explain the peripheral PC decay in asymmetric device 

structure.  

 Evolution of Si-PCPDTBT:PC71BM blend morphology with different fraction ratio 

and post processing condition was established in Chapter 4 employing near field PC (NPC) 

and transmission contrast imaging (T-NSOM) method. The technique mainly relies on 

current-contrast-optical scanning microscopy on asymmetric device structures that provides 

a near-field access for the incident light beam. Correlations between the morphological 

changes with carrier generation and transport leadings to PC are clearly revealed from these 

images. Modifications in spatial power spectral density distribution as obtained from these 

images are used to quantify the evolution upon thermal annealing. The presence of local 

heterogeneity in PC is more informative as compared to the conventional measurement on 

bulk samples. 

 A combination of microscopic scanning method with trends in macroscopic 

spatially-dependent current decay profiles are discussed in Chapter 5. Variations in the 

spatial decay length and near field transmission contrast demonstrate nanoscale morphology 
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dependent carrier transport for two different model blend systems with different underlying 

microstructures; crystalline network of Si-PCPDTBT and amorphous network of PCDTBT. 

The anisotropy in electron and hole decay length attributes the difference in the charge 

carrier mobilities in blend systems.  

 The contents in Chapter 6 constitute studies on systems which are not directly 

related to BHJ devices, but highlight the versatility of the instrumentation developed during 

the thesis period: single molecule spectroscopy, fluorescence nano-particle imaging and 

studies with biological protein system. Molecular based processes in variety of systems 

under near field illumination - far field collection mode operation are demonstrated and 

investigated. Fluorescence from single dye molecule encapsulated in host PMMA matrix 

and their time trace were monitored with ∼ 60 nm spatial resolutions as obtained from 

NSOM. Intrachain energy transfer were studied by monitoring fluorescence form MEH-

PPV polymer nano-particles. Nanoparticles prepared from the blend of high and low 

conjugated MEH-PPV were employed to study the energy transfer efficiency. The broad 

absorption of both the materials in visible range exhibits a new research field toward 

hybridized nanoparticle photovoltaic devices. Local temporal optical transmittance 

fluctuation through few layers bacteriorhodopsin film demonstrates the correlation effects 

between the trefoils in optically induced excitation and de-excitation processes (photo-

cycle). Probability density functions analyses of transmission signal is obtained from 

different bacteriorhodopsin patch depict that for finite size ensemble a critical size regime 

exists which yields the characteristic stochastic feature. Local photoluminescence 

quenching of dye or conjugated polymer film coated on isolated few-layers graphene flakes 

was examined under near field scanning optical microscopy imaging methods. The decrease 

in emission intensity was accompanied by an increase in PC in the graphene-polymer 

bilayers. Spatial PC decay technique was employed to study potentiality of graphene as a 

transparent electrode.  

 

  



 
70 

 

 

 

 

 

 

 

 

 



 
71 

Chapter 2  

Near Field Scanning Optical Microscopy for Polymer 

Solar Cells  

 

2.1 Introduction 

Near Field Scanning Optical microscope (NSOM) has been developed to provide 

different optical contrast images with spatial resolution beyond the optical diffraction limit 

(∼ 400 nm for visible light) [193, 194]. Resolution of any optical microscope is limited by 

the incident light wavelength and the numerical apertures of lens systems. Recent 

developments in scanning positioning microscopes and related techniques have enabled 

improvement in resolution, even to the level of visualizing individual atoms [195]. These 

super resolution capabilities are available with different contrast-enhancing mechanisms 

along with common optical microscope. But, the requirements of special specimen 

preparation for most of the high-resolution techniques limit their application in materials 

science and biological measurements. 

 The resolution of any optical microscope gets limited by the spatial frequencies 

leakage upon propagation from source to detector. This leaky nature imposed a boundary 

condition to spatial resolution (distinguish two-separate point like objects) for the entire 

optical microscopy technique. The central idea of near field scanning optical microscopy is 

to retain these spatial frequencies associated with the scattered near field light [196-199]. 

Near-field scanning optical microscopy is developed in combination with topographic 
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resolution techniques with polarization characteristics in combination with local 

spectroscopic capabilities [197, 200, 201]. 

When incident light interacts with an object, it generates two different types of 

scatter light − near-field and far-field light components. The scattered far-field light 

propagates through space in an unconfined manner and is utilized in conventional 

microscopy. The near-field component consists of a non-propagating field that exists only 

very near the surface of an object at distances less than a single wavelength of light [202, 

203]. Scattered near-field components contain high-spatial frequency information with 

maximum electric field amplitude in the region ≤ 20 nm [196]. As the near field amplitude 

decays sharply within a distance less than the wavelength of the light, in conventional 

optical microscope it usually goes undetected [197]. In NSOM technique, the higher spatial 

resolution was obtained by detecting and utilizing the near-field light before it undergoes 

diffraction [199]. Strong coupling between the NSOM probe and the sample yields a field 

enhancement in physical properties of the sample, which do not prevail in normal optical 

microscopy [204]. 

The most recent commercial NSOM instruments (MultiView4000 - Nanonics, 

alpha300S - Witec, XE-NSOM - Park Systems, etc) combine scanning force techniques 

with optical detection capabilities of conventional optical microscope [193, 205]. This 

combination provides near-field high-resolution in conjugation with various optical imaging 

modes [194]. The important advantage of NSOM technique is its ability to merge 

topographical data set with different optical data sets beyond the diffraction limited spatial 

resolution [206]. Imaging molecular and nanoscale features in photoactive conjugated 

polymer films is one of the great scientific challenges in recent years [207-209]. Recently 

direct PC mapping on organic solar cells was described utilizing near field scanning optical 

microscope where a NSOM probe of ∼250 nm apertures was utilized to study 2D local PC 

amplitude variation in BHJ device. Topology and PC contrast was mapped by raster 

scanning of light output from NSOM probe through the semi-transparent electrode across 

the blend surface. The low device efficiency was then correlated to the presence of 

inhomogeneity and phase segregations in blend films [210-212]. These studies demonstrate 

the utility of the NSOM instrument to probe the BHJ bulk morphology at ∼ 100 nm optical 

resolution. We improvise on the conventional NSOM scanning approach by introducing 

direct local PC mapping on BHJ-OPV films to optimize the BHJ device performance. The 

present chapter is focused on various studies, where conventional fluorescence NSOM 
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scanning measurement was utilized, especially on the MEH-PPV copolymer films and 

P3HT-PC60BM blend films in preliminary manner. 

2.2 Historical Background 

Edward H. Synge, during early 1928, published a series of articles that first 

conceptualized the idea of an ultra-high resolution optical microscope. In a proposal, he 

suggested a new type of optical microscope to defeat diffraction limit that required 

fabrication of a 10-nm aperture (much smaller than the light wavelength) on an opaque 

screen [213, 214]. The proposal, although visionary and simple in concept, was far beyond 

the technical capabilities of that time. 

E. A. Ash and G. Nicholls first demonstrated the near-field resolution from a sub-

wavelength aperture scanning microscope utilizing microwave region of the 

electromagnetic spectrum [215]. In 1984, research groups from IBM Corporation's Zurich 

laboratory and Cornell University reported optical measurements at a sub-diffraction 

resolution level [216], [217-219]. With the development of shear-force feedback systems 

and employment of a multi-mode optical fiber as the NSOM probe, NSOM began to evolve 

as a scientifically useful instrument [205, 220]. 

2.3 The Aperture NSOM  

Aperture NSOM, today is reaching a resolution of 50-100 nm on routine 

experiments and have a potential down to 10 - 30 nm [221]. It is at least a factor of 5 times 

better in spatial resolution than a standard scanning confocal optical microscope with oil 

immersed objectives (1.45 NA). The point-spread function (PSF) of a NSOM-aperture is 

defined as a Gaussian profile and optical output power through the aperture decays to 1/e 

times of maximum power at the aperture end. The mode of field propagation is primarily 

evanescent and parallel to the specimen surface. In aperture NSOM technique, higher 

spatial resolution is achieved by positioning the probe tip on the examined surface within 

this near-field regime.  

There are few fundamental differences between aperture-NSOM (Figure 2.1a) and 

conventional optical microscope (Figure 2.1b) − the size of the illuminated area, and the 

distance between the source of radiation and the specimen. In conventional far-field optical 
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microscopy, the distance between the light source and the specimen is typically much 

greater than the wavelength of the incident light, whereas in aperture-NSOM, it is a 

necessary condition of the technique to place the nano-aperture very close to the specimen 

than the wavelength of the illuminating radiation. 

 

Figure 2.1: (a) Far field collection mode, (b) Near field illumination-far field 

collection mode, (c) Schematic aperture near field scanning optical microscope. 

Imaging with NSOM is similar in procedure to the scanning confocal optical 

microscope except that the illumination spot is smaller. Scanning confocal microscope is 

successfully employed to the thick samples where optical sectioning is required, but NSOM 

is truly a surface sensitive technique. Nevertheless, all the optical contrast mechanisms such 

as absorption, fluorescence and phase, well-known in the standard optical imaging, are 

successfully transformed to the NSOM application.  

2.3.1 X-Y-Z scanning and feedback methods 

x-y-z piezo-scanning system is one of the most important components of all 

scanning probe microscope instrument. The design and functionality of scanning system 

primary depicts the attainable scan resolution from the instrument. Low noise (small 

position fluctuations) and precision positioning capability (typically less than 1 nm) are the 

prerequisite conditions for good scanning system [222]. 

The critical requirement of the near-field technique is that the probe tip must be 

positioned or held within ∼ 10-20 nm vicinity of the surface in order to obtain high-

resolution and artifact-free optical images. In most of the aperture NSOM instrument, tip-

sample distance control is achieved by utilizing feedback mechanism. To date, the most 

commonly employed mechanisms of tip positioning are optical method that monitor the tip 

vibration amplitude. The method is usually followed laser reflection from tip to quartet 
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position sensitive detector. In case of non-optical method feedback, share force amplitude is 

monitored utilizing quartz tuning fork.  

In order to improve signal-to-noise ratios for the feedback signal, the NSOM tip is 

always oscillated at a fixed resonance frequency. This allows lock-in detection techniques 

(band pass filter with the central frequency set at the reference oscillation frequency) to be 

utilized, which eliminates positional detection problems associated with low-frequency 

noise and drift. As the oscillating tip approaches the specimen, forces between the tip and 

specimen dampen the tip oscillation amplitude. 

In optical feedback method, a laser is tightly focused as close to the end of the 

NSOM probe. In the case of the bent probe method, the laser is reflected from the top 

surface of the probe to the split photodiode (similar to the optical feedback techniques 

employed in the AFM). The main problem associated with this type of feedback mechanism 

is that a light source (for example, a laser) is used to detect the tip vibration frequency, 

phase, and amplitude. This external light source becomes a potential source of stray photons 

that interferes with detection of the NSOM signal. In most cases, additional filter for 

feedback laser also block a small percentage of the near-field photons and reduces signal 

levels. A non-optical feedback such as tuning-fork technique reduces background noise 

issue in optical detection.  

In tuning-fork feedback method, a single mode optical fiber is attached to one arm of 

a quartz crystal tuning fork, which is oscillated at the tuning fork's resonance frequency. 

The most common tuning fork resonance frequency is 32 kHz, but commercially, it varies 

with resonances ranging from 10 kilohertz to several tens of megahertz. The piezoelectric 

potential acquired from electrodes on the forks is amplified with a gain of approximately 

100 (using an instrumentation amplifier) to produce a signal on the order of a few tens of 

mV. The signal is then fed into a lock-in amplifier and referenced to the drive signal of the 

oscillating tuning fork. Different output signals such as amplitude and phase are then 

compared to a user-specified reference to maintain the probe-specimen distance. 

 An example resonance curve produced by a 35.51-kHz tuning fork with the 

attached NSOM fibre is illustrated in Figure 2.2. The fork response is measured by 

sweeping the frequency from 34 kHz to 40 kHz and simultaneously measuring the 

amplitude and phase of the signal. The advantages for the tuning-fork feedback are 1) 

improvement of spacial resolution without any optical background noise, 2) simultaneous 
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topographic imaging, 3) presence of a rapidly varying evanescent electric field normal to 

the substrate surface. There are some limitations of aperture-NSOM microscope, like: (i) 

small working distance and an extremely low depth of field and (ii) long waiting time for 

high resolution images or large specimen areas.  

 

Figure 2.2: Amplitude and phase signal from the turning fork with the 

resonance oscillation frequency at 35.51 kHz. 

2.4 Transmission Coefficient of NSOM Probes 

The ultimate performance from aperture NSOM probe is achieved by combining two 

main properties: a) reducing illumination spot size (achieved by lowering aperture diameter) 

and b) increasing optical output power through the aperture. These are accomplished either 

by optimizing the overall light throughput or by improving the damage threshold of the 

metal coating, thus increasing the maximum input power [223].  

2.4.1 The Taper region and aperture 

 Probes based on metal coated dielectrics with a transparent spot at the apex are 

referred to as aperture probes. The metal coating prevents the leakage of optical field 

through the side of the probes. Transmission coefficient of an aperture probe is defined as 

the ratio of the light power coupled at the tapered region to the light power emitted at the 
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end of aperture. The power emitted by the aperture is generally measured by the far-field 

optical collection which does not reflect the near-field enhancement. The non-propagating 

electric field or evanescent waves at the apex of aperture-NSOM probe contribute to a time 

averaged Poynting vector and dominates the light-mater interaction. The transmission 

coefficient of any NSOM probes is characterized by its’ structural components, a) wave-

guiding in the vicinity of the aperture and b) the actual sub-wavelength aperture [224]. 

 

Figure 2.3: Cartoon of the successive cut-off of guided modes and exponential 

decay of field towards the aperture.  

  In a standard glass fibre NSOM probe, the guiding part corresponds to the tapered, 

conical shaped, metal coated dielectric wave guide. The efficiency of light guiding to the 

aperture is determined by the propagating modes distribution in the tapered region. This 

mode structure of metallic wave-guide at optical frequencies was first proposed by Novotny 

and Hafner as a function of dielectric core diameter [225]. In a tapered wave-guide with 

gradual decreasing of core diameter, different guiding modes disappear and finally only 

HE11 mode (fundamental mode of optical fibre) propagates through the wave guide. 

Aluminium-coated dielectric wave-guide supports the pure HE11 mode at a wavelength (λ = 

488) nm for inner diameter between ≈ 250 nm and 160 nm [196]. Numerically, the 

transmission coefficient of the light up to this point was determined by the fraction of 

optical power contained in the cut-off modes as compared to the power in the still 

propagating HE11 mode [226]. The magnitude of this fraction depends on the geometry of 

the taper region (chemical etching or heating and pulling method). The leaky optical power 

is absorbed by the metal coating, leading to considerable heating of the NSOM probe. 
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 Below the inner diameter of 150 nm, a HE11 mode runs into the cut-off mode with 

imaginary wave vector and thus mode field decays exponentially. Studies from Novotny et 

al. revealed that the optical power that is actually delivered to the aperture is depends on the 

distance between the HE11 cut-off diameter and the aperture plane [196]. Larger cone angle 

drastically reduces the distance between cut-off diameter and aperture plane (Chemically 

etched NSOM probe) and improves the overall transmission coefficient of the taper 

waveguide structure [221]. 

 The transmission coefficient of a subwavelength hole in an infinitely thin conducting 

plate was first numerically calculated by Bethe, and the correction for the near field effect 

was mentioned by Bouwkamp. Bethe/Bouwkamp model of a subwavelength aperture yields 

an analytical expression for transmitted electric and magnetic field. According to the model, 

the transmission coefficient of subwavelength aperture is scaled as (a/λ)
4, where a 

represents the aperture diameter [227, 228]. More rigorous solution of Maxwell’s equations 

employing multiple-multipoles method reveals that transmission coefficient of NSOM 

probes largely depends on the tapering cone angle. As the half-cone angle (δ) of taper part 

increases, the light spot size decreases and light leaks through the edge of the aperture. 

Light spot size remains almost constant for large range of δ but increases rapidly for δ > 

50°. A strong variation on power transmission is observed in the range between the 10° and 

30°. The analytical solution for the power transmission leads to  

 d1Êud"w ∝ �Rp �1uË (2.1) 

where parameter A depends on the dielectric core and metal coating on the NSOM probe. 

Optical power output enhances by nine orders of magnitude by changing the taper angle 

from 10° to 45°, as the light spot is maintained at constant size [196]. This behaviour 

defines the limitations of aperture probes fabrication method. With larger taper angle and 

refractive index of the dielectric core, the cutoff diameter approaches the probe apex and 

provides better light transmission through the probe. At the cutoff region, optical energy is 

partly reduces in the metal layer. This generates a significant heat at the metal coating 

which can destroy the glass tip. The distortion threshold of NSOM probe can be improved 

by larger heat dissipation rate from relevant region and higher thermal stability of the metal 

coating.  
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 2.5 Electric Field Distribution 

 Electromagnetic field distribution close to the subwavelength size aperture assists in 

understanding light-mater interactions. Various methods are available for determining the 

electromagnetic field distribution near to the NSOM probe aperture. Most common method 

is the numerical solution of Maxwell’s equations under selective boundary conditions; the 

rest are straight forward experimental methods by directly monitoring and examining the 

fluorescence from illuminated nanospheres or quantum dots.  

 

Figure 2.4: (a) Schematic of the simulated NSOM probe (b, c) electric field and 

power density distribution of s-polarized (TE) waves near NSOM aperture. (d, e, 

f) Propagating, evanescent, and evanescent wave power density distribution of p-

polarized (TM) waves. 

 Multiple-multipole (MMP) technique and finite difference time domain (FDTD) are 

two well-established numerical methods for performing electrodynamics field calculation. 

Here, we have employed FDTD technique to simulate NSOM probe using commercially 

available OptiWave (Version 8.0) software. FDTD is a computational electrodynamics 

modeling technique based on the grid truncation method. The method is formulated on 
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discretization of time-dependent Maxwell's equations (in partial differential form) 

employing central-difference approximations for numerical derivative in space and time 

with second order accuracy. The resulting finite-difference equations are solved using 

different boundary value calculations, and the process is repeated over and over again until 

the desired transient or steady-state electromagnetic field behavior is fully evolved. The 

schematic of NSOM probe utilized in the simulation is shown in Figure 2.4 (a). Simulated 

NSOM probes have a lateral dimension of 10 µm, aperture ∼100 nm and surrounding metal 

coating of thickness ∼ 150 nm with taper angle of 30ο (as received from Nanonics Supertips 

Ltd.) For simulation, dielectric constants for aluminium and glass were chosen to be -34.5 + 

i8.5 and 2.25 respectively [196]. Both propagating (Ex and Ey) and evanescent waves (Ez) 

field distribution were monitored with different incident light polarization. Simulated field 

distributions reveal the local electric field energy density over the taper region and assist in 

determining the strength of the light-mater interaction. For a given incident polarization, s-

polarized transmission power (transmitted electric field polarization is perpendicular to the 

incident polarization) decreases monotonically with the slit width, and electric field 

vanishes at the aperture boundary (Figure 2.4b and c). Transmitted electric field with p-

polarization (transmitted electric field polarization is parallel to the incident polarization) 

remains finite at the metallic boundaries and induces charges at the aperture rim [229]. A 

considerable light flux moves downwards along the taper region following large light 

transmission through the aperture. It yields a strong near field at the aperture flange (Figure 

2.4d, e and f). Field enhancement is observed for p-polarized light at the edge of the 

coating, which may be either due to the continuous field components perpendicular to the 

boundaries or large curved geometries (lightning-rod effects). At the edge of the aperture, 

electric field penetrates into the metal coating, thereby increasing the effective width of the 

aperture. The numerical mapping of electric field profile at the tip of the NSOM probe 

supports the Bethe-Bouwkamp approximation for the NSOM probe [230]. Generally, 

elaborate numerical simulation for tip-sample configuration depends on the choice of 

boundary conditions as well as discretization and iteration procedure used in simulation 

which, sometimes, is not appropriate with real measurements. So it appears to be important 

to develop a simple but realistic description of electric field to dominate the interaction with 

nano-object. 

 However, in resonance with the excitation light, fluorescence molecules and 

nanosphere are worked as selective detectors for incident light polarization since 
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fluorescence intensity is proportional to the (µ⋅E)2, where µ is the transition dipole moment 

and E the electric component of the incident field. For randomly oriented transition dipole 

moment of such ensemble of N, fluorescence intensity of incoherently emitted molecules is 

proportional to  

 % ∝  Ì�T" ⋅�"��  ¤ �3
Í

"�� T�Î��Ï (2.2) 

 Drezet et al. successfully used fluorescence-labelled nanosphere of diameter << 

probe aperture, as a scalar, isotropic volume detector, to characterize electric-field intensity 

distribution of triangular aperture NSOM probes [231]. FDTD simulated electric field 

distribution is similar to those obtained from fluorescence lobes with nanosphere diameter 

smaller than the probe aperture.  

2.6 Spatial Resolution of NSOM 

 Spatial resolution of any instrument is defined as its’ ability to distinguish two 

separated point-like objects from each other: spatial resolving power of any imaging system 

is measured by its Point Spread Function (PSF), which is defined as the spreading of a point 

source that has a direct consequence of spatial filtering [232, 233]. Physically PSF is 

proportional to the electric energy density which can be quantified utilizing optical 

detectors. Any point source in space is represented by the delta function with a finite 

spectrum of spatial frequencies (kx and ky). In process of image formation, high frequency 

components are filtered out. It leads to the further reduction in bandwidth and image of a 

point converts to an image of a finite size object. The total PSF of any optical instrument 

can be regarded as: 

 �<�Ð� d�Ñ � ���Ò�Ð�Ò<  d�Ñ × ������Ò<  d�Ñ (2.3) 

 The loss of spatial frequencies associated to the evanescent waves upon propagation 

from source to detector leads to the diffraction limited image. The spatial resolution (inverse 

PSF) of aperture-NSOM is explained by the electric field distribution on the surface plane. 

Beyond the surface plane the confined near field spreads out rapidly. It is observed from our 

simulation that strength of evanescent electric field is apprenticed near to the surrounding of 

the metal coating of NSOM tip and extinct at the centre of the NSOM probe. In illumination 

mode, NSOM tip is used to illuminate the sample and related optical information is 
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collected through the condenser of optical microscope. So a correction to collection PSF is 

required to reach the maximum spatial resolution of NSOM. In collection mode, optical 

signal is collected through the NSOM probe which comes with its maximum spatial 

resolution. We employed FDTD analyses (φ∼ 100 nm) to identify variations of electric field 

distribution with incident light intensity on the surface plane which directly leads to the 

spatial resolution of our measurements (Figure 2.5).  

 

Figure 2.5: Intensity (W/m2) dependent electric field amplitude variation near 

the taper NSOM probes (a) evanescent wave and (b) propagating distribution. 

Dotted lines represent the NSOM probe aperture.  

 From the simulation, it can be concluded that the maximum resolution from NSOM 

probe is achieved for very small incident power. At high intensity, large scattering from the 

taper area diminishes the resolution of the instrument. Presence of evanescent wave (Ez) at 

the probe edge limits the spatial resolution of NSOM probe more than its opaque aperture. 

2.7 Tip-Polymer Blend Interaction – Using FDTD Analysis 

  Commercially available finite difference time domain (FDTD) software package 

(OptiFDTD, Version 8.0) was employed to estimate the electromagnetic interaction 

between NSOM tip and polymer film at different excitation wavelengths. The electric field 

distribution of a NOSM probe of different aperture size (50 nm to 200 nm) and different 

taper angle (10° to 40°) was evaluated following this method. The extent of interaction 

strength between NSOM probe and polymer blend was assessed by accompanying the 
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evanescent (Ez) and propagating wave (Ex, Ey) field distribution at different excitation 

wavelength. 

 

 

Figure 2.6: (Top) Schematic of NSOM probe–polymer simulation. (a and b) 

propagating and evanescent electric field distribution near NSOM probe without 

the presence of polymer film and (c and d) polymer film placed at a distance 10 

nm form probe end. 

 For the simplicity of simulation, we assumed NSOM probe as a cone shape glass 

fiber, covered with Al metal. Both probe and polymer blend (P3HT:PC60BM) were defined 

by their real and imaginary part of the dielectric constant with proper wavelength dispersion 
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relation. Polarization dependent field was monitored with the reference of the incident 

polarization. A 5 µm × 5 µm wafer was used in this simulation with 1024×1024 grid point. 

Taper length of NSOM probe was fixed to ∼ 1µm and tip-sample distance was varied 

between 10-50 nm. The scale down in the simulation was executed by the measured 

parameters of our experimental NSOM probes.  

 

Figure 2.7: Propagating and evanescent electric field amplitude distribution 

with varying probe−sample distance (a) 10 nm and (b) 50 nm. A unit Ez/Ex ratio 

changes to a value of 0.4 after tip−polymer interaction.  

 Presence of polymer film near the NSOM tip yields a significant modification of the 

propagating electric field distribution (Figure 2.6). Presence of polymer film translates the 

continuous distribution of propagating field to a non-uniform oscillatory electric field. This 

behavior is directly attributed to the coupling of incident field with backwards external 

surface modes from polymer surface. Results from simulations demonstrate that evanescent 

field gets totally absorbed within polymer film (Figure 2.6d). Effects of ITO substrate were 

neglected in the simulation as evanescent field dies out within the blend film. A comparison 

between the evanescent and propagating field amplitude (Ez/Ex), depicts that near field 

interaction dominates over the propagating field interaction (Figure 2.7). Beside, the 

presence of a large transmitted propagating field yield a transmission contrast which carries 

the information about the bulk morphology. In this regard, the field amplitude comparison 

after tip-polymer interaction supports a larger contribution of evanescent component on the 
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local PC compared to the propagating part. So, the spatial resolution of the near field PC 

mapping is limited by the NSOM probe aperture not by the propagating electric field 

distribution near taper region. 

2.8 NSOM Probes 

  Normal transparent dielectric is used for NSOM probe fabrication. These probes are 

produced by tapering of optical fiber to give a conical shape [196]. Tapering of optical fiber 

is carried out in two different ways – (i) chemical etching and (ii) by local heating of a 

stripped glass fiber and subsequently pulling it. Chemical etching of glass fiber is very 

attractive because it has potential of large scale fabrication of identical tips. Glass fibers 

with their plastic coating stripped off are dipped into 40% HF solution.  

 A thin over layer of organic solvent is usually added to control height of the 

meniscus of the HF forming at glass fiber, and to prevent dangerous vapors escaping from 

the etching vessel. The taper angle is tuned by using different organic layers which change 

the opening angle because of surface tension. In another method, CO2 laser at wavelength 

10.6 µm, or alternatively a perforated heating foil or coil, is used to heat the glass fiber. 

Subsequently commercially available microprocessor controlled pipette pullers are used to 

pull the optical fiber. Finally the shape of the probe aperture (50-150 nm) is determined in 

scanning electron microscope. For advanced applications in nano optics, NSOM tip should 

exhibit a short and robust taper region with a large opening angle at the apex, which results 

in a high throughput optical probe. To reduce the optical leakage from the taper region, 

glass probes are coated with reflective metal (gold, chromium, Aluminum) coating.  

 Among all other metals, aluminum serves better with its smallest skin depth and 

easy processing. In the coating process, the tips are positioned and oriented in such a way 

that streams of metal vapor hit the tip at an angle slightly from behind. The deposition rate 

of metal at apex is much smaller than on the sides, which leads to self-aligned formation of 

an aperture at the apex. The small amount of light intensity (∼ pW) from nano aperture 

sometimes limits its uses in experiments. But pronounced energy dissipation at metal 

coating and consequent heating limits the input optical power to the NSOM probe. NSOM 

probes prepared by Nanonics Supertips Ltd. (Figure 2.8) following local heating and pulling 

method were employed throughout our study. 
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Figure 2.8: NSOM probe mount with electrical connection form turning fork 

arms. Mounted NSOM tip on the turning fork. SEM image of metal coated 

NSOM probes. (Nanonics Supertips Inc.) 

2.9 Nanonics MultiView 4000TM  

MultiView 4000TM instrument is an integrated scanning positioning microscope 

(SPM) with 2 NSOM probes in combination with dual optical microscopes (Figure 2.9a). 

The system consists of 3D FlatScanTM scanner along with stepper motor mounted NSOM 

probe stage (Figure 2.9). The 3D FlatscanTM has a novel planar, folded-piezo, flexure scan 

design and provides the ultimate in AFM resolution (e.g. atomic steps in highly oriented 

pyrolytic graphite). Normal force tuning fork technology with high Q factor (≈ 1500) and 

phase feedback delivers unprecedented control of the probe tip/sample separation. The 

instrument works on the share force feedback, not with the conventional beam bounce 

optical feedback. It delivers background noise free imaging when working with 

semiconductor devices or fluorescent materials. A computer with commercial Nanonics 

window software (NWS) simultaneously evaluates the probe position, incorporating data 

obtained from the feedback system, and controls scanning of the tip (or specimen) and the 

tip-specimen surface separation. NWS software processes pixel to pixel data into two-

dimensional data sets (lines) following raster scanning of probe, subsequently compiles and 

displays as a three-dimensional reconstruction on a computer monitor. The typical size scale 

of features measured with this scanning probe microscope ranges from <5 nm to ∼ 1µm.  
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Figure 2.9: (a and b) Schematic of MultiView 4000TM. (c) Picture of a quartz 

turning fork sensor attached with tapered glass fiber. (d and e) 3D flat scanner 

for sample scan mode. (Nanonics Inc.) 

2.10 Demonstration of NSOM Technique 

2.10.1 Photophysics of MEH-PPV-x blended with different conjugation 

lengths  

 Phase-separation and energy transfer characteristic of segmented MEHPPV blend 

with two different distribution of conjugation lengths, namely MEHPPV-20 (LC, low 

conjugation length, high bandgap) and MEHPPV-100 (HC, high conjugation length, low 

bandgap) have already been demonstrated from our laboratory [234, 235]. Thin films 

containing different weight fractions of LC and HC were spin-cast from chloroform 

solutions on quartz substrate. A control phase separation in spin coated film was obtained 

following selective chain collapse of MEHPPV-100 in the presence of cyclohexane. 

Photoluminescence studies of these thin films suggested that complete energy transfer from 

LC to HC occurred even though complete phase-separation was not present in film.235 Laser 

scanning microscopy images of the blends prepared by varying composition of cyclohexane 

demonstrated the formation of HC aggregates, which shows emission in the red region. The 

aggregate size increased from 1µm to 5 µm with increase in cyclohexane composition in 

blend solution. But this phase separation length scale, di-mixing did not happen properly at 

nanoscale, and a continuous phase of HC is observed which yield a solder peak in the local 
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PL spectrum. In order to get a nanoscale di-mixing of LC and HC, we utilized 5% of 

cyclohexene, and phase separation of ∼ 200 nm has been achieved as observed in TEM 

imaging. 

 

Figure 2.10: (a) Absorption spectrum of LC film (∼ 50 nm) span on quartz 

substrate. Inset: Chemical structure of LC and HC polymers. (b) PL spectra of 

LC film with 365 nm excitation wavelength and optical absorption spectrum of 

HC films. A nice overlap is observed which renders the energy transfer from LC 

to HC.  

  A signature of energy transfer is observed by illuminating the local region with 365 

nm LC excitation (∼ 85 nm NSOM probe) and collecting the PL signal from HC part using 

50× objective and 600 nm long pass filter. HC domains in the films are accurately identified 

by fluorescence mapping on the same region with 532 nm excitation. A spatial shift 

between topography and fluorescence images (∼ 500) nm is observed both in x and y 

direction (Figure 2.11 a, c) due to finite size of NSOM probe aperture. This spatial shift is 

adjusted during the analysis following cross correlation method. Since 365 nm light excites 

only LC component, and there is no fluorescence signal from LC above 600 nm, the image 

(2.11b) is then directly represented in the region where the energy transfer occurs from LC 

to HC. Domains with large count rate in image 2.11b represent HC domains as obtained 

from 532 nm excitation. Comparing the line profiles of (b) and (d) with morphology image, 

it is reveals that significant amounts of energy transfer occur only at LC-HC interface. 

These results suggest that the finer phase separated LC-HC films yield nearly reddish 

emission, since bluish-yellow emission from LC would be suppressed by the energy transfer 

from LC to HC region. So, it is possible to realize a white emitting LED from LC-HC blend 
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film with optimized phase separation where emission from film covers the whole visible 

spectral range. 

 

Figure 2.11: (a) and (c) show topography contrast morphology of LC-HC blend 

films. (b) and (d) represent local HC fluorescence map when illuminated with 

365nm and 532 nm laser wavelength respectively.  

   

2.10.2 Probing D-A domains in BHJ-OPVs 

 The understanding of electrical, optical and mechanical properties of 

semiconducting polymer-small molecule blends has been an important research field for 

growing efforts to adopt the use of blends in BHJ device fabrication. So there is an 

increasing need to characterize these properties at nanoscale resolution as organic 

optoelectronics devices are fabricated on an even smaller length scale. Near field scanning 

optical microscope technique provides optical and topographical characterization of thin 

blend films with lateral resolution significantly better than what can be achieved in ordinary 

microscope [236]. Along with transmission and fluorescence contrast imaging, topography 

images are simultaneously acquired as a result of feedback mechanism for maintaining 

constant tip-sample distance. This makes the NSOM a unique technique to map the 
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dynamics of phase-separating polymer blends and energy transfer by correlating the 

changes in morphology with the local variation of fluorescence intensity in multi-

component polymer films [237]. 

 Refection and transmission mode measurements were carried out with MEH-PPV: 

fullerene (1:4) and P3HT: fullerene (1:1) blend coated on ITO or on plane quartz substrates. 

The blend ratio was optimized in both systems by monitoring PL quenching of donor 

polymers blend film. Blend of P3HT has smoother surface compared to the MEH-PPV 

blend (average rms roughness∼ 2.2 and 5.6 nm respectively). Topography images depict the 

phase separation on the surface of the blend film following interactions with two different 

chemical components (Figure 2.12a, c). The rod type domain formation in MEH-PPV: 

PC60BM blend is attributed to annealing induced phase separation at high temperatures. 

This large scale phase separation is ascribed to the diffusion of PC60BM molecules within 

the MEH-PPV matrix and subsequently large scale crystallization. A complete quenching of 

PL is barely observed for MEH-PPV blend films, even at nanoscale. The signature of 

energy transfer is observed only at the D-A interface where mixing D-A produces an 

amorphous region. The D-A interfaces on the film surface is determined following line 

  

Figure 2.12: Morphology with phase contrast and corresponding fluorescence 

contrast image of MEH-PPV: PC60BM (a and b) and P3HT: PC60BM blend film 

(c and d). 
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profiles of the morphology and phase contrast images unambiguously. For a given 

illumination intensity, PL signal from the donor rich domains is higher for MEH-PPV 

compared to the P3HT films (35 kHz and 3.2 kHz respectively). 

 Self organized nano-crystalline structure of P3HT (∼ 40 nm) is observed in the 

topographical images of P3HT:PC60BM blend film (Figure 2.12c, d). The one directional (∼ 

45° with image axis) growth of the P3HT crystal leads to highly elongated fiber-like 

structure with larger carrier mobility. This alignment also produces red shift in the optical 

absorption of P3HT and improves overlap with solar spectrum. PC60BM also establishes 

nanocrystal domains following P3HT crystals domains. As domain size is of order of the 

exciton diffusion length, an optimized carrier transport is facilitated in P3HT:PC60BM 

blend. Around 100% of local P3HT fluorescence quenching is observed in the blend film 

with ∼ 80 nm spatial periodicity. The difference in absorption (αP3HT > αPCBM at 532 nm) 

yields near field transmission contrast image where PC60BM nanocrystals appear as bright 

domains. 80 nm periodic structures are well visible in the T-NSOM image, which depict the 

spatial resolution potentiality of the NSOM measurements.  

2.10.3 Probing substrate effect on morphology  

 Thermal annealing effects on blend morphology were investigated on 

P3HT:PC60BM blends with different composition ratios, starting from 1:1 to 1:4. Blend 

films were coated onto pre-cleaned and HMDS treated substrates (rms roughness <1 nm) 

from 12mg/ml chlorobenzene solvent at 1200 rpm. Thermal annealing was carried out at 

120°C for 10 mins. Prior to thermal annealing treatment, AFM measurements depicted a 

homogeneous morphology within a relatively large area. The spin coated films are not in 

their equilibrium state and there is likely a strong thermodynamic driving force in the film 

to reorganize towards their stable equilibrium states. Upon annealing PC60BM crystals grow 

up gradually and with annealing time domains are stick out of the film plane. In case of 

annealed films, bright domains in AFM topography represent the PC60BM crystalline part. 

The dark area surrounded by the PC60BM crystals reflects the thinner region of the film, 

being composed of almost pure P3HT polymer. To accrue the substrate effects on kinetics 

of P3HT:PC60BM phase separation, a control experiment was applied on plain PEDOT:PSS 

coated ITO and HMDS treated PEDOT:PSS coated ITO substrate without altering thermal 

annealing and other preparation conditions. 
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Figure 2.13: Surface morphology of P3HT:PC60BM on quartz substrate before (a) 

and after thermal annealing (b). Morphology of same blend coated on HMDS 

treated quartz substrate (c) and (d). 

 Figures 2.13 (a) and (c) represent topographic images of blend films on ITO and 

HMDS-ITO respectively before annealing. During spin casting, HMDS treated surface 

helps P3HT polymer chains to self-organize into a microcrystalline structure which also 

enhances the interchain charge carrier transport [238-240]. This higher conformational 

dynamics of the P3HT chains benefit PC60BM diffusion during solvent annealing process. 

As the P3HT apparently crystallizes faster than PC60BM, P3HT forms small fibrillar 

crystals while the crystallization of PC60BM is almost suppressed and only nanometer size 

crystal are produced. During this process the slowly grown fiber-like P3HT crystals build 

borders which directly hamper the extensive diffusion of PC60BM molecules and their large 

area crystallization. So without any post-processing, blend films on HMDS treated ITO 

yields desire phase separated morphology for photovoltaic operation. The phase separation 

is experimentally realized following solar cells characterization of different solvent-assist 

devices (JSC ∼ 0.2 mA/cm2 and 0.6 mA/cm2 respectively). 

 During the annealing process at elevated temperatures, diffusion of PC60BM through 

polymer matrix collapse the volume amount in depletion region and diffused PC60BM get 

inserted in the crystals. As the annealing goes on, more and more PC60BM diffuse into the 
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crystals, which ultimately cause a sudden collapse of a large area in the remaining P3HT 

matrix. After reaching the equilibrium state the diffusion rate of the PC60BM reduces 

formation of large crystalline domains as observed in Figure 2.13b. However, for HMDS 

treated substrate, blend films already consist of large fiber-like P3HT crystals, so further 

annealing does not significantly reduces the volume amount in depleted region. But with 

annealing, PC60BM nanocrystals fill the space between the P3HT networks and reduce the 

film surface roughness along with continuous pathways for electron transport (Figure 

2.13d). Results suggest that evolution of blend film with thermal annealing can be probed 

utilizing NSOM measurement, which is briefly discussed in Chapter 4. 

2 .11 Conclusion 

 NSOM based approach is suited for examining bulk heterojunction film which 

consists of variety of length scale features. The combination of atomic force and near-field 

optical microscopy has proven to be an extremely powerful approach in certain areas of 

organic photovoltaic research, rendering new information about different specimen types 

that is simply not attainable with far-field microscopy. The best advantage of NSOM is its 

ability to generate optical and local spectroscopic mapping along with simultaneous 

topographic information.  

 Near field scanning optical microscopy was employed in studying photophysics and 

to obtain length scales present in phase separated polymer-polymer and polymer-small 

molecule blend film. Local fluorescence quenching at the D-A interface was demonstrated 

utilizing reflection and transmission mode near-field scanning optical mapping with 80 nm 

spatial resolution. Topological and optical phase contrast features are directly correlated to 

the phase segregation in two-component organic blend systems which develop local 

variation in device efficiency. Near-field scanning microscopy (NOSM) is a powerful 

technique which has potential to distinguish optical contrast of nanoscale phases in bulk 

heterojunction blend film and studies of solar cell morphology utilizing NSOM based 

approach will be considerably informative. 
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Chapter 3   

Local Photocurrent Mapping on Asymmetric 

Electrode Devices  

 

3.1 Introduction 

 An important prerequisite in obtaining high efficiency PSCs is met by achieving 

optimum nanomorphology [14, 178]. Achieving such a favorable nanomorphology using 

new materials possessing energy levels compatible with higher device efficiencies (e.g. 

lower optical band gap) is a key challenge for the development in solar cell performance 

[151, 152]. Optimal phase segregation must exist to minimize geminate and bimolecular 

recombination, and thus maximize internal quantum efficiency of a device. Moreover, both 

exciton dissociation and charge transport requirements need to be balanced for ideal BHJ-

cells to achieve external quantum efficiency ∼ 60% [241, 242]. For example, if a device 

consists of large D-A domains, due to the smaller diffusion length (∼ 10 – 15 nm), excitons 

from different domains will not reach an interface within their lifetime. Conversely, fine 

phase separation (large interfacial area) may enhance geminate and bimolecular 

recombination at the D-A interface. Indeed, if the domain size is smaller than the Coulomb 

capture radius, then the charges will not be able to escape from one to another domain 

which results more geminate recombination [5, 243, 244]. In this case the charges may not 

be confined by the Coulomb attraction but rather by the physical size of the domains. As 

discussed in Introduction, it is possible to control BHJ morphology via different processing 

conditions (solvent, annealing), chemical composition of the donor and acceptor materials, 

and by adding selective solvent additives. Spatial domain sizes ranging from 5-10 nm to few 



 
96 

µm was reported for phase separated morphology in MDMO-PPV/P3HT donor and 

fullerene acceptor based BHJ solar cells [74, 107, 173, 245]. The effect of external 

processing parameters on BHJ morphology can be well understood accompanying high 

resolution in-situ investigations which afford to follow the changes in nano-scopic BHJ 

morphology [16].  

 The evolution of local morphology with processing conditions is typically studied 

by transmission electron microscopy, atomic force microscopy (AFM) and GIXRD based 

methods which have already been discussed in Introduction. These measurements furnish 

structural data of the blend films but fail to provide the direct information of specific nano-

scale optical or electrical variations with processing conditions. Probing of charge 

generation and transport in these mixed phase regions at nanoscale is expected to be 

informative compared to structural information, and improves the general understanding of 

the BHJ systems. In this line of pursuit, different techniques such as spatial photocurrent 

decay and near field scanning transmission imaging (T-NSOM) in combination with 

photocurrent mapping are proposed to examine functional solar cell devices, which directly 

provide information to correlate morphological features to the device performance 

parameters such as VOC, JSC and η. 

 Combinations of local optical and electrical measurements assist to ascertain more 

information about the morphology dependent charge generation and transport processes in 

BHJ. Transient electron force microscopy (trEFM) has been utilized to probe the charging 

rates in PFB/F8BT blends; it is reported that charging rates are maximum at the center of 

the topographically visible domains compared to the edges. Similarly, photoconducting-

AFM (PC-AFM) has been utilized to map the microstructure in P3HT/PC71BM blends using 

an electrical tip with far-field as well as near-field illumination to probe local charge 

generation and percolation transport. These local measurements rely on the fact that only 

the active layer volume below the AFM tip participates in local electrical measurements. 

But in these measurements, photo-carriers are generated over the optical excitation volume 

in the film and average illuminated area is limited by the diffraction limited light spot ( ̴ 

λ/2). Current studies show that substantial contribution to photo-response also arises from 

illuminated regions of the film outside of the patterned electrodes [246]. The length scale up 

to which photo generated carriers can diffuse to the electrode edge is of the order of few 

tens of µm. So local PC measured through AFM tips does not limit to the actual 

contribution from 20 nm regions, but it includes contribution from the illumination point 



 
97 

resolution (~ 400 nm). It is natural to utilize high resolution (<100 nm) optical methods to 

examine the origin of PC in these binary mixture films and relate it to the macroscopic 

device performances. Earlier, near field scanning optical microscopy (NSOM) was utilized 

to map the monochromatic efficiency of OPVs in 2D directly, with ∼ 300 nm optical 

resolutions [76, 212]. It is a powerful tool where tapered optical fiber tip scans across the 

sample and illuminates only the areas that lie directly under the tip aperture, which is 

typically 50 to 100 nm in diameter. These measurements demonstrated local variation in 

current generation accompanying micro-size pattern formation in PFB/F8BT blend devices 

[76, 210-212]. 

 The cathode coating and sizable thickness of the substrate prevents near-field access 

to probe the active layer. We circumvent this practical constraint by noting the significant 

contribution to the device PC from the peripheral region of the films and utilize it for our 

studies [247-251]. The presence of this PC arising from the periphery enables high 

resolution PC contrast spatial imaging without the need for locally positioned electrodes. 

For light incident from the cathode side, PC decreases but persists over a distance of ∼ 200 

µm from the Al or ITO periphery. The access of near field optics to the active region yields 

topography, transmission, fluorescence, and PC contrast images simultaneously. PC decay 

near the electrode is relatively insignificant over scan areas of 10×10 µm, and the 

combination of these images from a given region in the binary-mixture film reveal spatial 

coordinates of the active spots for optical absorption and carrier generation along the carrier 

transport pathways. 

3.2 Spatial Photocurrent Decay  

 The origin of PC outside the overlap electrode can be realized by spatial 

photocurrent decay measurement which also enables near field PC scan. Spatial photo 

current decay was developed and successfully implemented over the last few years in our 

laboratory to examine the degree of ambipolarity and correlation between the lateral to 

vertical transport process [247-250]. The method was well employed to estimate the 

efficiency of carrier (electron or hole) transport process by positioning a narrow-light beam 

outside the electrode periphery in asymmetric device structure (Figure 3.1a and b). 

Asymmetric device structure was fabricated by spin coating of active layer on pattern ITO 

substrate and subsequent aluminum (Al) evaporation such that electrodes form a cross-type 

structure. The distinctly measurable PC arising from the peripheral region of electrode is 
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employed in the technique. PC decreases progressively as the light is scanned away from 

the overlap region of the electrodes. The origin of PC outside the overlapping electrode is 

attributed to three possible reasons (i) Optical effects − scattering at rough interfaces and 

wave-guiding in thin films, (ii) electric field fringing at electrode edges, and (iii) carrier 

diffusion from the generation point. The contribution of optical scattering for surface 

roughness was estimated by computing Haze parameter [246]. Haze parameter is defined as 

ratio of the diffused light to the total incident light. AFM studies on cover-slips and blend 

films reveal an average rms roughness of 10 nm and 3 nm respectively. In comparison at 

532 nm illumination, the computed Haze parameter entails that only ∼10% of incident light 

has diffusive nature. So incident light mostly gets absorbed at blend film or transmits 

through the film. Even at near normal incident, light guiding at polymer ITO interface is 

quite negligible. The monotonically decay nature of PC near the electrode edge rules out the 

optical scattering effects as an origin of peripheral PC. Peripheral PC is sustained over much 

larger length scale as compared to the extent of fringing field (field strength decays to 10-

100 V cm-1 within a distance < 100 nm). So the existence of peripheral PC over the 

electrode edge can be treated as a diffusion process of the excess photogenerated carriers 

outside the overlap electrode. 

 

Figure 3.1: Schematic of spatial PC decay measurement in asymmetric devices 

structure for (a) electron and (b) hole transport. Reprinted with permission from 

Mukhopadhyay et al., Applied Physics Letters, 100, 163302. Copyright [2012], 

American Institute of Physics. 

 Considering steady state continuity equation, peripheral PC originated at 

illumination spot of any fixed distance x from electrode edge can be expressed as  
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 � Ó�wÓ³� � �´ Ô + Õ��� � 0 where Õ��� �  ��� � o"wu½%� j �RtÁ?Öu�  (3.1) 

where γ is the non-linear recombination coefficient with rate constant kr, α the average 

optical absorption coefficient, ηint the internal quantum efficiency, I0 represents light 

intensity and ‘t’ is the film thickness. Under small signal limit with a constant, intrinsic 

carriers concentration (∆  ©⁄ ≪ 1) continuity equation reduces to  

 � ¢�∆ ¢�� � �´2 ©ÔR�∆ � 0 (3.2) 

In steady state and in the absence of an external field at low level injection, the carrier 

transport equation yields an exponentially decaying solution form ∆ ��� �  ����*� � ΛÔ⁄ ., where ΛÔ� � � �´2 ©ÔR�⁄ . Assumption of linear recombination (γ 

=1) reduces Λγ to ΛÔ � ' �Z| ≅ √�Ú where τ represent recombination life-time at tail state of 

DOS and Λ1 is interpreted as a decay length LD (Appendix I). A simplistic analysis involves 

fitting the decreasing current tail with respect to the distance from electrode edge to the 

carrier generation point to an exponential-decay behavior, enables the extraction of LD in 

these systems. The physical significance of spatial decay behavior of peripheral PC in 

pristine polymer and BHJ devices was inferred from the charge generation and transport 

mechanism. Upon laser illumination outside the Al electrode (electron current) 

photogenerated holes rapidly diffuse to the barrier-free ITO electrode over the short 

distance (order of thickness ∼ 100 nm). It creates a local electron distribution in the polymer 

film and distorts the built-in potential which, in the steady state, sets up a non-local lateral 

electric field [248, 252]. It induces a unipolar lateral electron transport through polymer film 

(LPV effect) [252]. Illumination outside the ITO electrode similarly induces a hole current 

through the polymer film whereas electron goes to Al electrode (Schottky-field assisted 

process). 

  Spatial decay length measurements on polymer-small molecule blend is more 

informative compared to the pristine polymer. In bi-continuous BHJ film, the unipolar 

charges largely flow through the acceptor (electron current) or donor polymer (hole current) 

network. Spatial decay measurements on P3HT:PC60BM and MEH-PPV:CN-PPV blend 

systems ascertained the direct correlation between PC decay profile and the efficiencies of 

the devices [247]. Decay lengths for the higher efficient (η∼ 1%) P3HT:PC60BM device 
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(Å�� ~ 16 μm and Å�� ~ 109 μm) are one order of magnitude higher as compared to the low 

efficient (η∼ 0.2%) MEH-PPV/CN-PPV device (Å�� ~ 7 μm and Å�� ~ 13 μm) [246]. The 

functional behavior of the monotonically decaying PC profiles directly explicates the 

specific morphological properties of the photoactive films; hence the method is particularly 

suited to estimate the degree of phase separation and percolation paths for the electrical 

transport in BHJ films. Analyses of decay profiles ascertain a variation in electron and hole-

decay lengths (Å�� , Å�� ) with blend composition i.e D-A ratio. Enhancement of both e and h-

decay length is observed for a certain acceptor fraction in blend and reduces with large 

acceptor concentration. It reveals that a certain acceptor concentration improves both e and 

h mobility following effective charge transport with less recombination. 

 Since PC decreases with the distance from electrode-edge, there must be different 

loss mechanism comprised in the process. These loss processes are attributed to either deep 

trap centre, recombination between free carriers or with existing trap carrier. To quantify 

different loss mechanism, we utilized different background intensity (nb) and analyze the PC 

decay profile by spreading impedance approach [252]. Under DC optical bias, 

photogenerated carriers from background illumination occupy trap states and reduce local 

photo-current with enhanced recombination during the carrier transport to the electrode 

which simultaneously modifies decay profile.  

3.2.1 Spatial photocurrent scanning technique 

 The experimental schematic of spatial PC decay measurement is shown in the Figure 

3.2. The laser light spot was expanded using 10× optical expander to obtain a uniform 

intensity over light spot. Laser spot was focused on the device using a 60× objective, 0.95 

NA (working distance ∼ 250 µm with cover slip correction) with ∼ 4 - 5 µm spot size. In 

order to maintain the normal incidence and tight focusing at Al electrode-polymer interface, 

50/50 beam splitter was introduced in the optical path. Maximum back reflection from Al 

coating was maintained following this appropriate optical alignment.  

 PC was monitored at different distance from the electrode edge by precisely 

translating computer controlled stepper motor stage with 1µm resolution. PC and 

transmitted signal was simultaneously measured by standard Lock-in (SRS-830, Stanford 

Research Systems) technique utilizing optical chopper (ω ∼ 300 – 700 Hz) and LabView 

software. Subtracting dark current contribution and normalization with transmittance power, 
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constant PC at the overlap region reveals the most efficient charge transport between two 

electrodes. Since all the measurements were carried out at a steady state, RC time 

limitations that could be associated with current transient techniques close to open circuit, 

do not affect our measurements.  

 

Figure 3.2: Schematic of the lateral decay length measurement setup.  

  A typical spatial PC decay profile is shown in the Figure 3.3. The green dot 

represents PC profile and red profile corresponds to optical transmission through device. 

Size and intensity of the illumination spot was controlled by neutral density optical filters. 

The sharp electrode edge (∼ 1 − 4 µm) was accurately determined by monitoring 

transmission over the line profile and with the 1st derivative of the transmission profile.  

 The derivative of the transmission profile yields a Gaussian distribution over the 

electrode edge. It appears originally from the finite dimension of the optical spot (2 – 5µm), 

and scattering at the sharp electrode edge. PC persists over few hundred microns (80 – 120 

µm) for low bandgap donor-fullerene blend devices and few microns (20 – 40 µm) for 

P3HT-fullerene blend. This affirms the efficient long lived trap assists carrier transport 

connectivity and less carrier loss in low band gap polymer blend as compared to the P3HT 

blend.   

 Spatial PC decay measurements under DC optical bias were performed under 

variable/continuous intensity illumination of 1W white LED incident from ITO side of the 
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device. LED intensity was modulated by varying the current and was calibrated using 

reference silicon cell (0.01 to 0.6 Sun). Lock-in technique automatically subtracts the 

background current which is sometimes larger that of the probe PC. To avoid any damage 

of Lock-in instrument, photo-response under DC-illumination was measured as voltage 

signal across a 2 kΩ resistor-pot, connected in series with the device. 

 

Figure 3.3: Typical PC decay behavior outside the overlap region and 

corresponding optical transmission. Inset: differentiated transmitted profile with 

Gaussian distribution at electrode edge, which yields accurate measurement of 

edge. Decay length is obtained by fitting single exponential to the decay profile 

(red line) from electrode edge (shown as dash blue line).  

3.3 Circuit Model 

 The spatial PC decay profile outside the overlap region can be well represented by 

spreading impendence approach, which described the efficiency of charge carrier transport 

and loss mechanisms prevailing in the blend film. The asymmetric device structure is 

represented by an equivalent electrical circuit in combination with an ideal current source, 

rectifier diode, series resistor and a parallel resistor. Physically series resistor represents the 
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carrier transport through percolation paths in bulk film, whereas parallel resistor represents 

the carrier loss due to mainly bimolecular recombination (γ = 2). Hopping transport process 

in disordered materials is effectively represented by a spreading resistance that varies with 

distance from electrode edge and the functional distance dependence is captured by a 

spreading function g(r). In spreading impedance approach (SIA), lateral transport network 

between two points on the film is replaced by spatial morphology dependent resistor 

function g(r) = exp((r/ξ)
α
) [249]. g(r) quantifies the blend morphology and electrical 

connectivity network in terms of a characteristic length scale ξ, and stretch exponent α. The 

relative magnitude of ξ obtained by comparison with experiments suggests that ξ represents 

persistence length that is order of the interconnected percolation path length [251]. Kinetics 

of two-component’s phase separation in blend film support the existence of periodically 

distributed domains, which are directly correlated to the persistence transport length. The 

appearance of single length scale of ξ and stretch parameter α in phenomenological analysis 

is attributed to the maximum dominant persistence length of carrier transport present in the 

film. On the basis of the above analogy, the equivalent circuits of the asymmetric device 

(different for e-decay and h-decay) are derived (Figure 3.4 (b) and (c)). The model is 

exclusively resistive without any capacitive component which is valid in the present case of 

steady state operation in the low ω (∼ 370 Hz) range. 

 

Figure 3.4: Schematic of probing efficient carrier transport using spatial PC 

decay. Equivalent circuit representation of asymmetric electrode device 

configurations (Figure 3.1) for (b) electron and (c) hole transport study 

respectively. Reprinted with permission from Mukhopadhyay et al., Applied 

Physics Letters, 100, 163302. Copyright [2012], American Institute of Physics. 

  The current source, I0 represents the saturation current at the overlap region. In case 

of illumination outside Al electrode, the hole current is directly collected by the bottom ITO 
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electrode, which can be represented as fixed electrode resistance RBulk. The predominantly 

lateral electron current flows through a spreading resistance Rsp(x) = Rs g(x), where Rs is the 

sheet resistance of interconnected D/A network and R′
R represents recombination during 

transport. Here ‘x’ is the distance of the light beam from the Al-electrode edge along the 

scanning direction. The measured PC is represented by  

 %����� � s�às�à + sáÊ¾Z + sÂ���� %� (3.3) 

Thus, the normalized PC as shown in Figure 3.4 (a), can be fitted to an expression of the 

form I′ph(x) = {1 + a exp [(x/ξ)
α
]}

−1 where a =Rsp/RR (Rbulk << Rsp). 

 Decay length (Å�� ,  Å�� ) and ξ emphasize two different carrier transport quantities. 

The parameter ξ represents, in a sense, the microscopic charge carrier localization length 

[251]. In pristine polymer such as P3HT, ξ quantifies the spatial and energetic disordered 

present in the spin-coated film. The variation in ξ with acceptor concentration in BHJ film 

implies the modification of percolation network. The variance of the percolation length 

scale distribution in blend film is quantified by the strength of the stretch exponent α (α = 1 

represents single length scale).  

3.4 Topographical and Phase Contrast Measurements 

 Tapping mode AFM (JPK Instruments, hexagonal shape silicon-nitride tip ∼ 15 nm; 

Nanonics, glass cantilever probes ∼ 20 nm) imaging method was utilized to monitor the 

surface morphology of photo-active layers of BHJ solar cells. Evolution of film morphology 

with thermal annealing was closely examined with these measurements. Photo-conducting 

AFM at the same region was performed with Pt/Ir coated Si probes with +/- 2 bias ranges 

maintaining ITO as ground electrode.  

3.5 Near Field Transmission and Photocurrent Measurements 

 AFM studies of D-A phase separation are limited to the BHJ film-surface. To get 

information about the overall heterojunction film morphology, a 3D overview of the bulk 

film is necessary. Fluorescence contrast from the blend film, in principle, yields information 

for donor and acceptor phase-domains. However, the efficient charge transfer in BHJ film, 

even at low acceptor ratio, results in a weak PL signal. In this regard, a near field 
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transmission (T-NSOM) contrast imaging with subwavelength optical resolutions has been 

developed to address the overall film morphology along with the carrier transport network. 

T-NSOM measurement was performed in tapping mode configuration by raster scanning the 

NSOM probe outside the aluminum electrode edge (30-40 µm) and chopping laser beam 

(633 nm or 532 nm, 2 mW, excitation volume ~10-3µm3) at a frequency ∼ 1 kHz. The 

transmitted light was collected through a 60×, 0.95 NA objective and a combination of 

optical filters before photo-multiplier tube (Parkin Elmer) detector (Figure 3.5a). Higher 

absorption at polymer domains (> 105 cm-1 in the entire spectral region of 500 nm < λ < 800 

nm) as compared to PC71BM (~ 5 ×103 cm-1, 532 nm and 2 × 103 cm-1, 633 nm) renders 

near-field transmission contrast images [87]. This 2-dimensional local optical contrast 

provides the 3-dimensional D-A phase separated domains in BHJ film (Figure 3.5b). 

Brighter regions with higher photon count rates in the T-NSOM image represent the 

acceptor domains as compared to the absorbing donor domains (dark). 

  

Figure 3.5 (a) Schematic of Transmission Near Field Scanning Optical 

Microscopy (T-NSOM) and (b) 2D projection of the phase-separated domains. 
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 The evolution of local morphology as a function of processing conditions and its 

correlation to solar cell device performance were successfully explicated in recent studies 

[70, 75, 181, 253-255]. But probing of charge generation and carrier transport pathways in 

mixed phase region at nanoscale regime is expected to be more enlightening for general 

understanding of BHJ-PSC devices. So, along with the near field scanning transmission 

approach, different combinations of electrical measurements have been employed to track 

the effect of nanomorphology/phase segregation on photogenerated charge transport. The 

schematic of near field PC mapping is illustrated in Figure 3.6 where a NSOM tip is placed 

on the blend film very close to the Al electrode edge. In this local illumination, the 

photogenerated holes are directly collected at the extended ITO electrode and excess 

electron follow the interconnected acceptor domains and diffuse to the Al electrode through 

non-illuminated region. This current contrast mainly arises from the interaction between 

evanescent waves of NSOM probe with blend film. As the evanescent waves are mainly 

sustained near the tip aperture, high spatial resolution in current contrast image can be 

achieved as compared to transmission image. At any pixel, the local PC amplitude depends 

on the carrier generation efficiency and the acceptor connectivity to the electrode. So the 

evolution of carrier generation and D-A morphology with different processing conditions 

can be easily followed from near field PC contrast image. Local near field PC (NPC) image 

at different optical bias (background intensity) also depicts accumulation of trap carriers at 

the interface and its affect on device efficiency. It was observed that charge accumulation 

significantly reduces local current amplitude by enhancing both inter and intra-domain 

recombination. Thus background DC illumination modulates the current generation rate, 

hence charge density and trap states in the active layer. NPC measurement under steady 

background current takes into account the carrier transport under conditions similar to the 

solar illumination.  

 Near field scanning measurements were performed with Nanonics Multiview 

4000TM system and the experimental setup was shown in the Figure 3.6. To maintain large 

(102) signal to noise ratio in electrical measurements, we restricted our NSOM tip aperture 

to > 100 nm. The larger NSOM probe aperture limits the spatial resolution of near field 

transmission contrast to 120 nm. Spatial resolution of NSOM measurement was accurately 

estimated following the numerical simulation of beam propagation and evanescent wave 

interaction with blend film (see Section 2.7). The device current was always measured in 

short circuit conditions using a lock-in amplifier (SRS 830) with the output being fed into 

the auxiliary port of the Nanonics interface system. It converts analog short circuit current 
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signal (TTL input) into a digital voltage signal (8 bit binary) for computer storage. 

Overlapping of PC line profiles in both trace and retrace scan direction indicate that the 

blend films do not exhibit any photo-degradation due to the incident light beam from 

NSOM probe.  

 

Figure 3.6: Schematic of 3D bulk heterojunction with asymmetric electrode 

geometry and carrier percolation pathways. Isolated acceptor domains which are 

not involved in carrier transport, are highlighted with white border. Reprinted 

with permission from Mukhopadhyay et al., J. Phys. Chem. C, 115, 17184. 

Copyright (2011) American Chemical Society. 

 Simultaneous mapping of topography, near field transmission contrast (T-NSOM) 

and PC (NPC) from different devices demonstrate the nanoscale phase separation and 

effective PC generation region. Phase separation scales which engender significant 

difference in device performance are extracted from these images utilizing fast Fourier 

transform (FT) and power spectral density (PSD) analyses. 

Device Fabrication 

 The photovoltaic devices used for NPC study were fabricated as follows: a film of 

PEDOT:PPS (Baytron P) was spin coated onto a pre-cleaned Indium tin oxide (ITO) coated 

cover slip and dried at 110°C to get a thickness of about 30 nm. Then the active polymer 
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blend of thickness of about 100 nm was deposited by spin coating from chlorobenzene 

solution at 1200 rpm on top of the PEDOT:PSS film under ambient condition. For electrical 

characterization, photovoltaic device fabrication was completed by vacuum evaporating (10-

6 mbar) a 40 nm Al electrode using shadow metal mask. Lower evaporation rate (5Å/sec) 

was used to assure the uniform, good contact and less void spaces in top electrode coating 

[256]. I-V characterization was carried out in air tight chamber (10-3 mbar) using xenon 

lamp with UV cut-off filters.  

3.6 Power Spectral Density Analysis 

 Power spectral density analyses of contrast images ascertain the 3-dimensional 

nano-scale D-A phase separation in bulk-heterojunction films. Methodically, like other thin 

films, polymer blends film can also be described by a spatial contrast profile. A rough 

surface is depicted as the surface height profile h(x), where h denotes the height with respect 

to the substrate at a position x on the surface. Irrespective of topological contrast, thin film 

of active material in polymer solar cells can be characterized by local fluorescence contrast 

I(x, y), transmission contrast T(x, y) or local PC contrast PC(x, y) profiles. Various statistical 

parameters are defined in literature to characterize thin film, like average, mean contrast and 

rms roughness etc [257]. The average of any profile f(x, y) on the surface is denoted as 〈f(x, 

y)〉, and defined as ÎD��, Ö� Ï ≡ �ã D��, Ö�?x ?y /�ã ?x ?y�. The mean contrast Dæ of a 

surface profile is defined as Dæ ≡ ÎD��, Ö� Ï. Root mean standard deviation of thin film 

surface contrast profile or RMS roughness is defined as ���� ≡ √�ÎCD��, �� F� Ï �. But 

statistical methods like mean or standard deviation of profiles are restricted to the surface, 

which does not reflect the correlations between the different lateral positions of the surface 

with 3D vertical contrast profile. To accomplish this, a new statistical quantity 

autocorrelation function R(r) is introduced, which measures the correlation of the contrast 

profile separated laterally by the vector r. The autocorrelation function is defined as  

 s�3à� ≡ 1�� ÎD�3�D�3à�Ï (3.4) 

 Following the definition of autocorrelation function, the lateral correlation length ξ′ 

is defined as the value of r at which R(r′) decreases to the 1/e of its original value.  
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 As defined, ξ′ represents the spatial length behind which the profile information 

contrasts (Imn) is not significantly correlated; the distance between the boundaries of drastic 

change in domain properties. Beyond the lateral correlation length, even though the profile 

is not significantly correlated, it exhibits a periodic behavior on a length scale large than the 

lateral correlation length. To determine the long range correlation behavior in bulk film, the 

power spectral density function (PSD) was utilized. The PSD is related to a d-dimensional 

Fourier or Hart-let transform of the profile, defined in the reciprocal space as 

 d��, �� ≡ 1�2��¦ $ÎD��, ���R"Z.³Ï$�
 (3.5) 

 PSD analyses were employed on surface morphology, optical transmission and short 

circuit current contrast images of blend film to determine the strength of the periodic 

domain variations as a function of spatial frequencies. Autocorrelation analyses of the 

spatial spectral information yield the lateral correlation length i.e. individual periodicity of 

the phase separated donor/acceptor domains in BHJ film [258]. 

 

Figure 3.7: Typical T-NSOM image (a) and corresponding 2-dimentional fast 

Fourier analysis in spatial frequency domains (b). (c) The ‘period’ is defined as 

centre to centre distance between two specific components. 

 The spatial frequency distribution reveals relevant length scales which are exploited 

to quantify the changes with different composition ratio, and phase separation upon thermal 

annealing. All the images consist of 8 bit color contrast feature (0 to 256) with 512 ×512 

pixels image resolution (Figure 3.7a). A taper window function was utilized to reduce the 

edge effects and to minimize the spectral leakage on all of the images before 2-dimension 

FFT calculation. Figure 3.7b represents the 2-dimensional FFT image of T-NSOM contrast, 
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where the color contrast exemplifies the intensity of different spatial frequency which 

corresponds to the quasi-periodic length scales present in D-A phase-separated film. Then 

commercially available 2D fast Fourier transform program (WSxM 5.0, Nanotec Inc.) was 

applied to all the images [259]. Finally few of these obtained PSD data were cross-verified 

with MatLab simulation separately. In the present analyses, the computation for the 2D 

average discrete PSD function is express as  
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 Here Imn represents the profile information contrast (height, current or transmitted 

light intensity) for (m, n)th pixel with scan surface area (L2) at sampling dimension ∆L (L/N) 

and ki represents the spatial frequency along i direction. Finally average angular power 

spectral density was calculated which was represented as the radial frequencies k′ (= k/2π) 

to generate radial 1D PSD as 
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 Surface morphology, transmission and short circuit current contrast mapping of 

blend films with different acceptor concentration were evaluated by power spectrum 

analyses, which correspond to the strength of the periodic domain variations as a function of 

spatial frequencies. AFM and T-NSOM scans were carried out for different films at 

different region with 15µm × 15µm, 10µm × 10µm, 5µm × 5µm area at 512 × 512 data 

points which yields ∼ 10 nm (5µm/512) sampling rate. The minimum spatial frequency 

corresponds to kmin = 1/15µm = 0.066 µm-1 and spatial frequency resolution is limited by the 

scan sampling size kmax = 1/10nm = 100 µm-1. These form the lower and upper bandwidths 

of limitation of our PSD plots. Further, PSD spectra obtained upon Fourier analyses of 

images recorded upon illuminating different areas away from the Al electrode result in 

similar PSD distributions, which indicate the consistency of phase separation over a large 

device area.  
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3.7 Conclusion 

 
 In conclusion, we have demonstrated different methods to probe and quantify the 

phase separated D-A morphology of active BHJ-OPV devices. Spatial PC decay and NSOM 

based imaging in the transmission mode were carried out on the OPV devices along with the 

AFM topology scans. In addition to these scans, local PC contrast image were obtained 

from film with different blend ratios at different excitation wavelengths and illumination 

intensities. PSD analyses of these images provide additional information where the 

correlation between device performances to the BHJ film morphology can be observed. The 

advanced near field scanning PC method is demonstrated to study morphological effects on 

the PC generation and carrier transport pathways. The utility of this approach for specific 

systems is demonstrated and discussed in Chapters 4 and 5.  
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Chapter 4  

 Direct Observation of Carrier Generation and 

Transport Pathways in BHJ Cells 

 

 

4.1 Introduction  

 The performance of bulk heterojunction solar cells has been found to be strongly 

influenced by the thin film morphology [177]. Theoretical studies suggest that the best 

performance is obtained when the D-A phase separation length scale is of the order of the 

exciton diffusion length, in the presence of continuous percolation networks of phase 

separated ingredients extending from the bulk of the film to the corresponding collecting 

electrodes [260, 261].  

  We have utilized a combination of structural, optical and optoelectronic contrast 

mapping to study carrier generation and transport pathways in polymer-small molecule 

based BHJ solar cells. As discussed in the previous chapter, the technique mainly relies on 

current-contrast-optical scanning microscopy on asymmetric device structures that yield a 

near-field access for the incident light beam. The method is utilized to follow the 

morphological changes with annealing and different ratios of the Si-PCPDTBT:PC71BM 

blend devices, where correlations between the changes in morphology with carrier 

generation and transport leading to PC are clearly established. The viewpoint of increasing 

heterogeneity between the donor and acceptor components and continuous pathways in the 

entire photo-active layer upon thermal annealing are clearly evident from the optical and 

current contrast images. Fourier analysis of these images is used to extract relevant length 
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scales which prevail in these binary mixtures and quantify the changes upon thermal 

annealing.  

4.2 Near Field PC and T-NSOM Contrast Images 

 T-NSOM and NPC measurements of donor polymer-fullerene blend films were 

carried out outside of the Al electrode with a ∼ 100 nm NSOM probe coupled with a He-Ne 

laser (633 nm, 2 mW, excitation volume ≈ 103 µm3, Figure 4.1a). Measurements were 

carried out for devices based on both crystalline Si-PCPDTBT:PC71BM and amorphous 

PCDTBT:PC71BM blend.  

 The higher absorption of donor polymer relative to PC71BM (at λexc = 633 nm) 

brings about the optical contrast in near-field transmission image (Figure 4.2). 

Simultaneously, the variation in local PC amplitude results in the NPC contrast. During 

device performance optimization process, it was observed that for a chosen set of 

 

Figure 4.1: (a) and (b) are the schematic representations of the experimental set-

up (c) PC decay profile outside the Al electrode. (d) Schematic representation of 

transmission and near field PC line profile. Reprinted with permission from 

Mukhopadhyay et al., J. Phys. Chem. C, 115, 17184. Copyright (2011) American 

Chemical Society. 
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processing steps, the device performance varies with D-A ratio. The differences in the 

device performances are mainly related to the D-A phase separation in heterojunction film. 

To study these morphological variations, devices consisting of different D-A ratios were 

examined with the NSOM microscope. However, due to the low light intensity and 

constrain in spatial resolution, near field measurements were carried out on blend films 

consisting of large domain sizes which were more suited to follow the morphological 

changes with the NSOM probe. In this line of pursuit, we examined devices fabricated by 

spin casting from solution containing larger weight fraction of acceptor (D-A - 1:2 and 1:3) 

rather than the optimized D:A ratio (∼ 3:2) for crystalline blend. Finally, NSOM probe with 

smaller aperture (∼ 80 nm) was utilized to probe the efficient devices which provide larger 

PC amplitude. During the measurement, scan area was restricted to 5 µm × 5 µm (Figure 

4.1b) and the peripheral PC variation was found insignificant over the scan area (Figure 

4.1c). 

  In the T-NSOM image (Figure 4.2a and 4.2c), the PC71BM network appears as 

brighter (red) regions with higher photon count rates as compared to the absorbing, large 

crystalline polymer domain (blue). Transmission contrast images reveal a dispersion of the 

blend components over the scan area with small aggregated acceptor domains (Figure 4.2a). 

During the spin-coating and solvent annealing process, crystalline donor and small molecule 

acceptor gets phase separated and forms interconnected D-A domains in the heterojunction 

film [253]. The higher acceptor concentration in blend (1:3) film drives PC71BM to 

aggregate more and reduces mixed amorphous (mixed D-A phase) fraction in blend film. 

This effectively enhances local transmission contrast and establishes acceptor domains more 

discernible in T-NSOM image (Figure 4.2c). T-NSOM image with lower acceptor 

concentration demonstrates a homogeneous D-A phase separation with < 200 nm length 

scale. With increasing acceptor ratio, a well separated D-A domain and sharp D-A interface 

were formed in the heterojunction film.  

 NPC images consist of a large number of PC-active domains with higher magnitude 

represented by red colored domains. PC-active domains in the NPC image correspond to the 

carrier generation regions, which are well connected to the electrode via. an electron 

transporting network (interconnected PC71BM domains). PC-active domains are quite 

inhomogenously distributed over the scan area for lower acceptor concentration, whereas 

overall coverage of photoactive domains increases with higher acceptor concentration in 

device. By comparing T-NSOM and NPC images obtained from different acceptor ratios, it 
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can be clearly inferred that well connected acceptor networks are constituted in blends with 

higher acceptor concentrations. 

 

Figure 4.2: Transmission-NSOM and near field PC images of Si-PCPDTBT: 

PC71BM device with different blend ratios, 1:2 and 1:3. Reprinted with 

permission from Sabyasachi et al., J. Phys. Chem. C, 115, 17184. Copyright 

(2011) American Chemical Society. 

  Current contrast in NPC measurements stems from a contributing factors, exciton 

generation under the excitation volume and their dissociation at D-A interface, followed by 

charge transport to the corresponding electrodes which is accompanied by recombination 
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and trapping processes at different stages. Non-illuminated acceptor networks in BHJ film 

participate in electron transport from the point of generation to the Al electrode. So, the 

NPC contrast image profile represents not only active charge generation regions but also the 

continuous acceptor network which constitutes the current pathway (Figure 3.5). Adopting 

this analogy, acceptor network in BHJ film can be reconstructed from the 2D NPC contrast, 

and the T-NSOM image. This method of obtaining local information of PC-magnitude and 

connectivity can be taken as rational factors for arriving at an optimum D-A ratio for a 

given D-A combination. 

 The derivative of the T-NSOM image yields 2-dimensional contours which directly 

represent D-A interfacial regions in the heterojunction film. Further, it was observed that 

PC-active domains in a typical NPC image coincide (within ± 150 nm) with features in the 

derivative of the NSOM image (Figure 4.3) for scans around D-A interface. In contrast, for 

amorphous polymer (PCDTBT) and PC71BM blend devices, T-NSOM image typically is 

featureless and PC active domains are spread over the entire donor domain region. This can 

be directly attributed to the presence of amorphous regions in the polymer domains where 

small acceptor molecules are distributed in the microscopic length scale. Sharp D-A 

interface boundaries in T-NSOM image and corresponding PC amplitude for crystalline Si-

PCPDTBT:PC71BM blend establishes the idea of efficient PC generation primarily in the 

vicinity of D-A interfaces. 

 

Figure 4.3: Correlations between the derivations of T-NSOM along with the NPC 

image form the same region for 1:2 blends. 

 



 
118 

4.3 Thermal Annealing Effects 

 The effects of thermal annealing process (120° C for 20 minutes) on BHJ 

performance were closely studied utilizing current density-voltage responses of pre-

annealed and post-annealed devices. After thermal annealing process, improvements in both 

VOC and JSC for all devices were noticed for all different blend ratios (Figure 4.4 and Table -

1). Pre-annealed and post-annealed device performance parameters for Si-PCPDTBT: 

PC71BM blend at 1:3 ratio, are summarized Table -1.  

  

  

Figure 4.4: Pre and post annealed J-V characteristic for Si-PCPDTBT:PC71BM 

device with 1:3 ratio.  

 The enhancement in the device performance parameters, upon annealing, is directly 

attributed to the changes observed in the AFM/T-NSOM/NPC images. Comparison between 

Table -1: Comparison of pre and post annealed device performances 

D:A Anneal VOC (V) 
JSC  

(mA/cm2) 
FF (%) 

RS 

(Ω/cm2) 

RP 

(Ω/cm2) 
η (%) 

1:3 

Pre 0.4 10.5 33 37 118 1.17 

Post 0.63 18.2 42 43 156 3.6 
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the pre and post annealed topographic images revealed decrease in rms roughness of the 

blend surface with thermal annealing (∼ 7 nm to ∼ 3 nm). Fine nanostructures with domain 

size ∼ 80 -110 nm (Figure 4.5a, b) were also developed upon thermal annealing.  

  Phase contrast image of blend surface reveals that the PC71BM aggregation is 

responsible for this nano-structure formation. During annealing, polymer aggregates faster 

and forms larger donor domains as compared to the acceptor due to the inherent crystalline 

nature of the donor polymer. In this process, the PC71BM moieties come out from the 

amorphous regions and get aggregated on the top surface. The PC71BM aggregation on the 

surface improves device performance in two ways: (i) during thermal evaporation of 

counter electrode, the nanostructure surface provides less void space at the film-cathode 

 

Figure 4.5: AFM and NSOM images of pre and post annealed 1:3 Si-

PCPDTBT:PC71BM films. (a) Pre-annealed topography and (b) post-annealed 

topography. (c), and (d) represent transmission contrast map for pre and post 

annealed films respectively. Near field PC (NPC) contrasts from same region are 

shown in (e) and (f) respectively. Reprinted with permission from 

Mukhopadhyay et al., J. Phys. Chem. C, 115, 17184. Copyright (2011) American 

Chemical Society. 
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interface, which directly improves cathode-blend film contact and (ii) LUMO (4.3 eV) of 

PC71BM directly matches with the workfunction (4.2 eV) of aluminum, which enhances the 

photogenerated carrier extraction efficiency by the aluminum electrode.  

  T-NSOM contrast image, before and after annealing the film are shown in Figure 

4.5c and 4.5d respectively. Nearly random distributions with smaller acceptor domains are 

observed in pre-annealed heterojunction film (Figure 4.5c). So in a pre-annealed film, 

amorphous domains where small acceptor molecules are embedded in polymer matrix, 

dominate in the heterojunction film. These amorphous domains possess less inter-domain 

connectivity which is the origin of lower performance for pre-annealed devices. Moreover, 

an incomplete D-A phase separation during solvent annealing process is observed in T-

NSOM images. After thermal annealing, significant changes in the PC71BM domains are 

observed, which is attributed to the larger diffusion range of PC71BM molecules that 

facilitates the aggregation to form sizable acceptor domains [262, 263]. Improved inter-

domain connectivity for both donor and acceptor domains are clearly observable in the T-

NSOM image of post-annealed films. Brighter patches with size of the order of 200 − 500 

nm represent PC71BM domains, signifying its origin in the higher percentage of PC71BM in 

the blend. In fact, the optimum domain size for PC71BM for efficient device performance is 

expected to be of the order of 50 to 100 nm [175], and this optimum domain size is obtained 

in crystalline blend with a D:A ratio of 3:2. The presence of a sharper but finite number of 

D-A interfaces upon thermal annealing is also highlighted by noting the changes in the 2D 

derivative of these images. 

 PC-active domains in pre-annealed case are featureless and randomly distributed 

over the scan area. But, overall areal coverage of PC active domains increases in NPC 

image with thermal annealing. The enhancement in areal density of PC active domains in 

post-annealed devices is directly attributed to the improvement in inter-domain 

connectivity. This improved connectivity in the carrier transport network upon annealing 

also reduces carrier recombination during their transport through acceptor domains, which 

results in an increase of the local PC magnitude as obtained from NPC image [178, 181]. 

But a decrease in local PC amplitude is observed in devices containing larger weight faction 

of acceptor. Larger acceptor domain size in these devices reduces the donor-domain 

connectivity which develops an unbalanced transport in the heterojunction film. Small 

donor fraction in these devices reduces the light absorption in the heterojunction film and 
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simultaneously reduces local exciton generation rate. This reduced photogeneration at large 

acceptor ratio results in poor device performance.  

 An elaborate analysis of the effects of thermal annealing on BHJ film morphology is 

carried out by utilizing power spectral density analysis, which is the main focus of the 

following section. 

4.4. PSD Analysis for Pre-annealed and Post-Annealed Devices 

 Spatial Fourier transforms and PSD analysis of AFM/T-NSOM/NPC images yield 

detailed information about variations in spatial degree of BHJ films which arise from 

different choices of initial D-A ratios, solvent, additive factors and annealing conditions 

[175, 264]. The magnitude of dominant length scale along with the domain distribution is 

clearly identified from the PSD analyses. These length scales correspond to spatial 

frequencies of the features prevalent in the image (Figure 4.6). The reconstructed AFM 

images exhibit surface morphology features with spatial frequencies in 0.1 to 30 µm-1 range. 

The distribution of the quasi-periodic domains in reciprocal space (PSD) takes a skewed-

Gaussian form signified by a dominant spatial frequency. The width and the central 

frequency shifts with different blend ratios and thermal annealing for AFM, NSOM and 

NPC images. Topography images of pre-annealed devices exhibit peak frequency 

distribution in the range of 0.95 ± 0.3 µm-1, representing a domain periodicity ≈ 1 µm. Upon 

thermal annealing, the smoothening of the surface translates to additional domain formation 

on the surface. The PSD frequency distribution shifts by a factor of two to ~ 1.95 ± 0.3 µm-1 

(Figure 4.6a). From PSD analyses, it is obtained that larger size of PC71BM domains and 

crystalline polymer rich domains appear at 200 − 500 nm lateral separation (the peak 

position corresponds to a k  ́value of 2µm-1, k  ́=1/ λ and hence λ= 500 nm). This may be 

attributed to the donor polymer used here with a stronger tendency toward the aggregation 

and crystallization as compared to the processes for small molecule acceptor [149]. As 

shown in Figure 4.6a, the sharper profile of the PSD upon annealing indicates the larger 

quasi-periodic phase separation. Phase contrast image allows monitoring the changes in 

domains for different chemical compositions. Power spectral analyses yield insight into the 

domain reorganization accompanying thermal annealing. Increase in periodicity of the PSD 

frequency indicates diffusion of small acceptor molecules, which yield more ordered 

distribution of phase domains on the film surface.  



 
122 

 



 
123 

Figure 4.6: Spatial power spectral distribution of pre and post-annealed images. 

(a) AFM-topography, (b) T-NSOM, and (c) near field PC. Insets are the zoomed 

part around dominant spatial frequencies. Dot and dash lines represent 

dominant spatial frequency for pre-annealed and post-annealed films 

respectively. Reprinted with permission from Mukhopadhyay et al., J. Phys. 

Chem. C, 115, 17184. Copyright (2011) American Chemical Society. 

 The PSD spectrum obtained for T-NSOM images for both pre-annealed (•) and post-

annealed (ο) devices are shown in Figure 4.6b. The general trend of domain size 

enlargement appears in form of a broad distribution with a shift of the k′max to a lower value. 

Displacement of central spatial frequencies toward the smaller k  ́ values (1.8 µm-1 to 1.6 

µm-1) is indicative of larger size domains and probably shorter inter-domain distances. PSD 

profile shifts to a lower frequency upon thermal annealing, indicating growth of both the 

donor polymer and the PC71BM domains. The shift to the lower frequency is accompanied 

by larger PSD intensity (9×104) and narrowing of the PSD distribution, and hence 

demonstrates a tendency towards uniform organization. However, in case of PSD analysis 

of NPC images, the PSD peak shifts to the higher frequency (0.65 µm-1 to 1.4 µm-1) upon 

thermal annealing (Figure 4.5c). In addition, small intensity peaks are observed in PSD 

spectrum at spatial frequency range above 10 µm-1, which corresponds to ≤ 100 nm phase 

separation. Upon thermal annealing, the shift to higher frequency indicates larger density of 

PC-active domains in the images which can be correlated with shorter inter-domain regions 

where the polymer matrix is dispersed. The effective dead-region or local PC-absent region 

is decreased upon annealing and this feature is also observed in length scales emerging from 

PSD analysis. The enhanced transport connectivity consequently results in higher utilization 

of the interfacial carrier generation and appears in form of higher areal coverage of the PC-

active regions in the NPC image (Figure 4.6c).  

 PSD analysis correlates the annealing temperature/composition dependent phase 

morphology of the blend film with modified charge generation and transport properties as 

obtained from NSOM measurements of BHJ solar cells. The improvement in the percolation 

connectivity can be quantified from T-NSOM and NPC images. The components of the 

NPC image-matrix is analyzed by noting [NPC(x, y)] ~ [CG] × [Γ ], where [CG] is the co-

ordinates for carrier generation and [Γ ] represents an electrical transport function. 

Connectivity matrix [Γ ] can be deduced from the NSOM and NPC images, with some basic 



 
124 

assumptions. The PSD features are then taken as a measure for the observed trends. The 

decrease in the area of PSD (k′) of the derivative of NSOM, accompanied by the increase in 

PSD (k′) of NPC upon annealing is consistent with physical processes of the underlying 

microstructure. The 2-dimensional acceptor connectivity can be estimated by pixel to pixel 

comparison of T-NSOM and NPC image {[Γ ] = [CG]−1×[NPC]}. The shift in the PSD (k′) 

spectrum (2.5 µm−1→ 0.95 µm−1) and increase in the area (40-60% depending on annealing 

condition) of the post annealed PSD (k′) quantifies the improved connectivity upon 

annealing. 

4.5 Wavelength Dependent Measurements  

 Optical absorption spectrum of pure Si-PCPDTBT polymer film reveals that 

absorption coefficient (α) is one order of magnitude higher for red region (α ∼ 105 cm-1@ λ  

~ 633 nm) as compared to green region (α ∼ 104 cm-1@ λ ~ 532 nm) [87]. So, green light 

penetrates deeply in the blend film as opposed to the red light. In case of blend with 

PC71BM, these trends also present. Hence, local PC images with low power red illumination 

primarily restricted to the absorption volume in the proximity of the film surface and can be 

considered as point spread light source (∼ 70 nm below the surface); moreover, it does not 

yield the overall 3D bulk information of the blend film in optical transmission. Green light 

generates carrier in blend film as a line spread throughout the film and accompanies the 

bulk morphology of blend film (∼300 nm). Near field PC measurements with different 

excitation sources confirm this hypothesis (Figure 4.7). Topography, phase and T-NSOM 

images show negligible changes with different excitation, but the NPC image is markedly 

different for the two types of laser excitations. The area coverage of PC-active domains is 

much smaller for red as compared to green, where a near uniform density is observed over 

the same region for green (Figure 4.7, last column). These results also support the vertical 

modulation of acceptor concentration in the blend film during spin coating, which is well 

studied for P3HT:PC60BM solar cells [254]. The combination of T-NSOM and NPC 

profiles can be utilized to arrive at a more realistic 3D interconnected acceptor network as 

shown in the schematic, which can additionally be verified using wavelength (λ) dependent 

imaging. 
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Figure 4.7: Height, Phase, T-NSOM and NPC contrast images of Si-PCPDTBT: 

PC71BM blend film (thickness ∼ 200 nm) when probed with green and red laser. 

4.6 Cross Correlation Analysis  

 In NSOM measurements, random height variations of film surface sometimes induce 

topographical artifacts in contrast image. This arises from the rapid variation of NSOM tip 

under the feedback mechanism of the raster scanner. Then, the distance between NSOM tip 

and sample surface drastically varies over a rough surface. Also, the thick metal coating 

surrounding the glass NSOM tip produces a spatial offset between the NSOM image and 

topographic contrast image obtained by AFM through feedback signal. Such artifact 

induced images are distinguished from the real images through cross correlation analysis 

[265]. As T-NSOM is a direct conjugate of the near-field absorption, we define cross 

correlation image analysis between the T-NSOM and NPC images in such a way that 

maximum correlation appears at larger PC amplitude and low transmission contrast. Cross 

correlation analyses were carried out using various devices with 3×3 µm scan area, at 
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256×256 pixel resolution. Each pixel in the correlation mapping corresponds to the scalar 

product between two images− Ð è ª � ∑ Ð³,Áª³,Á³,Á . 

 

Figure 4.8: Cross correlation of T-NSOM and NPC images. Oscillatory phase 

variations are also observed at the maximum NPC region. 

 The dark and bright regions in correlation image signify the high and low correlation 

between light transmission and NPC images respectively (Figure 4.8). The presence of peak 

in the line profiles of correlation image indicate the mismatch between the NSOM 

transmission and NPC images (higher PC amplitude corresponds to lower transmission i.e. 

larger absorption, donor domains). Correlation analyses between the topography (phase) 

and NSOM transmission images depict a spatial off-set of ≈ 250 nm with respect to the 

optical image because of the large contribution of shear force from the edge of the NSOM 

probes. The spatial offset (≈ 100 nm) between the T-NSOM and NPC can be extrapolated 

by exciton diffusion from donor domains to the D-A interface. Cross correlation analysis at 

the interface concludes that maximum PC generation regions are slightly toward the 

polymer phase where excitons are generated upon light absorption. Given the expected 

quantitative correlation between the NSOM transmission/phase contrast and local PC 

contribution, it appears that local PC sometimes is totally anti-correlated to the phase and 

correlated with light transmission. But, at some regions on the film surface, phase contrast 

image is more informative than T-NSOM image and supports the basic hypothesis about 

charge separation at the D-A interfaces (Figure 4.8). Indeed, when the images are overlaid, 
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it appears that the largest PC does not associate with large domains, but rather correlate to 

the interfacial regions (with ∼ 100 nm offset). Substantial differences in optical transmission 

signals were observed for spin-cast and annealed films where darker regions in the NSOM 

images always correlated to the areas of donor polymer aggregation in the film.  

4.7 NPC Measurements in a DC light Background 

 In a BHJ network, carriers are mostly trapped both energetically and spatially, either 

at the D-A interface and in isolated polymer, or fullerene domains, due to the lack of 

percolation path [266]. Solar cells working under operating condition (AM 1.5) has 

enhanced intrinsic carrier concentration compared to dark condition and it affects the 

overall charge generation and trap state distribution throughout bulk film, and finally IPCE 

of the devices [267]. It is well understood that geminate losses are primarily responsible for 

limiting JSC, but the device fill factor is mostly determined by the nongeminate 

recombination due to the enhanced carrier concentration at the device operating conditions 

[268]. Charge accumulation at the interface directly modifies internal electric field 

distribution with enhanced bimolecular recombination [111, 269]. Near field PC mapping 

with optical perturbation (DC illumination) is appropriate for studying the carrier transport 

and recombination in organic solar cells by monitoring local response over a given scan 

area (Figure 4.9).  

 

Figure 4.9: T-NSOM and corresponding near field PC (NPC) images for same 

region with different background intensities (labeled at the top of each images). 

 With optical bias, the areal contribution to the PC-active domains decreases 

gradually such that at intensity of 0.5 Sun, only 10% of the scanned area is PC active. These 

images reveal the important meso-scale effects of background light on charge generation 

and recombination process. Si-PCPDTBT:PC71BM blends have an intrinsic tendency for 

hole trapping with a broad trap distribution in energy (∼ 400 meV) [113]. Hole mobility in 
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Si-PCPDTBT:PC71BM blend films is found to be ten times lower than the pristine one 

(pristine µh∼ 1 ×10-2 cm2 V-1 s-1, blend µh∼ 1×10-3 cm2 V-1 s-1 )[149]. NPC mapping with 

constant DC light illumination demonstrates electron transport through the uniformly 

illuminated acceptor networks. Images not only yield active recombination centre for the 

electron but also account recombination in the continuous transport network. At dark 

condition or low DC light intensity, trap states present at D-A domain significantly 

contribute in the trap-assisted lateral transport by preventing recombination with trap holes 

at the D-A interfaces. Hole trap states above the HOMO level of donor and defect states in 

PC71BM get occupied with optical bias which increases bimolecular recombination rate at 

the D-A interface. Filled trap states under DC background blocks the various transport 

pathways and free carriers during their transit to corresponding electrodes that experience 

an enhanced bimolecular recombination. It can be concluded that under the operating 

condition (∼ 1.5 Sun), not only the exciton generation or bimolecular recombination 

(because of large carrier density) at the interface occurs, but occupied trap states also 

enhance recombination rate during carrier transport, which plays the most significant role in 

limiting device fill factor and EQE. 

4.8 Conclusion 

 In conclusion, we have demonstrated a versatile technique to examine the D-A based 

bulk heterojunction morphology using a combination of current-contrast-optical scanning 

microscopy on asymmetric photovoltaic device structures. The technique is used to follow 

the changes in charge carrier generation and transport with thermal annealing and different 

ratios of Si-PCPDTBT:PC71BM blend system. Fast Fourier analysis and power spectral 

density methods are utilized on optical and PC contrast images to extract the relevant length 

scales which prevail in blend films. This approach is widely applicable to other D-A 

systems, and can be used to monitor the evolution of morphology and charge generation 

with different processing conditions and their optimization for achieving efficient solar 

cells. 

 

 

  



 
129 

Chapter 5  

 Rationalization of Donor-Acceptor Ratio Complying 

Spatial Photocurrent Studies and T-NSOM Mapping 

 

 

5.1 Introduction 

 In the previous chapter we introduced the scanning approach to image the BHJ 

devices with the active layer consisting of crystalline Si-PCPDTBT donor polymer and 

PC71BM acceptor molecule. Distinct phases of the individual components were imaged. The 

effects of thermal treatment were observed and analyzed. In the present chapter we have 

emphasized the power of this approach in determining and rationalized the D-A ratio for a 

BHJ structure. The optimum D-A ratio is expected to be vary with the crystalline nature and 

aggregation characteristics of the donor polymer. Phase separated D-A film morphology in 

photoactive layer plays a crucial role in polymer/fullerene BHJ-PSC performance [5, 270]. 

The most common picture of bulk heterojunction cells (BHJ) is that photogenerated exciton 

at the donor phase diffuses to the interface with the nearby acceptor phase where weakly 

bound exciton dissociates and charge (electron) transfer from donor to acceptor occurs. 

These free polaronic type carriers are then transported to the electrodes through 

corresponding percolating pathways that exist in different phases [5, 89, 270]. All the above 

mentioned sequential processes are directly or indirectly affected by the active blend 

morphology [184, 271, 272]. The existence of distinct phases corresponding to the donor 

and acceptor components has been questioned recently, especially in the context of 

amorphous donor polymers [273]. Morphological studies on these systems have indicated a 
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mixed phase representing the polymer network with entrapped acceptor molecules and a 

distinct acceptor phase [243]. In case of well annealed BHJ blend film of crystalline 

polymer such as P3HT, donor and acceptor phases appear to emerge at 20 − 40 nm length 

scales (Figure 2.14) [5, 191, 274, 275]. Recent studies demonstrated that for small molecule 

fullerene derivative such as PC61BM or PC71BM, phase separated morphology is primarily 

governed by the crystalline or amorphous nature of the donor polymer [276, 277]. Optimum 

device performance is obtained at 1:3 (D-A) blend ratio with a model amorphous polymer 

PCDTBT (Poly [N-9’-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl 2’,1’,3’ 

benzothiadiazole)]), whereas for crystalline polymer like Si-PCPDTBT (Poly [(4, 4-bis(2-

ethylhexyl)dithieno[3,2-b:20,30-d]silole)-2,6-diyl-alt-(4,7-bis(2-thienyl)-2,1,3-

benzothiadiazole)-5,50-diyl]), 3:2 is the optimum. Beside the charge transport factor, carrier 

generation and charge separation (charge transfer complex) processes in BHJ are also 

affected by the fine or coarse nanoscale D-A phase separation. The charge-transfer 

complexes associated with the fine dispersion of PC71BM in the amorphous PCDTBT 

matrix are not observed in the Si-PCPDTBT blend, where polymer and PC71BM form 

distinct crystalline domains [276]. From the microstructure perspective, these different 

families of BHJs are expected to have their highest device efficiency for entirely different 

D-A ratio.  

 A direct measure of local short circuit PC from the mixed phase region reveals 

considerable insight into the microstructure [278, 279]. Different types of D-A network 

have been explored utilizing this method [247]. A key process in PC mapping is imaging of 

the local optical and PC contrast over a large number of D-A domains in a given scan area 

(5 × 5 µm2). D-A domains in Si-PCPDTBT:PC71BM blend are sizable and can exceed 200 

nm in lateral dimension for (> 50% PC71BM) and is within the scan-resolution of PC 

mapping. 

 Different model systems for broad class of polymer-small molecule BHJ with 

relatively higher efficiencies have been utilized for further studies [5, 276]. Devices studied 

consisted of different fractions of PC71BM, blended with crystalline Si-PCPDTBT and 

amorphous PCDTBT as donor polymers. PCDTBT form distinct microstructure in blend 

film whereas bridging atom (silicon) leads to higher chain packing and high degree of π-

delocalization in pristine as well as blended Si-PCPDTBT films [276].  
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5.2. Fabrication and Electrical Measurements 

 Photovoltaic devices are fabricated on ITO coated cover slip (thickness ∼ 170 µm) 

to minimize wave-guiding and scattering effects upon local illumination. Blend films are 

prepared with varying PC71BM concentration from 20% to 80% with respect to the 

composite film by spin-casting the appropriate concentration from cholorobenzene/Di-

cholorobenzene solutions (15 mg/ml). Optimized solar cell device structure with appropriate 

solvent and annealing conditions along with asymmetric electrodes (ITO electrode 

orthogonal to Al electrode strip) were fabricated to study the spatially varying PC measured 

using standard lock-in technique (ω ∼ 270 Hz) [278]. The optical absorption of both 

individual as well as Si-PCPDTBT/PC71BM blend film (1:1) was measured in the range of 

450 – 1000 nm (Figure 5.1a). Strong absorption of PC71BM in green region yielded a nearly 

constant absorption of the blend in the visible range.  

 The optimum solvent evaporation techniques differ generally on chemical 

composition of donor polymers and solvents used. The process-optimized devices typically 

showed the following characteristics: PCE ∼ 1.5 %, JSC ∼ 6 mAcm-2, FF ∼ 0.42 and VOC = 

0.63 V at AM 1.3 illumination. J-V characteristics of PCDTBT:PC71BM devices with 

different blend ratios are shown in the Figure 5.1(b). The trend of increasing VOC and JSC, at 

specific D-A ratio, indicates optimal range for interfacial area. Figure 5.1(c) demonstrates 

the change in the calculated series and parallel resistances with blend composition. For all 

devices, parallel resistance is 103 times higher compared to series resistance. Variations in 

blend morphology have less effect on the series resistance and reveals that a certain fraction 

of continuous percolation path for carrier transport is always present in blend morphology. 

But blend morphology significantly modifies the carrier recombination kinetics as observed 

in parallel resistance variation. Origin of low parallel resistance for 1:3 blend ratio can be 

explained by the efficient extraction of free charges and lower carriers loss due to the 

optimized domain size and interconnected transport path. The large scale phase separation 

and effects of interfacial defect states (amorphous region) can be correlated to the lower 

VOC for 1:1 and 1:2 blend devices. With increasing PC71BM fraction in blend, more pure D-

A phase separated domains are formed, which reduce carrier loss, and balanced electron and 

hole transport (µe ≈ µh) in blend film. 
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Figure 5.1(a) Optical absorption coefficient of PC71BM, Si-PCDTBT and blend 

film spun on quartz substrate. (b) BHJ characterization of PCDTBT:PC71BM 

with different blend ratios and inset shows the variation of VOC and JSC with 

blend ratio. (c) FF, series resistance (RS) and parallel resistance (RP) variation. 

  Device fabrication process can be optimized by varying blend ratio with the best 

combinations of all the above mentioned parameters. Balanced transport serves better fill 

factor for any blend in bulk heterojunction structure as observed in 1:3 ratio for PCDTBT: 

PC71BM blend. Bulky active layer (large film thickness) reduces the fill factor in different 

ways − strong exciton dissociation rates at the interface, unbalanced transport and 

consequence space charge effects. The device thickness was optimized by comparing dark 

and light J-V, which in other ways help avoid Space Charge Limited Current (SCLC) 

regime (Figure 5.2a). From the slope values, it is (> ∼ 0.8) evident that none of the device 

performance is limited by SCLC. At 1.5 Sun intensity, fill factor and extracted PC (O�� �O¬ � O�) at reverse bias are maximum for 1:3 blend ratio as compared to other ratios. 

 

Figure 5.2: (a) Logarithmic plot of extracted PC (Jph) vs. applied internal electric 

field for PCDTBT:PC71BM devices with different acceptor ratio. (b) PC response 

of Si-PCPDTBT:PC71BM BHJ solar cells with different blend composition. 

  PC action spectrum of Si-PCPDTBT:PC71BM devices with different acceptor ratios 

demonstrate that 3:2 (D-A ratio) is optimum for obtaining height performances from this 
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blend (Figure 5.2 b). It can be also confirmed from the J-V characteristic of these devices 

(Figure 5.3). 

 

Figure 5.3: Semi-logarithmic Current density-Voltage characteristic of Si-

PCPDTBT:PC71BM devices with different blend ratio. 

5.3. Morphological Study: AFM Imaging 

 AFM topography images of Si-PCPDTBT:PC71BM films depict the existence of 

morphological length scale of ∼ 40 nm (Figure 5.4a and b). The approximate rms roughness 

of the films is ≈ 6 ± 2.5 nm. Phase contrast images depict the pure phase segregation of 

donor and acceptor materials in BHJ films and their interconnected networks (Figure 5.4c). 

Other than BHJ morphology, active polymer-cathode interface properties have critical 

influences on the solar cell efficiency [246]. This practical constraint was defeated by 

controlling thermal evaporation rate (3-5 Å/s) of cathode metal contact. High resolution 

AFM studies of blend films with different acceptor concentrations reveal the distribution of 

D-A component on film surface. In the absence of any additional blocking layer, 
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aggregation of acceptor material at cathode-blend film interface directly improves the solar 

cell performance. So along with bulk morphology of the spin coated films, enrichment of 

acceptor material on film surface has a crucial role in charge extraction. Photo-conducting 

AFM at the same region was performed with Pt/Ir coated Si probes with +/- 2 bias range, 

keeping ITO electrode as ground. Local current variations at different tip bias can be 

correlated to PC71BM aggregation on the film surface. 

 

Figure 5.4: (a) Schematic of photo conducting AFM measurement, (b and c) 

topographical and phase contrast measurements of blend film (∼ 70 nm) with 1:3 

ratio. 

 Phase contrast AFM image of PCDTBT:PC71BM blend helps in distinguishing 

individual islands of different chemical constituent in the film (Figure 5.5). The height of 

the domains is in between 10-15 nm, and not much of a variation was observed in rms 

roughness (∼ 2 nm) for varying PC71BM ratios. A homogeneous phase distribution was 

observed for low PC71BM containing films (≤ 50%). As PC71BM fraction increases, the 

phase distribution becomes inhomogeneous and distinct phase separation between the two 

components is discerned. The lateral phase distribution is attributed to the diffusion of 

PC71BM molecules within the polymer matrix under thermal annealing process and 

substituent crystallization to large lateral dimensions. Lateral periodicity is approximately 

10-30 nm for 1:1 ratio and is increased to the order of 40-60 nm for 1:3 blend ratio. This 

large-scale phase separation (1:3) enormously reduces the overall interfacial area, causing a 

significant decrease in recombination process with an improved device performance. A 

larger D-A phase distribution (>100 nm) is observed in blend films with > 80% PC71BM 

concentration and simultaneously less interconnected donor domains yield low device 

efficiency. 
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Figure 5.5: Phase contrast image (500 × 500 µm) of blend films with different D-

A ratio. Domains with larger phase contrast reflect the distribution of donor 

chemical composition. 

5.4 Spatial Decay Measurements 

 The local illumination induced spatial PC profile was obtained using a tightly-

focused laser spot which was scanned across the electrode boundary in an asymmetric 

device structure (Figure 5.6 and 5.7) [278, 280]. Results from decay measurements with Si-

PCPDTBT and PCDTBT blends with different PC71BM concentrations demonstrate that 

initially both e and h-decay lengths (Å��  and Å�� ) improve with increasing PC71BM fraction. 

 This trend has been utilized to obtain an optimum value for the (carrier generation) ×××× 

(charge-separation) ×××× (charge-transport) product which is accessed for a critical acceptor-

concentration. Beyond the critical acceptor concentration, well connected acceptor network 

enhances electron mobility, which creates an unbalanced transport with modified 

bimolecular recombination kinetics in bulk film [281]. A simplistic first order exponential 

decay fit for all PC profiles yield the decay length as obtained from the expression ∆ ��� �∆ ����*� � ΛÔ⁄ . where ΛÔ� � � �´2 ©ÔR�⁄ . 
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Figure 5.6: Spatial PC decay profile for electron (filled circle) and hole (open 

circle ) current and corresponding theoretical fits for PCDTBT:PC71BM devices. 

Decay profile is obtained by varying PC71BM composition in blend ratio from (a) 

50%, (b) 66%, (c) 75% and (d) 80%. 
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Figure 5.7: Spatial PC decay profile for electron (filled circle) and hole (open 

circle) current and corresponding theoretical fits for Si-PCPDTBT:PC71BM 

devices. Decay profile is obtained by varying PC71BM composition in blend ratio 

from (a) 33%, (b) 40%, (c) 50% and (d) 66%. 

 Large anisotropy in decay length ratio (Å�� /Å�� ) for amorphous system were 

observed as compared to crystalline system even at the optimum acceptor concentration. 

Electron decay (Å�� ) magnitude varies gradually in the amorphous system and comparatively 
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sharper changes are observed in the crystalline system with respect to the acceptor-

concentration (Figure 5.8a and b). The anisotropy in decay length can be directly attributed 

to the microstructure properties of the donor polymer. Si-PCPDTBT:PC71BM blend film 

attests a strong aggregation feature in an absorption spectra range of 600-850 nm. It 

indicates that polymer chain tends to stack even in presence of PC71BM. This highly 

crystalline nature of the silicon bridged polymer improves the charge carrier transport; 

reduces probability of charge transfer complex formation and bimolecular recombination 

rate (kr). Presence of long-lived charge transfer states in amorphous PCDTBT:PC71BM 

blends are evident from transient measurements, but are absent in Si-PCPDTBT:PC71BM 

blends [276]. In pristine polymer films, carrier mobilities (µh) were found to differ by a 

factor of 5, with Si-PCPDTBT polymers having higher mobilities [149]. 

 

Figure 5.8: Electron and hole decay length from single exponential fit to the 

decay profiles for (a) Si-PCPDTBT:PC71BM and (b) PCDTBT:PC71BM blend 

with varying PC71BM concentration. Error bar shows device to device variation 

in measured decay length (LD). Reprinted with permission from Mukhopadhyay 

et al., Applied Physics Letters, 100, 163302. Copyright [2012], American 

Institute of Physics. 

 Balanced electron and hole mobilities could be obtained by introducing acceptor 

molecule (PC71BM) with the polymer. Anisotropy in mobilities (µh/µe) was found to be 

about a factor 3-5 lower in the PCDTBT blend as compared to the blend with Si-PCPDTBT 
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[149]. Si-bridge device exhibits a non-Langevin type recombination with coefficient (∼ kr) ∼ 

1.2 × 10-12cm3s-1 whereas PCDTBT solar cells exhibit Langevin type recombination with 

rate ∼ 10-10 cm3s-1 [149]. Transient photo-voltage spectroscopy measurements with different 

D-A morphology support that bimolecular recombination gets suppressed at critical 

morphology of polymer-fullerene blend [149]. The difference in carrier mobilities ((µh/µe) 

and recombination rates mainly direct the anisotropy in the first order decay lengths 

(Lh
D/Le

D) for amorphous and crystalline donor polymer blend.  

5.5 Circuit Model Analysis 

 The morphology dependent decay profile is analyzed by spreading impedance 

analysis incorporating the percolation network parameters [251, 282]. The interconnected 

D-A networks in BHJ films are represented by the series resistor (Rsp(x)), whereas parallel 

resistor R'
R represents the recombination during the carrier transport [282]. A morphology 

dependent spreading resistance function g(x) = exp((x/ξ)
α
) quantifies the blend morphology 

and electrical connectivity of networks in terms of a characteristic length scale ξ and a 

stretch exponent α [282]. The change in the percolation path length with different D-A 

ratios for e/h transport accounts for the variation of the meso-scopic correlation length ξ 

(Table-2). ξe and ξh increases initially with PC71BM concentration, reflecting the trend 

towards balanced carrier transport (µeτe ∼ µhτh) in BHJ film. The decrease in ξ at higher 

PC71BM concentrations can be attributed to larger domain sizes as well as interfacial 

recombination. A sizable difference in ξ with ξe ≈ 110 nm and ξh ≈ 510 nm is observed for 

the amorphous PCDTBT blends, even at optimized morphology (D-A - 1:3), as compared to 

crystalline Si-PCPDTBT (D-A - 3:2) blend (ξe – 570 nm and ξh - 420 nm). A consistent 

lower magnitude of the exponent α associated with ξe was observed for the PCDTBT 

devices compared to Si-PCPDTBT devices, indicative of a smaller extent of acceptor 

percolation-path (less connectivity) for the amorphous network.  

 The change in the percolation paths with different donor/acceptor ratios for e/h 

transport is accountable for the variation of the meso-scopic correlation length ξ. The 

parameter value obtained by fitting the experimental decay profile is quite consistent with 

the single exponential fit decay length (LD). A balanced transport condition entails a large ξ 

(low spreading resistance Rsp and large R′R as less recombination). An optimized D-A blend 

ratio can be determined following inferior value of “a” parameter (Rsp/ R′R). The 
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consequence of spatial decay length measurement are further pursued more carefully 

employing 3D phase variation mapping of each blend film utilizing near field scanning 

optical microscopy with ∼ 80 nm optical resolution.  

Table 2: Comparison of theoretically fitted parameters 

PCDTBT:PC71BM blend 

PC71BM% Electron Hole 

 a ξξξξ (µµµµm) αααα a ξξξξ (µµµµm) αααα 

50 0.0132 0.082 0.22 0.015 0.48 0.29 

66 0.0091 0.09 0.23 0.015 0.73 0.23 

75 0.0073 0.11 0.25 0.015 0.51 0.27 

80 0.0083 0.03 0.21 0.003 0.31 0.31 

 

Si-PCPDTBT:PC71BM blend 

PC71BM% Electron Hole 

 a ξξξξ (µµµµm) αααα a ξξξξ (µµµµm) αααα 

0 0.0096 0.38 0.35 0.0102 0.13 0.26 

33 0.0084 0.5 0.34 0.0072 0.53 0.31 

40 0.0075 0.57 0.35 0.0123 0.42 0.29 

50 0.0111 0.35 0.36 0.0067 0.19 0.31 

66 0.0089 0.42 0.35 0.0076 0.2 0.31 

 

5.6. Near Field Optical Transmission Images (T-NSOM) 
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 The interpretation from decay profile studies are further substantiated in the near 

field scanning optical microscope based transmission (T-NSOM) and local PC 

measurements. The asymmetric geometry of the device permits NSOM probe to access the 

active layer with the light incident through the NSOM tip from the Al side of the device 

(Figure 5.9a). The PC71BM domains in a BHJ blend is identified by comparing the 

transmission images obtained at the wavelengths − 532 and 633 nm [279]. Films with 10 − 

30% PC71BM concentration demonstrated a very homogeneous morphology in 

PCDTBT:PC71BM bulk films.  

 

Figure 5.9: (c) T-NSOM images of BHJ films with different blend ratios. 

Reprinted with permission from Mukhopadhyay et al., Applied Physics Letters, 

100, 163302. Copyright [2012], American Institute of Physics. 

 Phase separated PC71BM regions corresponding to 20 − 40 nm length scales and the 

amorphous-polymer matrix regions spanning over > 70 nm were resolved in T-NSOM 

images obtained from 1:1 D-A ratio films (Figure 5.9c). Presence of amorphous regions in 

PCDTBT-PC71BM blend is evident from homogeneously distributed PC active region in 
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near field PC contrast (NPC) image [279]. The local-PC magnitude and variations indicate 

that mixed phases are more prevalent rather than pure polymer domains in the amorphous 

regions. In contrast, PC active regions are quite distinct for crystalline Si-

PCPDTBT:PC71BM blend and takes on the profile of the 2D derivative of T-NSOM image 

at the domain boundaries [279]. 

 However, beyond 80% PC71BM concentration, phase separation between the 

components is clearly observable in PCDTBT:PC71BM bulk films. The interconnected 

PC71BM-rich domains have large lateral dimensions ∼ 100 − 200 nm, which render the 

blend film more transparent to the probe light (Figure 5.9c). The critical D-A concentration 

drives PC71BM to aggregate, and reduces the fraction of the mixed amorphous region in the 

T-NSOM images.  

 

Figure 5.10: T-NSOM images of Si-PCPDTBT:PC71BM films with different 

acceptor ratios. 

 Measurements with Si-PCPDTBT blend depict domains of lateral dimensions of 30 

− 60 nm for < 40% PC71BM compositions (Figure 5.10) [279]. Higher concentration of 

PC71BM leads to larger domains (∼ 250 nm) which can be attributed to the aggregation of 

the small molecules facilitated by the crystalline polymer matrix [279]. Quantitative 

information from the T-NSOM images are extracted using fast Fourier transform (FFT) and 

power spectral density analysis (PSD) to understand the effects of phase separated length 

scales on device performance. 

5.7. PSD Analysis of T-NSOM Images 

 The PSD analyses of these T-NSOM images bring out the spatial frequency 

distribution of domains, which range from 2 to 50 µm-1 ( Figure 5.11a) and reveal the quasi-
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periodic pattern of the D-A domains in bulk film. Multiple Gaussian fits to the peak spatial 

frequencies indicate the contribution from different D-A domain sizes (Figure 5.11b).  
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Figure 5.11: (Top) Power spectral density analysis of T-NSOM images with 

different D-A ratio. (Bottom) demonstrates corresponding periodic length scales 

present in the BHJ film. Reprinted with permission from Mukhopadhyay et al. 

Applied Physics Letters, 100, 163302. Copyright [2012], American Institute of 

Physics. 

 PSD spectrum of 1:1 PCDTBT:PC71BM film reveals the presence of five distinct 

periodic distributions ranging from 50 nm to 250 nm. The largest periodic-distribution in 

1:1 film is centered around 20 µm-1 corresponding to the small lateral dimensions (∼ 60 nm) 

of the PC71BM domain size. The minimum periodicity of ∼ 4.6 µm-1 (220 nm) is ascribed to 

the average dimensions of the enclosed amorphous regions. The heterogeneity in domain 

size develops an unbalanced carrier transport and space charge effect that lower the device 

(1:1) performance. Periodicity smaller than 10 µm-1 (∼ >100 nm) was achieved at low 

PC71BM concentration in blend where hole percolation to the ITO electrode dominates over 

the electron transport. 

 The most probable occurrences of individual domains in film are obtained by 

comparing the area contribution of individual Gaussian peak to the whole PSD spectrum. A 

uniform lateral dimension for both polymer and PC71BM phase separated domains (∼ 14 

µm-1 - 27 µm-1→ 60 - 40 nm) are observed in T-NSOM image at 1:3 ratio (Figure 5.11a). 

This effectively improves the percolation for both hole and electron by reducing 

recombination between trapped carriers with mobile ones during carrier transport. The 

smallest possible periodic domain (< 40 nm) is possibly achieved in BHJ films with ~ 1:3 

compositions for PCDTBT: PC71BM blend.  

 As the acceptor-content increases, the coverage from PC71BM phase (10.6 µm-1 → 

90 nm) dominates over the polymer domains, as indicated in the T-NSOM image of 1:4 film 

(Figure 5.9c). It improves the percolation for the electron, but reduces hole mobility and the 

effective interface-area. The reduced donor-polymer content consequently results in reduced 

JSC as compared to the 1:3 devices which exhibited VOC ∼ 0.63 and JSC = 6 mA/cm2. PSD 

analyses of Si-PCPDTBT:PC71BM blend images with different acceptor ratios, indicate 3:2 

ratio as the optimum D-A ratio for better device performance. Lateral periodicity ∼ 30 µm-1 

(< 40 nm) is achieved at 40% PC71BM concentration. Distribution around 35 nm and 50 nm 

lateral sizes are the most dominant domains representing PC71BM and Si-PCPDTBT 

domain respectively. Due to crystallization tendency of the Si-PCPDTBT, PC71BM moieties 
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emerge out to form the mixed phase, thereby resulting in optimum phase separation without 

any additional processing conditions, even at lower PC71BM concentrations. The analyses 

from PC mapping and T-NSOM image also correlate with the spatial decay profile 

measurements (Figure 5.8).  

 

Figure 5.12: Power spectral analysis of Si-PCPDTBT:PC71BM blend film with 

3:2 ratio and corresponding periodic length scale. 

5.8. Conclusion 

 In conclusion, the requirement of the different D-A compositions, to achieve 

optimum morphology with different donor blend is clearly revealed from the PSD analysis 

of T-NSOM images. The analyses of various morphologies obtained from different D-A 

ratios are consistent with the trend obtained in the spatial PC decay profiles. The decay 

length assumes a large value for the D-A range of 1:3 for PCDTBT: PC71BM, which 

incidentally corresponds to the small-optimum domain size observed in the PSD analysis. 

T-NSOM measurements revealed vertical as well as nanoscale lateral phase separation 

information in BHJ films with varying D-A composition. Results from PSD analyses of T-
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NSOM along with the combination of lateral decay establish that the blend film with 

different D-A ratios have different characteristic length scales and appear as frequency 

maxima in the PSD spectra.  

 The series resistance, which influences the FF of the device can be correlated to the 

percolative pathways for a particular composition. Smaller size, marginally-interconnected 

domains results in inefficient carrier transport and corresponds to large series resistance. 

Upon increasing the PC71BM fractions, connection between the domains improve, and 

thereby reduces the series resistance resulting in improved FF. Results also suggest that the 

optimum ratio of D-A blend varies with the chemical structure of the donor polymer and 

with post annealing conditions. Spatial decay length measurements yield direct relation 

between the mesoscale (> 1 µm) morphology and nanoscale phase segregation (< 500 nm) 

in the BHJ films, and can be followed as a generalized method to optimize the BHJ 

morphology for different blend systems. 
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Chapter 6  

Some Applications of NSOM to probe Molecular and 

Surface Processes 

 

6.1 Introduction 

 In earlier chapters, we have demonstrated the utility of near field scanning optical 

microscope (NSOM) to optimize bulk heterojunction based device performance. In the 

present chapter the use of NSOM technique to investigate single molecular processes, 

excitonic processes in conjugated polymer nanoparticle, and photoreceptors in membrane 

proteins are demonstrated. Beside these topics, the effects of graphene coated substrates on 

the charge transfer processes in BHJs are also discussed. 

 The studies on each of these systems are quite challenging and exhaustive. The 

highlights of the microscopic-photophysical properties are emphasized and the salient 

features of each of these measurements are briefly discussed in this chapter. (i) Near field 

image of single dye molecule demonstrates the high spatial resolution possible in the 

NSOM apparatus and set-up. (ii) The conjugated polymer nanoparticle based films were 

studied to obtain local spectral information which can assist in quantifying intra-chain and 

inter-chain interactions. (iii) Transmission contrast and pump-probe measurement of 

bacteriorhodopsin demonstrate the photocycle and coherence effects from an assembly of 

bacteriorhodopsin trimers present in the monolayer films. (iv) The utility of near field 

scanning optical microscopy imaging methods to study few-layers graphene coating on 

substrates is demonstrated by making use of its interaction with electron donor and acceptor 

molecules. The strength of the charge-transfer absorption band resulting from graphene-
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donor/acceptor molecule interaction depends on the number of graphene layers. It was 

observed that in the case of conjugated polymer-coated graphene substrates, the decrease in 

photoluminescence emission intensity of the polymer is dependent on the number of 

underlying graphene layers. The decrease in emission intensity is accompanied by an 

increase in photocurrent in the composite system.  

6.2 Single molecule Imaging of Rhodamine 6G Dye 

 Conventional optical spectroscopy techniques which are utilized to examine 

macroscopic samples yield average bulk value of the optical parameters. The spectral 

properties of the dye based condensed films are mainly dictated by the spectral properties of 

the dye molecules. Spectral properties of individual molecule are not only defined by their 

structure, but also by their local environment. The heterogeneity at microscopic level 

modifies local environment of a molecule to its neighbor. Therefore, spectral information of 

a macroscopic sample, as obtained from conventional optical spectroscopy technique, is a 

result of statistical averaging over an ensemble of molecules and results in inhomogeneous 

broadening [283-286]. The drawbacks of studying such macro-processes are the loss of 

spectral structure and the consequent loss of information of individual molecules. 

 The most natural way to overcome this issue is to study a single molecule as a 

sample. However, there are some experimental challenges that could not be met until 1989, 

when the first paper on optical detection of single molecules was published by Moerner and 

Kador [287]. This work is followed by a contribution from M. Orrit et. al., who introduced 

single-molecule spectroscopy of dye molecules by means of fluorescence excitation in 1990 

[288]. One of the most spectacular effects observed with single-molecule spectroscopy is 

the so-called fluorescence intermittency (or blinking effect) [289]. The phenomenon 

consists of interrupted fluorescence from a single molecule excited with a continuous light 

source. The reason for fluorescence interruption are the quantum jumps of the molecule 

from the first singlet excited state to the first triplet excited state, which is lower in energy. 

As radiative transition from the triplet state is forbidden, molecule stays at triplet state for a 

long time (up to milliseconds or even more depending on the system) without absorption 

and emission of photons. Then the molecule relaxes back into the ground state non-

radiatively, and the process repeats itself. Another well-known intrinsically single-molecule 

effect discovered with the new technique is so-called spectral diffusion [290, 291]. This is a 

phenomenon of absorption frequency change in a single molecule, resulting from a change 
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in its photophysical parameters or a change in local environment. Utilizing near field 

scanning optical microscopy, we have demonstrated room temperature detection of single, 

fluorescence Rhodamine-6G (R-6G) on silicon substrate.  

6.2.1 Sample preparation and experiment 

 To study spectroscopic properties of single molecules, individual molecule should 

be isolated from others and distance between two molecules should be greater than the 

optical resolution of experimental setup. It requires different environmental conditions for 

different molecules which create inhomogeneous broadening in spectral response [283, 292-

294]. To minimize the broadening effect, we have enclosed the dye-molecules (Rhodamine 

6G dye, as procured from Sigma-Aldrich, fluorescence quantum yield ≈ 98%) into a 

relatively homogeneous chemically inert polymer host matrix (Poly (methyl methacrylate) 

(PMMA)).  

 

Figure 6.1: Schematic of single molecule sample preparation on Si-substrate. 

 PMMA also works as a cap-matrix rather than a host-matrix and protects the 

molecules against atmospheric oxygen. The typical sample structure used in this study is 

shown in Figure 6.1. Pre-cleaned oxidized silicon wafers (≈ 50 nm) were used as substrates. 

PMMA (number-average molecular weight MN in the range 150,000–250,000 and 

polydispersity PM = 1.06) was purchased from Sigma-Aldrich and used as received. To 

prepare the substrates for polymer deposition, a special cleaning routine was applied. First, 

the wafers were cleaned mechanically with a standard detergent used for washing 

glassware. Then they were rinsed in acetone/iso-propyl alcohol, dried, and then rinsed with 

deionized water. Finally, substrates were kept in “piranha” mixture (1:2 − H2O2:H2SO4) 

under ≈ 80° C water bath for ∼ 20 minutes in order to remove organic impurities. To 

neutralize the acidity, the wafers were rinsed thoroughly with ultra-pure Milli-Q water. 

Substrates were left to be stored in Milli-Q water and to prevent subsequent precipitation of 

impurities from air.  
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Figure 6.2: Schematic of reflection mode NSOM 

 All of the above steps, apart from the “piranha” treatment, were performed in an 

ultra-sonic bath. Finally, just before polymer layers casting, substrates were taken out from 

Milli-Q water, rinsed once again, dried with a jet of nitrogen and kept under UV-lamp for 

half an hour to photobleach the remaining fluorescent impurities. The concentration of 

Rhodamine 6G in solution was maintained at ∼ 10−9 g/L. The dye solution was then added 

into a 0.5% weight PMMA in toluene to get final concentration of 10−10 g/L. Standard spin-

coating technique was employed for film preparation. Spin-coating implies either putting a 

droplet of a solution (30–50 µL) onto the center of a rotating substrate or first putting the 

solution onto the substrate and then spinning it at angular velocity is 3500 rpm (Figure 6.1). 

The resulting layer thickness was within the 5-10 nm range with a surface coverage of 

typically a few dye molecules per square micrometer. Films of pure PMMA without R-6G 

molecule was also deposited on clean Si wafer for reference. A near-field optical light 

source consisting of a tapered, Au/Cr-coated single-mode optical fiber with an aperture of 

less than 100 nm was used to illuminate the sample. Different laser lines were used as the 

excitation wavelengths (405/470/532 nm) and were coupled into the coated fiber while the 

excitation power was adjusted to give about 3 nW at the end of the tip (as measured in the 

far field with Si-detector). The sample was scanned underneath the fiber and the 
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fluorescence emission from the sample plane was collected with a 50×, 0.45 NA objective 

and directed to the detectors. The fluorescence signal was filtered from the excitation light 

using a long-pass optical filter (λ > 600 nm). A broad-band beam splitter cube (Olympus, 

400-800 nm) was used to separate the fluorescence signal into two components and then 

directed to the detection channels. Fluorescence intensity was collected by solid state 

photomultiplier tube from Parkin-Elmer (dark count ∼ 100 Hz), and high resolution 

spectrometer was used to digitalize spectral response. In the near-field operation, fiber 

aperture was confocally aligned onto the detectors. Shear-force feedback based on a tuning 

fork system was used to maintain a constant tip-sample separation and to generate high-

resolution topographical images (Figure 6.2). Background fluorescence from the fiber tip 

itself was minimized by keeping its length as short as possible (< 500µm). The detection 

efficiency of the optical path was optimized for maximum signal collection (collection 

efficiency was approximately 40%, including quantum efficiency of the detectors). Count 

rates between 500-1k counts/s were obtained in detector compared to background ∼ 300 

counts/s. Area of few square micron was imaged approximately once in every 30 min. and 

dye molecules were traced over more than an hour before its photo degradation. 

6.2.2 Results 

 R-6G on silicon was chosen for demonstrating optical single molecule detection in 

fluorescence and reflection NSOM mode, since many photo physical properties of this 

system are well known. Figure 6.3a and c show different sequences of fluorescence images 

taken at different 1×1µm2 area. Each image corresponds to the 256 × 256 pixel resolution at 

scanning rate 50 ms per pixel. In order to overcome the lateral resolution issues of the 

microscope, different pixel combinations were utilized with different scan areas. The optical 

resolution is obtained from the line profile of the small fluorescence features and is 

estimated to be ∼ 40 nm full width at half maximum. This length scale of single molecule 

fluorescence features is comparable to the bright-field single molecule imaging value of R-

6G (≤≤≤≤ 90 nm) [288, 295]. A monotonically decaying fluorescence signal was observed with 

number of scans and enlarged the coverage of dark, bleached spots in the sample. A 

consistent fluorescence signal was observed from few R-6G molecule within the near field 

zone. Different brightness and step size of fluorescence signal in Figure 6.3b could be 

attributed to the random orientation of transition dipole moments of dye molecules in the 

polymer matrix, which yield different rates of excitation by the illuminated electric field. 
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The quantitative features (mean bleaching time, distributed intensity) are consistent with the 

previously reported results of R-6G and other laser dyes on the Si-surface [296-298]. 

  

Figure 6.3: (a) NSOM fluorescence image of Single R6-G molecules in PMMA 

host (b) Emission intensity histogram from a single molecule (c) 3-dimentional 

image of the R6-G single molecule over 1µm2 (d) Typical florescence response 

from individual molecule.  

  For fixed point illumination with NSOM tip, an almost constant fluorescence signal 

is observed with a rapid fluctuation, larger than noise signal. This feature reveals the photo-

blinking properties of single R-6G molecule as shown in the Figure 6.3d. We assert that the 

transient fluorescence response in Figure 6.3d is an evidence of achieving optical single 

molecule detection sensitivity on Si-surface. Measurements demonstrate the potentiality of 

our instrument for examining photophysical properties at single molecule level. 

6.3 Polymer Nano-particle Imaging 

 Fluorescence polymers like Poly ((4,4′-hexafluoroisopropylidene)diphthalic 

anhydride-alt-thionin), Poly(2-vinylnaphthalene), Poly(2-naphthyl methacrylate), Poly(p-

phenylene vinylene) have already been demonstrated to possess a wide range of optical and 
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electrical application like LEDs, OPVs, and leasing material [14, 299-301]. There is a 

considerable interest in controlling the nanoscale variation in conjugated polymer films to 

improve the efficiency of polymer LEDs and photovoltaic cells [302-306]. Submicron size 

conjugated polymer nanoparticles showed an improved control over the composition of the 

film and device performance [307]. These fluorescent polymer nanoparticles are also of 

interest for biomolecule labeling and sensing owing to their enhanced brightness, 

photostability and bio-compatibility as nanoparticle compared to conventional fluorescent 

dyes [308].  

 

Figure 6.4: (a) SEM, (b) TEM and (c) high resolution confocal (STED) images of 

MEH-PPV nanoparticles. Inset- zoom image of a single nanoparticle of diameter 

∼ 100 nm. 

 The conjugated polymer poly[2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylene 

vinylene] (MEH-PPV) is of particular interest for fluorescence-based sensing due to its 

large absorption cross-section per particle and short excited life times (400 ns) with high 

fluorescence quantum yield (∼ 1) [239, 309, 310]. Nanoparticles of low (10%) and high 

(100%) conjugated MEH-PPV polymer were prepared under reprecipitation method [311], 

a simple solution processing technique, where a solution of organic material in a good 

solvent was injected into a very poor solvent for organic materials. In our case, MEH-PPV 

polymer first dissolved in the good solvent tetrahydrofuran (THF) that is immiscible in 

water. Then 500 µL of organic solution was rapidly injected into 4mL of Milli-Q water 

leading to a quick aggregation of polymer chains. Nanoparticles of 50 − 200 nm in diameter 

range were prepared by varying MEH-PPV concentration in THF. 
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Figure 6.5: Transmission mode NSOM imaging of MEH-PPV nanoparticles in 

PVA matrix. 60 nm spatial resolutions are achieved with NSOM probe of 

aperture ∼ 45 nm.  

 Finally organic solvent was separated out by solid freezing method. These 

nanoparticles were characterized in SEM, TEM, Stimulated Emission Depletion 

fluorescence confocal microscopy (STED), and NSOM for size, morphology and 

photophysical properties respectively (Figure 6.4). TEM images of drop-cast film on metal 

grid revealed that nanoparticles form large islands of roughly spherical particles of 

diameters ranging from 60-300 nm (Figure 6.4b). For NSOM measurements, < 50 nm thick 

films were prepared by spin casting (3500 rpm) of aqueous nanoparticles suspension mixed 

with 0.1% weight ratio of PVA (in water) solution with optimum volume ratio [312, 313]. 

Lateral dimension of the nanoparticle in host matrix was cross-verified by SEM and TEM 

measurements. Nanoparticles appeared much larger in lateral dimension in confocal images 

compared to its original size because of point spread function (PSF) of collection objective. 

After digital filtering and STED technique, the dimension of the nanoparticles reduced to ∼ 

100 − 300 nm which reveals that it’s an aggregation of 2 - 3 individual nano particles of size 

∼ 50 - 100 nm (Figure 6.4c). Florescence from conjugated polymers depend on chain 
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conformation and the interaction between the segments of polymer chains [28]. This 

intrachain interaction is directly discernible in the UV-Vis spectrum following the red 

shifted absorption and fluorescence of nanoparticles (Figure 6.6a).  

 

Figure 6.6: (a) Comparison of absorption spectra from polymer solution and 

aqueous nanoparticle suspension, (b) emission spectra of LC nanoparticles with 

365 nm optical excitation. Below are the morphologies and corresponding 

NSOM images with 356 excitation and HC fluorescence collection.  

 This unique observation can be explained by the conformation of polymer chains in 

the nanoparticle, which are formed when the MEH-PPV in THF solution is rapidly injected 

in the water. The polymer chains collapse upon rapid injection in water and freeze into 

different conformations of the polymer chains with kinking and bending of conjugated 

backbone. These stiff conjugated polymer chains bend at a small number of locations in the 

polymer backbone into coil structure, while mostly maintaining straight segments that fold 

back into each other to form a large number of intrachain π-stacking. Ignoring the solvent 

effects, the red shift absorption for nanoparticles represents more intrachain interaction as 
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compared to the solution. For a dilute aqueous suspension of hydrophobic polymer 

nanoparticles, the interaction between molecules is miniscule, but the interactions between 

different segments of a given polymer chain increases. The aqueous suspension thus yields 

a way to eliminate interchain effects and determine the optical properties associated with 

intrachain interactions in individual collapsed polymer chains. These effects of conjugated 

polymer conformation and intrachain interactions on its electrical or optical properties have 

been probed using high resolution spectrometer coupled with the NSOM [314, 315].  

 Polymer nanoparticle in PVA matrix was measured under NSOM microscope with 

high resolution objective and by digital filtering (Figure 6.5). The size distribution of 

polymer nanoparticles is clearly evident from NSOM images. Larger particles with count 

rate > 30 kHz demonstrate aggregation nature of polymer nanoparticle even in inert polymer 

matrix (black circle). In contrast, particle with height of ∼ 100 nm and count rate of ∼ 10 

kHz represent individual polymer nanoparticle (white circle). Utilizing NSOM probe, 

individual nanoparticles were illuminated by controlling tip position on the film. Emissions 

from individual domains depict a sharp PL signal near to the emission band of the LC-

MEH-PPV nanoparticle (Figure 6.6b). In order to probe energy transfer from low 

conjugated MEH-PPV (LC) to high conjugated (HC) one, nanoparticles were prepared by 

50% weight mixing of different composition. Individual nanoparticles were illuminated by 

LC excitation wavelength (∼ 365 nm), and PL from the HC (480 – 600 nm) was collected 

using razor sharp optical filters. Considerably stronger PL from the HC and suppressed 

emission of LC demonstrate the efficient energy transfer from LC to HC chain (Figure 6.6c 

- AFM and 6.6d - NSOM image). This efficient energy transfer process by keeping donor 

and acceptor polymer within a close proximity, exhibits a method toward the hybridize 

polymer nanoparticle photovoltaic device. 

6.4 Optical Transmittance through Bacteriorhodopsin Film 

 Studies of functional proteins at single molecular level yield results that can be 

different from the measurement of the ensemble or bulk where the individual characteristic 

cannot be distinguished and only an average behavior is measured [291]. Structural 

properties at the single molecular level are studies by single molecule force technique 

(AFM) whereas in single molecule spectroscopic method, the functionality is studied but 

morphological properties are ignored [316, 317]. In this context near field scanning optical 

microcopy (NSOM) has emerged as a tool in which both the structural as well as the 
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functionality at the single molecular level can be studied [290]. This new technique has a 

potential to examine fluctuation phenomena that are common in conventional measurement 

techniques such as fluorescence blinking, fluctuation in optical counts [292, 318, 319]. 

Analyses of these fluctuations at single molecular level reveal important information on the 

dynamic processes of correlated systems as well as important information on the statistical 

distribution [297].  

 

Figure 6.7: (Right) Schematic of pump-probe measurement and inset represents 

bR photocycle. 

 Thin films of wild-type bacteriorhodopsin (bR) protein from halophilic bacteria have 

been employed as a model system for temporal fluctuation studies utilizing its photo 

induced absorption change characteristic [320]. The distinct spectroscopic signatures of the 

intermediate states in the bR photocycle render a platform to study its optical properties at 

different molecular states [321]. bR film was grown on the quartz substrate following 

electrostatic layer by layer assembly method (LBL technique) [322, 323]. The microscopic 

patch heights are representative of single layer bR film (∼ 7 nm) to the multi layer film (∼ 

30 - 40 nm) [321]. The changes in the photophysical parameter or local environments (e. g. 
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pH, humidity) modify the absorption coefficient of bR film [324]. This shifting of the 

absorption coefficient generates amplitude fluctuation in the detected transmission signal. A 

pump-probe near field scanning microscopy in transmission mode was utilized to monitor 

the intensity fluctuation time series through the bR assembly [321]. The method involves 

analysis of transmittance fluctuation Tr(t) from single layer to finite size of bR assembly 

that yields the kinetics associated to biochemical reaction and the internal molecular 

changes. The photon pump mechanism in bR is initiated by the photo-isomerization of the 

retinal chromophore from all-trans to 13-cis configuration, followed by the formation of 

secondary intermediate states (J, K, L, M, N, and O) [320].  

 External parameters such as pH, humidity, temperature and additional light pump (λ 

- 405 nm) corresponding to M-state excitation modify photocycle kinetics and M-state 

lifetime [320]. These external parameters yield a good control over transmittance intensity 

fluctuation. bR patches grown in the preclean quartz substrate were characterized by AFM 

and transmission NSOM measurement with 532 nm probe laser. Typically bR patchs have 

lateral dimensions ranging from 500 nm − 4 µm with height of 8 nm (monolayer) − 200 nm 

(several layers). For local transmission measurement, NSOM probe ∼ 100 nm aperture was 

placed on the bR patch using computer control stepper motor software. The NSOM tip 

illuminates only little fraction of region of the bR patch. The photoexcitation volume is 

governed by the coverage area of the NSOM probe and thickness of the bR patch. For a 

monolayer bR patch, calculation yield for an ensemble of ∼ 400 molecules is studies with 

pump-probe combination [321]. Transmission signal through bR patch was measured using 

micro-objective (60×, 0.95 NA) and photomultiplier tube. Additional pump laser was 

introduced in the setup through inverted eye-piece and measurements with appropriate cut-

off filter were carried out (Figure 6.7). Tr(t) was captured using a digital oscilloscope 

(Wave Runner 6100A) at 250 kHz sampling rate. Transformation of Tr(t) to the frequency 

domains yielded consistent picture of the different photo-induced processed. About 100 

conjugative data set of 1s (for WT-bR) and 10s (for D96N mutant) were captured as 

separate window. The frequency corresponding to the maximum amplitude in the FFT 

signal was captured for each separate Tr(t) window employing Matlab code. A histogram of 

frequency and their occurrences was constructed leaving out the DC contribution. 
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Figure 6.8: (a and c) AFM image of sample containing bR patches and 

corresponding height profiles of the bR patches. (b and d) T-NSOM image from 

the same region and corresponding absorption profile of the bR patches. (e) High 

resolution AFM image of D96N mutant with hexagonal ordering. Inset shows 

the hexagonal pattern in Fourier transformed image. Reprinted with permission 

from Das et al., J. Chem. Phys., 134, 075101. Copyright [2011], American 

Institute of Physics. 

 The functional change of the bacteriorhodopsin protein is closely associated to its 

ability to undergo structural change [320]. Hexagonally arranged trimers are known to 
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reveal the effects arising from correlation in optically induced excitation and de-excitation 

process (Figure 6.8e). High resolution visualization of bR film explains the positive and 

negative cooperative effects elicited by bR-bR interaction within neighboring trimers [325]. 

Due to heterogeneity, external stimulus is not able to excite all the trimers in bR 

simultaneously. The kinetics associated with this biochemical process can be formulated as 

modified Langevin equations with the rate constant �"§ � ½ �(�%, where α (λ) is the 

absorption coefficient and I represents incident light intensity, whereas �"́  is the inverse of 

the M-state life time (Figure 6.7). The model system with the time dependent term-  

 
¢�á¢� � ��"§�á + �"́ �V + íá��� Ð ? ¢�V¢� � �"§�á � �"́ �Í + íV��� (6.1) 

  Fluctuations in the optical transmission through finite size bR film yield a 

lognormal distribution type probability density function (PDF) about a characteristic 

frequency (ωmax) [318, 319]. This non-normal probability density function reveals 

statistically correlated nature of these fluctuations. Correlation between transiently assemble 

trimers, e.g. “trefoil”, plays a crucial role in developing the non-Gaussian PDF which 

defines bacteriorhodopsin system [325]. The fluctuation arising from the cooperative effects 

get further modified by random optical excitation, nature of substrate, local environment, 

reversibility in photocycle and thermally driven transitions [325]. 

 Autocorrelation function obtained from time traces, Tr(t) for plane quartz and bR-

grown quartz, depict the absence of correlation for the bare quartz and a sizable correlation 

for the bR film. Maximum correlation between different photophysical processes is 

observed for bR tri-layer and correlation diminishes with number of bR layers [320]. 

 PSD analysis of Tr(t)s yield characteristic maxima in occurrence amplitude 

corresponding to a frequency, ωmax prevails in the distribution. Typically ωmax ∼ 500 − 700 

Hz, is the range of the M-state lifetime (∼ ms) which endures over the entire molecular 

photocycle [320]. This interpretation of the dominant frequency associated with the 

intensity fluctuation to bR photocycle is cross verified with different sets of measurements 

where M-state lifetime was intentionally modified by varying external factor. These results 

reveal that profile of the noise spectrum is dictated by the distribution arising from the 

heterogeneity at the molecular level in the ensemble and the photocycle kinetics. 
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6.5 Studies of BHJ Devices on Graphene Modified Electrode 

 Organic optoelectronic devices such as organic light emitting diodes (OLED) [326], 

photovoltaic cells [327, 328] and organic photodetectors[329] have been proven to be 

attractive from fundamental research and commercial viewpoints. This interest stems from 

the fact that they can be fabricated on flexible, lighter substrates by low-cost printing 

methods. One important aspect that is primarily under focus in these thin film polymer 

optoelectronic devices is the replacement of transparent conducting electrode indium tin 

oxide (ITO) [330, 331]. Graphene, which is a two dimensional (2D) semi-metal, is a 

promising candidate for transparent electrodes because of its optical and electrical 

properties [332]. Thin films obtained from graphene dispersion have been used as 

transparent electrodes in device applications owing to their high conductivity, excellent 

transparency and higher chemical and thermal stability [333-335]. The proximity of 

graphene work function (ϕ ∼ 4.2 – 4.5 eV) to that of commonly used transparent indium tin 

oxide (ITO) electrodes (4.8 eV), suggests its potential as an electrode or a suitable gradient 

medium for hole extraction[336]. Chemical, optical, and opto-electronic properties of 2-D 

graphene surface can also be modified by introducing different chemicals on graphene 

surface [337].  

 Apart from the electrode option, the other feature with graphene is its ability to 

quench photoluminescence (PL) of suitable dye molecules and fluorescence polymers [338]. 

The PL quenching in donor and acceptor polymer systems have been explained both on the 

basis of energy transfer and charge transfer processes [339-342]. Effects of molecular 

charge-transfer (CT) interactions between donor (D) or acceptor (A) molecules with few-

layer graphenes have been reported recently, and these effects are monitored effectively by 

Raman Spectroscopy [343, 344]. Further insight into these processes at a macroscopic level 

is obtained by using spatially resolved methods at lateral length scales of < 100 nm. Near 

Field Scanning Optical Microscopy (NSOM) methods are useful in identifying optically 

active regions at sub − 100 nm levels and yield information on the nature of CT interaction. 

A transmission based NSOM technique is employed to identify and study the interface 

between few-layer graphene and the D/A molecular layers. In conjunction with topography 

scans, graphene thickness (number of layers) dependent interfacial CT absorption band was 

obtained simultaneously from optical-profile data. This method can, in principle, be used to 

quantify the magnitude of CT interaction of graphene with molecules. Graphenes obtained 

from different preparative routes show different strength in CT interactions [337]. Graphene 
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composites with dye molecules or conjugated polymers demonstrate acceptor-type 

characteristic of graphene.  

 This combination of properties has led to a renamed interest in incorporating 

graphene in bulk heterojunction polymer solar cell (BHJ-PSC). Graphene layers have been 

inserted in a BHJ-PSC along with a poly (3,4-ethylenedioxythiophene):poly 

(styrenesulfonate) layer as an electron blocking layer [338]. In principle, graphene oxide 

can be used as a hole transporter which can function additionally as an electron-blocking 

layer. In this study, solution deposited graphene on ITO electrode was utilized as an 

interface for charge separation as well as hole-carrier collection layer and also in blend form 

with light absorbing active polymer. Introduction of active organic layer on graphene coated 

patterned ITO electrodes modify the organic-semiconductor bulk transport. A lateral 

scanning PC approach has been implemented to study the affect of graphene substrate on 

ambipolar transport. Finally, the spatial PC decay profile in these asymmetric devices was 

explained by steady state equivalent circuit model within a spreading impedance approach. 

 Graphene samples were prepared from graphitic oxide by reacting graphite with a 

mixture of concentrated nitric acid (2 ml), sulfuric acid (2 ml) with potassium chlorate at 

room temperature for 5 days. Then, thermal exfoliation of graphitic oxide was carried out in 

a long quartz tube at 1050°C under an argon atmosphere to yield exfoliated graphene (EG). 

Similarly, hydrogenated graphene (HG) was prepared following arc-discharge of graphite in 

H2 + He mixture. Diamond graphene (DG) was prepared by the transformation of 

commercial nanodiamond [337].  

 Topological and optical feature of chemically synthesized few layer graphene was 

examined by conventional AFM, Raman spectroscopy along with local near field 

transmission contrast. Graphene flakes were deposited from THF solution on the 

Silicon/300nm SiO2 substrate. 2-dimentaional height variation of graphene flakes were 

mapped by conventional contact mode AFM imaging (Figure 6.9). Intensity ratios of G to D 

band (micro Raman measurements) confirm the number of layers and doping level of the 

local graphene flakes. These measurements demonstrate that EG graphene has less number 

of layers (3-5) compared to HG and DG graphene (8-10 layers). TGA measurements depict 

that surface volume area is large in DG graphene as compared to others [344]. 
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Figure 6.9: Raman spectra of as prepared graphene prepared by exfoliation of 

graphite oxide. (b) AFM image and corresponding height profile. 

  Local optical contrast of few layer graphene was explored by the 

reflection/transmission NSOM contrast imaging. The set-up used for near-field optical 

microscopy (Multiview 4000, Nanonics Inc.) is based on a duel channel optical microscope 

(normal with inverted). In a typical experiment, 532 nm laser (≈ 10 mW) was coupled to the 

NSOM tip (aperture ≈ 100 nm, Nanonics Supertips Inc.). The transmission optical signal 

was measured using a solid state Photomultiplier tube (MP 692 PerkinElmer, Dark count 

rate 100 Hz) through the objective (50X, N.A = 0.45). Optical and topographical 

information are simultaneously obtained from the near-field optical microscope by raster 

scanning the sample using the piezo-scanner in such a way that the tip and the objective lens 

maintained at the same position with respect to each other. The accuracy of the feedback 

electronics and z-axis calibration were additionally verified by examining molecular 

monolayer film grown by electrostatic self-assembly method [321]. A near-perfect 

molecular layer over reasonably large areas is observed with the characteristic absorption in 

the visible region [321]. Single graphene layer on a quartz substrate is reported to be largely 

transparent with transmission (T) of 97% at 532 nm [333, 345]. Transmission loss increases 

with the number of graphene layers. Pristine (few-layer) graphene films were observed to 

have T > 96%. The transmission was found to monotonically decrease as the scattering 

increases with the increasing number of layers. This observation is consistent with the 

general trend of linear increase in opacity with the number of stacked graphene layers with 

the low value (∼ 0.3 eV) of the interlayer hopping term in few-layered graphene [346]. 
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6.5.1 Layer dependent charge transfer interaction  

 Recent report infers the presence of charge-transfer states when few-layer graphene 

interact with electron donating tetracyanoethylene (TCNE) or electron removal 

tetrathiafulvalene (TTF) molecule [344, 347]. The CT induced absorption features is evident 

in the UV-Vis spectra [344, 347]. This collective response in far-field CT-absorption in 

principle is spatially deconvoluted by local transmission scans using near-field microscopy. 

The CT feature of the graphene-molecule complex was indicated by a distinct decrease in 

transmission on a local well characterized region, along with a characteristic dependence on 

the graphene-layer number. Typical solution-deposited graphene films on quartz substrate 

consist of many layers of graphene. The transmission NSOM images of graphene films 

were relatively uniform and featureless. Upon introducing the charge transfer molecule such 

as TCNE or TTF on graphene, the film assumes morphology which was clearly followed by 

AFM imaging. Corresponding NSOM image reveals transmission-contrasting features of 

higher magnitude which provides a clear indication of the interface charge-transfer induced 

absorption band (Figure 6.10).  

   

 

Figure 6.10: (a) and (b) AFM and NSOM images of spin-cast EG graphene on a 

quartz substrate respectively. (c) and (d) AFM and NSOM images of TCNE 

deposited EG graphene on quartz substrate. Line scan corresponding to the 

region depicted in the images are shown below. (e) Variation of transmission (in 

units of PMT counts) as a function of the underlying EG graphene layer 

thickness with adsorbed TCNE. Inset shows the graphene-donor/acceptor 

interaction strength following the difference in transmission for EG-TCNE/TTF 

as a function of the underlying EG thickness. 

 NSOM studies were carried out on different graphene samples prepared from three 

separate methods. All the necessary background measurements such as that of plain quartz 
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substrates, TCNE and TTF deposited films on quartz substrates were carried out to ascertain 

the specificity of the interaction of these molecules on graphene coated substrates. The 

limitation in z-resolution (∼ 1 nm) restricts NSOM method to carry out studies of the CT 

molecules for mono or bilayer graphene. However, the graphene deposited from solution 

with thickness > 3 nm were conducive for our technique. To ensure the molecular film 

thickness < 10 nm on graphene film, appropriate concentrations of TCNE and TTF were 

utilized.  

 The images obtained from a large number of scans over different areas reveal the 

following trends: (a) Graphene prepared by exfoliation of graphite oxide (EG) showed the 

largest changes in the local absorption upon introducing TCNE or TTF (b) Relative changes 

in the absorption introduced by the molecular species decreases as the number of underlying 

layer (EG) graphene layer increases. (c) Introducing TCNE (acceptor) on graphene showed 

a marginal enhancement in absorption as compared to the introduction of TTF (donor) on 

graphene. (d) Graphene prepared by Arc-evaporation of graphite in Hydrogen Atmosphere 

(HG) or by conversion of nano-diamond (DG), the large scattering-losses appeared to be 

more sizable compared to the absorption from the CT band. This feature is attributed to the 

significant increase in scattering related loss in thickness as compared to the changes 

introduced by the CT processes. In the near field regime, the scattering contribution from 

graphene is primarily controlled by topographical features of the surface [348]. The results 

are indicative of the dominant modification in optical activity at the TCNE/TTF-graphene 

interface. The interface encountered within the volume of the beam is nearly constant and is 

independent of the underlying thickness of the graphene layer (from monolayer to 

multilayer). A relative decrease in the transmitted intensity with graphene thickness then 

represents the interaction strength. Change in transmission as a function of graphene flake 

thickness was obtained from a line scan over a region where a smooth thickness variation is 

present (Figure 6.10). Analyses over several such regions clearly indicate that the larger 

absorption occurs for thinner layer graphene-TCNE/TTF complex. This measure of 

interaction strength follows near linear response with slope of ≈ 0.4 kHz/layer, indicating a 

sizable dependence with thickness. 

6.5.2 Polymer photoluminescence quenching  

 Fluorescence quenching properties of graphene was examined by monitoring local 

photoluminescence intensity from polymer film coated on graphene (Figure 6.11d). Poly [2-



 
168 

methoxy-5-(2-ethyl-hexyloxy)-1, 4-phenylene-vinylene (MEH-PPV) polymer with large 

fluorescence quantum yield was utilized as the donor. MEHPPV [λmax (absorption) ∼ 490 

nm, photoluminescence (PL) emission range 550 − 750 nm] in its pristine form in solution 

upon photo-excitation, radiatively decays efficiently through the intra-chain 1Bu singlet 

exciton state where the lifetime of the excited state has been observed to be ∼ 320 ps [83]. 

In the dried film state, the PL quantum yield gets lowered with a radiative lifetime of 1 ns – 

5 ns range [83]. The exciton diffusion length in these systems is estimated to be ∼10 nm [83, 

326, 349]. The PL emission quenching of MEHPPV, upon introducing acceptor systems 

such as C60 and its derivatives, has been extensively studied. Similarly PL quenching ability 

of carbon nano-tube and 2D graphene sheet were demonstrated through transfer of photo-

generated charge carriers from optically excited ZnO nanoparticle [350]. The effect of EG 

graphene in the MEHPPV solution was similar and a discernable PL emission weakening 

was clearly observed (Figure 6.11a).  

 

Figure 6.11: MEH-PPV fluorescence quenching with different concentration of 

EG graphene in solutions (a) and in dried thin films (b). (c) Stern-Volmer type 

plot (I0/I) as a function of graphene concentration in solution. (d) Polymer PL 

quenching when coated on graphene flake exploited from HOPG substrate.  

 Fluorescence quenching of graphene MEH-PPV composites were studied using spin 

casting films on quartz from 6mg/ml MEH-PPV solution in xylene with different graphene 

concentration (Figure 6.11b). Homogenous films consisting of MEHPPV blended with EG 
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was formed using EG content < 10%. The decreasing PL trend with EG content was also 

observed in these films. The bulk features were examined more closely using NSOM 

fluorescence scans. For NSOM measurement, few-layer-graphene was spin coated from 

xylene solution on oxidized (300 nm) silicon substrate. AFM scans prior to MEH-PPV 

deposition were carried out to identify the graphene regions and used for a systematic 

analysis of the PL intensity variations with respect to the interface formation (Figure 6.12a). 

Then MEH-PPV was dropped cast on it from chloroform solution (weight ratio ~ 7x10-3 %).  

 

Figure 6.12: (a) AFM image of spin cast graphene on silicon substrate prior to 

polymer deposition. (b) 2D map of PL intensity variation on graphene/polymer 

film. (c, d) are the Line profiles of (c) AFM and (d) NSOM image respectively. (e) 

Polymer PL quenching factor as a function of local graphene flake height. 

Copyright 2011, The Japan Society of Applied Physics. 

  The films were then examined with 100 nm NSOM tip as a near field light source 

coupled with 532 nm laser and raster scanning of sample using phase feedback mode 

(Figure 6.12b). PL signal was collected in reflection mode microscopy with 532 sharp cut-

off filter (Ocean optics) and long working distance objective (50X, N.A = 0.45). The data 

was analyzed using WSXM software [259], with standard normalization procedure and 

color scales were used to portray the NSOM images (Transmission max = 0). The MEH-PPV 

fluorescence quenching at graphene layer is attributed to the energy transfer or charge 

transfer processes analogous to the extensively studied polymer hetero-structures with C60 

type acceptor systems [331, 351]. The mechanism of quenching can probably be inferred by 
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introducing a spacer layer and observing the distance dependence, and comparing it with 

theoretical predictions [338]. The graphene-polymer systems exhibit features where the 

extent of the interaction appears to depend on the number of graphene layers (Figure 6.12e). 

A larger fraction of photoluminescence quenching was observed on thinner graphene 

regions. These direct observations clearly indicate the presence of charge transfer from the 

photo-excited polymer chains to underlying graphene flakes, with the degree of charge 

transfer appearing to be a function of number of graphene layers. The local quenching factor 

was estimated as (ρ = I0/IG), where I0 and IG are PL intensity of the polymer on silicon 

substrate (or ITO substrates) and in the presence of the underlying graphene layer (Figure 

6.12e). An inversely proportional relation was obtained between ρ and the number of 

graphene layers. 

6.5.3 Sandwich device characterization 

 The important consequence of photoluminescence quenching is a charge separated 

state which opens up the possibility of incorporating graphene-polymer combination in a 

photovoltaic device structure. Homogenous films consisting of MEH-PPV blended with EG 

(< 10% weight ratio) were explored for these studies. Graphene-MEH-PPV devices were 

fabricated by spin casting MEH-PPV (6 mg/ml) solution with different graphene 

concentration on clean ITO substrate, and then aluminum (Al) was thermally deposited on it 

to use as a counter electrode. Standard Lock-in measurements of these photovoltaic 

structures were carried out with calibrated white light source and monochromator at 

chopper frequency 17 Hz. A large number of devices fabricated with different ratios of 

MEH-PPV (D) and graphene (A) clearly indicate the trend where device response (short-

circuit current/incident power) increased with increasing graphene content ( ≈ 1 pA/µW to 

10 pA/µW for similar dimensions and thickness of the active layer).  

  Enhancement in short circuit PC with increasing graphene content up to a certain 

concentration is attributed to more excitons dissociation at the graphene-polymer interface. 

However, at larger proportions of graphene, the non-uniformity of the film leads to large 

leakage (dark) current. (Figure 6.13) A uniformly blended film of appropriate thickness 

improves both VOC (∼ 0.4 V) and power conversion efficiencies (∼ 0.3%) of these devices. 

The presence of enhanced PC from composite film indicates efficient carrier separation at 

polymer-graphene interface. The 2D graphene surface interfacing with the polymer chains 

can be expected to be conducive for a 2D planar charge delocalization upon photo-
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excitation. A controlled and optimized intercalated stack of such constituents can possibly 

lead to efficient charge transport and solar cell structures.  

 

Figure 6.13: Spectral response of PC in a sandwich configuration (ITO/MEH-

PPV, EG graphene/Al) based devices with different graphene concentration, [0 

(►), 1 µg/ml (•) and 2 µg/ml (▪)]. Inset (b) is the PL emission intensity using 

excitation (λ = 490 nm) along with the short-circuit PC response (λ = 490 nm) as 

function of graphene concentration in dried films. 

6.5.4 Variation in spatial decay length on graphene coated substrate 

 Spatial PC decay measurement was utilized to contemplate the applicability of 

graphene electrode in BHJ solar cells. The modification of PC decay profile outside the 

overlapping electrode was employed on p-type poly(3-hexylthiophene) (P3HT) and n-type 

napthalene-dicarboximide (N2200) polymers upon introducing graphene layer on ITO 

electrode [352, 353]. The device fabrication involved patterning of ITO coated thin cover 

slips (to enable a tight focus of the beam with 60X objective) on top of which, the graphene 

was deposited from xylene solution. P3HT and N2200 procured from Sigma Aldrich and 

Polyera ActivInk respectively were spin coated from chlorobenzene solution. Subsequently, 

counter aluminum electrode (40 nm) was thermally evaporated using physical mask such 

that the distinct overlapping and non-overlapping regions were present between the 

electrodes. The choice of P3HT and N2200 yielded a nice complementary pair to 
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demonstrate the validity of graphene as electrode, since µe
N2200

>µe
P3HT and µh

N2200
< µh

P3HT. 

[339, 352, 353] 

 

Figure 6.14: (a) Spatial PC decay (PC) profiles outside the Al electrode for 

ITO|P3HT|Al (filled circle) and ITO|Graphene|P3HT|Al (square). (b) PC 

decay profiles for ITO|N2200|Al (filled circle) and ITO|Graphene|N2200|Al 

(square). Copyright 2011, The Japan Society of Applied Physics. 

 This feature was reflected in the L
e
D obtained from decay profiles of the pristine 

system on ITO substrate (Figure 6.14a). Graphene coating on ITO was found to modify the 

decay for P3HT considerably with L
e

D ∼ 35 µm as compared to L
e
D of 5 µm in pristine 

P3HT. In spite of lower magnitude (PCITO|graphene|P3HT|Al/PCITO|P3HT|Al ∼ 0.3) of PC in the 

overlapping region in ITO|graphene|P3HT|Al device, the decay current persisted outside the 

Al edge over a larger length scale. This feature was unlike the situation we observed, where 

an increase in both the bulk transport features as well as decay lengths upon subjecting the 

films to appropriate thermal and surface treatment was seen [248]. The introduction of 

graphene layer significantly alters the decay profile in systems with smaller µe. In case of 

electron transporting polymer N2200, profiles with higher L
e

D were observed as the light 

beam position was scanned over the ITO region and extended beyond the Al electrode 

boundary (Figure 6.14b). PC scans of n-transport in N2200|ITO ( L
e

D∼ 80 µm) and 

N2200|graphene|ITO device demonstrated a marginal increase in L
e
D (∼ 100 µm), with an 

estimated mobility–lifetime product ≈ 3.6 × 10-7 cm2 V-1. 

 The observed decay profiles do not reflect three-dimensional transport of the 

photogenerated holes for light incident on the extended Al electrode region (where x = 0, ⇒ 

ITO edge) in the graphene coated substrates compared to the graphene-absent devices. 
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Graphene layer was not patterned and was extended to the entire region of the active 

polymer coating. The light beam focused on this non-overlapping region resulted in PC 

initiated by the photo induced electron transfer at the Al-P3HT Schottky type interface. The 

excess holes then spread from the generation zone towards the graphene layer, which 

yielded the sink, akin to an extended electrode for the holes and restricted the hole-

spreading in the dark region of the polymer layer (Figure 6.15). PC(x) magnitude, and the 

decay reflected the graphene conductance rather than the bulk property of the polymer 

especially at large x. PC(x) persisted beyond x = 250 µm, indicating the hole transport-

efficiency of the graphene layer. The distance over which PC decreases depends on 

graphene flake organization, and the PC profile is governed by dimensions describing the 

2D fractal type network of the graphene patches. Solution-dispersed graphene yielded a 

slowly varying exponential decaying PC(x) and was expected to take up a linear response 

for a continuous extended graphene films. Direct applications of graphene modified 

electrode, from these observations, points towards the utility of graphene in position 

sensitive detectors and hole collecting electrodes in flexible BHJ cells.  

 

Figure 6.15: Normalized PC decay outside the ITO electrode for ITO|P3HT|Al 

and ITO|Graphene|P3HT|Al devices. Inset: Schematic of fabricated device and 

details of energy diagram. Copyright 2011, The Japan Society of Applied 

Physics. 

 Contributions from the finite beam size, light scattering and local heating effects, 

which are accounted for the imaging method, were well examined by FDTD simulation 

(Figure 6.16). Simulated optical scattering (OptiFDTD, Ver. 8.0) from graphene flakes on 
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ITO coated (50 nm) cover slips (thickness ~ 170 µm) demonstrated that optical scattering 

decays within a µm from the flake edge (<< LD).  

 

Figure 6.16: Optical field scattering from films consisting of graphene flakes 

(500 µm to 2 µm). The schematic of simulated structure is shown in right. 

Graphene films (black block) where blue represents ITO coating on glass (20-30 

nm). 

 Assuming that the bulk structure and morphology is not considerably altered by 

graphene coating, the explanation for these differences should arise from the interfacial 

properties. The graphene layer essentially minimizes the interfacial recombination and 

increases the barrier for re-injection of the holes (in the dark region). In order to correlate 

the spatial dependency of PC with microscopic transport processes in polymer systems, we 

employed a spreading impedance model which was previously developed for similar device 

structures [251]. The electrical properties and heterogeneity of the extended graphene 

electrode was quantified by analyzing spatial-decay profile employing spreading impedance 

approach (SIA) [249, 251]. The PC in equivalent circuit is represented by  

 ( )
( ) 0I
xRRR

R
xI

spER

R
ph

++
=  (6.2) 

Normalized PC profile was fitted to the expression I′ph(x) = {1 + a exp [(x/ξ)α]}−1, where a 

= Rs/RR (ignoring the electrode resistance RE). The presence of graphene, as argued above, 

would increase RR substantially, thus the parameter a decreases upon introducing graphene. 
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Figure 6.17: Equivalent circuit representation of spatial PC decay measurement 

for (a) electron and (b) hole current. Copyright 2011, The Japan Society of 

Applied Physics. 

 Upon photoexcitation, the electrons transfer across the Schottky-type Al-electrode, 

while the holes directly drift to the graphene layer. Physically, to reach the collecting ITO-

electrode, the holes must travel through the patchy graphene network. Thus, the length 

scales extracted here reflect hole transporting characteristics of graphene layer. The 

spreading function ξ represents the graphene morphological characteristics (Table 3, rows 3 

and 4). In the absence of graphene, the holes travel through the P3HT to reach ITO, and the 

spreading function parameters reflect the P3HT morphology. In pristine P3HT, µh ∼ 10 µe 

and it reflects on ξ and α values in the absence of graphene. Lower α values are rationalized 

by significant influence of granularity of the graphene layer on spin-coated P3HT network. 

Although graphene is known to have a very high mobility, the patchy network here is 

responsible for such high sheet resistance.  

Table 3: Comparison or theoretically fitted parameter 

 
a ξ α 

P3HT electron decay 0.0365 1.01 0.766 
Graphene P3HT electron decay 0.0114 0.302 0.335 

P3HT hole decay 0.0541 5.61 0.780 

Graphene P3HT hole decay 0.005 0.337 0.324 

N2200 Electron decay 0.0543 9.98 0.665 
Graphene N220 electron decay 0.0543 11 0.665 
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 For n-type polymer while graphene has no effect on hole current decay profile, 

electron decay profile is affected to a very little extent and is attributed to the charge 

shielding properties of graphene. Presence of graphene at ITO-N2200 interface attracts the 

excess hole from the generation spot, and finally the hole spreads over through the fractal 

graphene network. 

6.6 Conclusion 

 
 The uses of NSOM based approach to examine molecular processes are 

demonstrated in variety of systems. High spatial resolution (∼ 50 nm) utilizing near field 

microscope is demonstrated by the single dye molecule imaging. NSOM microscopy was 

also successful in establishing the differences in optical behavior of different types of 

polymer nanoparticles. The hybrid nanoparticle consists of conjugated polymers with 

varying bandgap, exhibited considerably stronger emission for the acceptor with the 

suppressed donor emission. The images obtained from the NSOM and AFM analysis 

confirm and provide information on the interactions in the nanoscale. It is expected that this 

NSOM-based nanoscopic observation technique offers the potential for studying bio-

molecular interactions at the single molecular level. In this pursuit, a NSOM-based 

approach was introduced that provides information in terms of the orientation and the 

efficiency of the bacteriorhodopsin photocycle on different substrates. The local 

transmission variations are directly correlated to the electronic processes occurring within 

bacteriorhodopsin film. Absorption changes provide quantitative assessment of the 

photocycle, including the distribution of the population densities in different intermediate 

states. Spatial and temporal features of the bacteriorhodopsin photophysical processes are 

directly studied upon introduction of a blue light as a pump source corresponding to the 

specific intermediate state. Introduction of graphene coating in asymmetric device structures 

modifies the photocarrier generation and transport features considerably upon localized 

photoexcitation. Local fluorescence contrast from conjugated polymer film coated on 

graphene substrate reveals the energy/charge transfer interaction of graphene film and 

conjugated polymer. This charge extraction and transport properties can be utilized to 

design functional electrodes for optoelectronic devices. 
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Chapter 7  

Summary and Future Directions  

 

 

 The two new techniques, namely the spatial PC decay and near field current contrast 

optical imaging method and their application to organic photovoltaics form the main focus 

of the thesis. These techniques are mainly utilized to study the phase separated morphology 

of the bulk heterojunction film and the electrical transport efficacies of the active media. To 

understand critical parameters determining heterojunction morphology, and to correlate 

BHJ morphology with the performance of bulk-heterojunction solar cell, it is essential to 

have microscopic information of photoactive layer and its interfaces with electrodes. The 

developed techniques are successfully utilized to follow the evolution of heterojunction film 

morphology with different processing conditions. The overall results and relevant remarks 

of these studies on BHJ morphology have been summarized in the thesis. 

 Spatial PC decay technique is based on the PC decay profile outside the overlap 

electrode in an asymmetric device structure. Morphology dependent spatial current-decay 

profile and extent of unipolar lateral decay length rationalize donor-acceptor ratio for 

efficient bulk-heterojunction solar cell. Heterogeneity between donor-acceptor components, 

ambipolar transport, and continuous percolation pathways in active layer are followed in 

combination with the lateral PC decay profile in asymmetric electrode device and high 

resolution near field transmission contrast measurement.  

 Near field current contrast mapping is realized utilizing near field scanning optical 

microscopy on asymmetric device structure. Photocurrent from the peripheral region of the 

electrode provides near field access of the blend film, optical contrast image, and spatially 
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resolved photocurrent contrast. These studies demonstrate near field scanning optical 

microscope, as a powerful tool to follow the in-situ evolution of nanoscale phase separation 

of donor-acceptor domains in bulk heterojunction film. The topological, transmission and 

PC contrast images are obtained from near field scan on bulk heterojunction film and 

renders local structural, optical and optoelectronic contrast at ∼ 80 nm spatial resolution. 

The quasi-periodic length scales present in the contrast images are obtained from the 2-

dimensional fast Fourier transform and power spectral density analysis of these images. 

This method has been employed to follow changes in bulk heterojunction morphology with 

the variation in donor-acceptor ratio in blend and thermal annealing conditions. The near 

field transmission and PC measurements (fluorescence, transmission) can be further used to 

predict the 3-dimensional phase distribution in BHJ film. The attempt can be made by the 

reconstruction of 2-dimensional transmission and PC contrast images to a 3-domensioal 

image. The wavelength dependent absorption coefficient of donor polymer provides 

information about the vertical cross-section of heterojunction film. Following this 

procedure, by modulating the probe light intensity, a z-stack view or vertical cross-section 

image of the bulk film can be possible to obtain. Then the 3-diemnsional acceptor 

distribution can be estimated from the transmission contrast image whereas PC contrast will 

provide the vertical connectivity present in the bulk film.  

 These newly developed techniques are further utilized to understand and quantify 

the dissimilarity present in the D-A ratio between crystalline and amorphous blend for 

optimized device performance. The effects of acceptor concentration to initiate D-A phase 

separation in amorphous blend have been investigated. The requirement of lower acceptor 

ratio for crystalline blend is investigated following the optical transmission through phase 

separated microstructure, present in BHJ film. Results from these methods demonstrate that 

nature of the donor polymer determines the D-A ratio to develop an optimized BHJ 

morphology. Combination of these two methods can be farther employed for various D-A 

systems to probe, evaluate and arrive at an optimized network for efficient BHJ solar cell. 

 The approach designed to examine BHJ based solar cells can be utilized to optimize 

the processing parameters for recently reported materials, which demonstrate high 

efficiency. Further optimization of these devices may possibly lead to efficiencies 

exceeding the 10% range. 
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Appendix I  

Interpretation of the Decay Length  

 Considering nonlinear recombination process, continuity equation for carrier 

transport can be expressed as  

 
¢ ¢� � �à ¢� ¢�� � �à́  Ô + ,à  (A1.1) 

Where n represents total collection of carriers ( �  § +  u), D′ and k′r are the carrier 

diffusion and recombination rate constant with exponent γ where G′ is the carrier generation 

rate. Utilizing a partial differentiation, �Ów{Óu � Ów{Ówî
ÓwîÓu � equation reduces to  

 
¢ §¢�  1 + ¢ u¢ §¡ � �à ¢�¢�� * § +  u. � �à́ * § +  u.Ô + ,à  (A1.2) 

The equation can be expressed in terms of the free carrier density as  

 ¢ §¢� � � ¢� §¢�� � �´ §Ô + ,  (A1.3) 

Here D and kr are the modified diffusion constant and recombination rate in present of 

considerable trap state. At steady state and under small signal approximation   § �  " +∆  and ∆  " ≪ 1⁄ , continuity equation can further reduced to  

 � Ó�∆wÓ³� � �´2 "ÔR�∆ � 0 ⇒ 
Ó�∆wÓ³� � ∆wïð� � 0 where Λñ� � *D �´2 "ÔR�⁄ . (A1.4) 

Equation A1.4 provides an exponential solution ∆ � ∆ ������ � Λ⁄ �. Assuming 

generalized Einstein relation (equation 1.7), decay constant Λγ (i.e. decay length for γ = 1; 

Λ1 ≈ LD) has an inverse proportional relation with D, kr and ni.  
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Appendix II 

Numerical Calculation of Decay under DC Optical Bias 

 
 PC decay profile outside the overlap region at different background illumination 

demonstrates carrier recombination with the trapped carriers throughout their transit 

following different percolation paths to the electrode (Figure A-2.1). With increasing DC 

background, trap states near the demarcation energy get occupied with carriers which 

directly take part in the recombination and modify PC decay profile. The carrier 

recombination effect on lateral and vertical transport was estimated by comparing 

normalized PC response at different positions outside the electrode with different light bias.  

 

 Figure A-2.1: Schematic of electron (a) and hole (b) decay length measurement 

under constant DC optical bias. 

 In absence of background intensity, photo response amplitude at 100 µm away from 

the electrode edge decreases to ∼ 30 % of photo response at overlap region. Photo 

responsivity depletes nearly 70% as compared to overlap region in presence of 0.2 Sun 

background illumination. It reveals that bimolecular recombination between trap carriers 
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and photogenerated carriers dominate during lateral transport and it enhances under DC 

light bias correlating lower device efficiency at operating condition. 

 

Figure A-2.2: (a) Spatial PC decay measurement under different background 

illumination. (b) Variation of relative photo response at different distance from 

electrode edge with different background intensity. (c) Numerical simulation of 

number of carriers reached to the electrode under different background carrier 

concentration as presented on the legend (for 500 probe carriers). (d) Relative 

variation of carriers collected from different distance from edge at different 

background carrier concentration as experimentally observed in (b). 

 DC illumination provides a uniform background current which serves to replete 

these trap states with uniform charge generation all over the bulk. Thus in presence of 

steady state current, carrier transport can be explained by a combined process of relaxation 

and transport within a broad and continuous density of state. This idea has been utilized to 

model spatial PC profiles in asymmetric devices. The number of carrier generated at the 

distance x from the electrode edge assumed to be n
0(x) = PG, where P is the internal 

quantum efficiency, G the number of photon incident on the device. Interfacial geminate 

pair recombination also incorporated in the term P here. RR(x) denote as recombination 

resistance incorporating total recombination process during carrier transport to the electrode 

and follows inversely proportional relation with recombination rate. Considering trapping 

and bimolecular recombination process, the rate of carrier recombination during the travel 

to reach to the electrode from generation point is [269]  

 s��� � �1 � d�2� � �  "�� (A2.1) 
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where γ is the Langevin recombination factor (q(µn+µp)/ϵ), ni the intrinsic carrier 

concentration. Background illumination modifies the recombination rate of optically and 

electrically created excess carriers along with occupied trap carriers. These effects are 

incorporated in simulation by modifying intrinsic carrier concentration of device 

accompanying incident photon rate and external quantum yield. At small signal limit (IDC 

>> Iprobe), these carriers alters the overall recombination rate significantly and can be 

expressed in the mathematical formalism as 

 sà��� � �1 � dà�2� �r��r � Δ ��r � (A2.2) 

Where P′ is the position dependent internal quantum efficiency, nDC and pDC are photo-

generated carriers under DC illumination, ∆n is the carrier generated by probe intensity. As 

the current, following through the circuit is directly proportional to the number of carriers, 

the expression for the carrier extracted by the electrode from the generating point at distance 

x can be given as 

  ��� �  ���� ó1 + sà�������� ô⁄ �tõ⁄  (A2.3) 

For a given morphology, ξ and α were evaluated from the PC decay measurement in 

absence of background illumination, which in simulation are assumed to be 40 µm and 0.6 

respectively. In general, large intrinsic carrier density in devices significantly enhances 

Langevin recombination over trap-assisted recombination. Devices consists of low band gap 

donor and acceptor material (fullerene derivatives), bimolecular recombination at interfacial 

trap/localized states limits the FF and EQE of the device which finally inflicts solar cell 

performance under operating condition. 

MATLAB code for numerical calculation: 

gama=input('enter internal quantum efficiency'); 

g=input('enter number of probe photon'); 

% dn = no of carriers, nph = no of photon, b = decay length scale, 

DCG = no of DC photon, G = total carrier generation, Dp = DC carrier, 

nR = total recombination rate, ng = no of carriers after recombination, 

nx = no of carrier reaching to electrode from illumination point at distance x % 

dn = g; 
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nph=zeros(300,30); 

P=input('enter internal dissociation probability'); 

b = 2000;  

count=1; 

for DCG=10:10:300; 

 G=g+DCG; 

 Dp=DCG; 

i=linspace(1,300,300);  

 gama1 = gama*exp(-i/b); 

 nR =(1-P)*gama1*(((Dp)^2)+(dn*(Dp))); 

ng=P*g; 

nx=ng./(1+((nR.*exp((i/40). .̂65)))); 

nph(:,count)=nx; 

plot(i,nph(:,count));hold on 

count=count+1; 

end 
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Appendix III 

Transient Measurement at Low Temperature under Background 

Illumination 

 To evaluate the impact of occupied trap state in bulk transport and its influence on 

recombination process on device performance transient PC measurements (TPC) were 

carried out under constant DC illumination at various intensity levels. In low mobility 

photo-conducting material, transient PC measurements at different temperature provide 

direct information about the DOS following the dynamics of charge and their recombination 

process as they relax toward the tails of the density of states. Normalized transient profiles 

were found to be consistence with increasing probe pulse energy and background light over 

the range of intensity used. It indicates that our measurements are free from space charge 

limitation. Optical bias (DC illumination) itself causes exaction at traps which leads to 

saturation transient current with incomplete occupancy. To defeat this issue, transient 

measurement at different background intensity was utilized that provide trap dependent 

recombination carrier dynamics. Fast rise part of TPC is attributed to the transport of highly 

mobile carriers and slow decay components can be explained by the slower carriers 

transport complying trapping de-trapping process. Furthermore, change in TPC profiles and 

magnitude at different optical bias and temperature provide strong evidence that TPC 

profiles reflect tail states of DOS along with trap carrier dynamics. 

 At high temperature (350K – 300K), a direct influence of background light intensity 

on photo-response amplitude signifies that TPC dynamics follows the trapping process of 

charge rather than charge extraction. It also depicts that charge collection dynamics are 

much faster compare to the charge carrier loss through different process. Large time-scale 

thermal energy assisted de-trapping processes are evident from long tail in transient decay 

(375 K) profile.  
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Figure A-3: Temperature dependent transient PC measurements of BHJ film 

with 10 ns, 532 nm laser pulse (pulse energy∼ 80 nJ/sec) in presence of different 

background intensities (0 Sun to 0.5 Sun). 

 At high temperatures (375 – 275 K), background light intensity diminishes photo-

signal amplitude while consistent features are observed for normalized TPC profiles. Trap-

assisted recombination process is insignificant at this temperature range and carrier 

transport mainly governs by the temperature induced transport and demarcation energy in 

DOS system. At low background intensity, majority of the trap states are empty and 

photogenerated carriers from laser pulse descend into these traps state. Utilizing single 

exponential fit to TPC, trapping time scale is estimated − fraction of µs, while detrapping 

occurs at 2 − 10 µs time scale. In a given temperature, fast decay with increasing 

background intensity can be explained by inaccessibility of trap states (trap states are 

occupied with carriers generated from background illumination) for the photogenerated 

carriers from probe pulse. Transport energy and demarcation energy in the DOS gets 

modified at low temperature and only energetically sallow trap states contribute to the 
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electrical transport. Photogenerated carriers from the front of laser pulse, populate available 

traps and take a long transit time. In absence of sufficient trap occupation, a significant 

portion of the probe pulse generated carriers populate the lower part of HOMO DOS and 

upper part of LUMO DOS levels (> Et) and engender a ‘trap free’ transport. Following trap-

free transport, generated carriers from the next portion of probe pulse, transit rapidly. 

Simultaneously recombination probability gets enhanced at lower temperature with lower 

carrier mobility and de-trapping rates (low thermal energy). At 150K, large proportion of 

trap states get frozen (low detrapping rate) and trap-free carries are departed with fast 

transient decay (∼ 700 ns). A reversed transient PC was observed at low temperature range 

(175, 150 K) between 1 – 4 µs. During free carrier transport, the discrepancy between 

electron and hole mobilities is the origin for this behavior. At short circuit condition, and 

considering enhanced generation near cathode electrode, electron diffused much faster to 

the electrode in comparison to hole. This slowly diffused hole has negative current signature 

compared the hole drift current. So reverse response in the PC transient results from the 

hole diffusion rather than the electron.  

 The amount of charge extracted (∆Q) from device subsequent to each laser pulse 

was estimated by integrating these TPC profiles. Total charge extraction reduces with 

temperature due to unavailable of accessible DOS. In conclusion, this analysis helps to 

examine the role of the localized trap states which influence both the total charge present in 

the device and the decay dynamics at any instant. It is also an extensive evidence for carrier 

trapping and associated energetic disorder, which strongly influenced the transport 

dynamics of the organic solar cell under solar illumination. 
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