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Chapter 1 
 

Introduction 
 

1.1. Scope of the Spectroscopic Studies on Photoreactivity of 

Inorganic Nanocrystals and Medicinally Important Organic 

Dyes: 

„Photoreactivity‟ is a general name for a group of rather different types of reactions 

occurring in most redox-active systems, including inorganic nanostructures associated with 

some organic dyes having some medicinal significance. It is well-recognized that optical 

radiation can change the properties in those inorganic−organic nanohybrid materials and 

the great majority of those materials absorb UV and an appreciable amount of visible 

radiation. Therefore, absorption is a first indication that a compound may participate in a 

photochemical process, thereby having the potential of being photoreactive. The 

importance of photoreactivity of some organic dyes lies in various fields of science like 

photodynamic therapy, bioremediation in biomedical applications. Some of the 

medicinally important organic dyes are also well-known as photosensitizers. All of these 

photoreactivities of a photosensitizer are associated with ultrafast electron or electronic 

energy transfer processes from a donor to an acceptor molecule, but the degree and 

character of excited-state deactivation varies strongly from case to case. Therefore, 

ultrafast spectroscopic technique is an ideal tool for probing such charge carrier dynamics 

in nanohybrid materials. 

In many fields of research, nanomaterials have played a key role due to their unique 

optical and electronic properties, which strongly depend on their size, shape and surface 

properties. In the size regime of 2 to ~20 nm, the electronic structure and optical properties 

of materials can be tuned by varying the physical size of the crystal, leading to new 

phenomena, such as surface plasmon resonance in Au and Ag nanoparticles (NPs) [1], 

size-dependent band-gap of semiconductor nanomaterials [2], and the defect-mediated 

room-temperature photoluminescence from ZnO NPs [3-4]. These phenomena open 

interesting opportunities to utilize the nanomaterials as building blocks of light-harvesting 
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systems. Areas of particular interest are their role in capturing incident photons to induce 

charge separation in dye/quantum dot (QD)-sensitized solar cells [5-15] and photocatalyst 

systems [16-18]. Efficient transfer of electrons or electronic energy across the 

semiconductor interface is the key for the efficiency of converting light energy into 

electricity or photoinduced catalytic activity. Therefore, a fundamental understanding of 

the mechanisms and dynamics of these ultrafast charge transfer processes is crucial from 

the viewpoint of developing efficient light-harvesting systems and for their large-scale 

industrialization. At present, however, the drawbacks include the toxicity, cost hike and 

low abundance of the raw materials, which are the major barriers that are holding back 

progress and this thesis attempts to identify some of the factors that determine solar cell 

performance. Another setting that requires attention is the potential to combat jaundice 

when excess bilirubin (BR) bind and deposit to various tissues, giving rise to severe 

hyperbilirubinemia and neurotoxicity. Within the scope of the thesis, we investigated the 

utilization of nanomaterials in medical science, which has been a promising direction over 

a past few years in nanotechnology [19], particularly in drug delivery [20], cancer cell 

diagnostics [21], and therapeutics [22]. 

The key focus of this thesis is to investigate the excited-state dynamics of 

nanomaterials when they are in a close proximity of other organic, inorganic and biological 

macromolecules, which is important from both fundamental and application perspectives, 

such as, light-harvesting devices, efficient photocatalysts and phototherapeutic agents. For 

example, we have explored a novel mechanism for ZnO NP-sensitized BR degradation via 

defect-mediated nonradiative energy transfer pathway, and rigorous medical trials are 

likely to offer phototherapeutic improvements in the treatment of hyperbilirubinemia. By 

using a picosecond-resolved Förster resonance energy transfer (FRET) technique, we have 

demonstrated the role of the gold layer in promoting photoinduced charge transfer from 

ZnO−Au nanocomposite (NC) to a model contaminant methylene blue (MB). Due to the 

formation of the Schottky barrier at the ZnO−Au interface and the higher optical 

absorptions of the ZnO−Au photoelectrodes arising from the surface plasmon absorption of 

the Au NPs, enhanced power-conversion efficiency was achieved compared to bare ZnO-

based dye-sensitized solar cells (DSSCs). In another study, potential cosensitization of 

extrinsic sensitizer CdTe QDs in ZnO nanorod (NR)-based DSSCs has been established, 
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and the multipath enhancement offered in this device architecture results in an increased 

and extended photoresponse with respect to the individual materials employed. We have 

also revealed that biomolecules and NPs can be linked to prepare a novel multifunctional 

bio-nanocomposite (BNC) that is able to recognize and efficiently reduce target organic 

molecules. Another study provides a mechanistic explanation for the ultrafast excited-state 

deactivation by considering every single aspect of the quenching mechanisms, namely 

photoinduced electron transfer (PET), FRET and nanosurface energy transfer (NSET) from 

the host porous alumina membrane to different guest molecules, which may find its 

importance in the use of porous alumina in light-harvesting devices. Finally, we have 

demonstrated the exciting potential of porphyrins as light-harvesting green dyes that can 

simultaneously be used in visible-light photocatalysis (VLP) and photovoltaics. 

The experimental tools used for studying the dynamical processes involve 

picosecond and femtosecond-resolved carrier relaxation dynamics, such as, PET, FRET or 

NSET, irradiation induced luminescence enhancement (IILE) effect, Langmuir− 

Hinshelwood (L−H) model for surface catalysis and various characterization tools of 

photovoltaic solar cells. The different experimental techniques employed for the structural 

and functional characterization of the nanomaterials and their conjugates include steady-

state UV-vis absorption and fluorescence, enzyme kinetics, thermogravimetric analysis 

(TGA), picosecond and femtosecond-resolved fluorescence spectroscopy, Fourier 

transform infrared spectroscopy (FTIR), Raman scattering, X-ray diffraction (XRD), 

circular dichroism (CD), scanning electron microscopy (SEM) and high-resolution 

transmission electron microscopy (HRTEM), water contact angle (WCA) measurement, 

photoconductivity, incident photon-to-current conversion efficiency (IPCE) and 

photocurrent−voltage (J−V) measurements. 

1.2. Objective: 

Photon can be considered as an ultimate reagent to initiate reactivity in certain materials; 

unlike many conventional reagents, light is environmentally friendly, generates no ravage, 

and can be obtained from renewable sources. Beneficial as well as adverse reactions of 

solar light have been known for many centuries, and visible-light has always been used for 

many therapeutic purposes also. However, the basic insights into mechanism and dynamics 
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would be imperative for the practical utilization of light reactions, which will be the key 

objective of this thesis. 

Nowadays, use of NPs in medical science is a promising direction in 

nanotechnology [19]. Their applications in drug delivery [20], cancer cell diagnostics [21], 

and therapeutics [22] have been active fields of research. In one of our studies, we have 

demonstrated the potential use of ZnO NPs as phototherapeutic agents, where defect-

mediated emission from NP surface introduces a pathway to degrade BR [23]. Although 

the photoexcited charge transfer is widely used in the remediation of chemical 

contaminants, to the best of our knowledge, no effort has been made to utilize the visible 

emission of ZnO in order to degrade any organic contaminants. To investigate the most 

effective phototherapeutic ZnO nanostructure, their physicochemical properties, which 

include size, shape, morphology and surface chemistry, have also been investigated. 

Improving the performance of photoactive solid-state devices begins with 

systematic studies of the metal–semiconductor NCs upon which such devices are based. In 

the structure of composite nanocluster-based DSSCs, Au NPs are employed to facilitate 

efficient charge separation, thus serving as a Schottky barrier for reducing the rate of 

electron–hole recombination [24]. Earlier research indicates improved device performance 

by using Au Schottky contacts in photovoltaic cells [25]. In another investigation [26], it 

was shown that the photoelectrochemical performance of nanostructured TiO2 films could 

be improved by coupling to noble metal NPs. Using the hypothesis of Fermi level 

equilibration, it has been possible to understand the increase in the photovoltage of TiO2–

Au films [26-27], as well as the charging effects in metal–semiconductor colloids [28-31]. 

Although there have been many attempts to obtain improved device performance with 

metal–semiconductor NCs, the mechanism of charge separation as well as the excitation-

dependent interfacial charge transfer kinetics in the nanoscale regime are yet to be fully 

understood. One of our studies in this direction is aimed at elucidating the mechanism of 

pronounced intrinsic emission from colloidal ZnO and ZnO–Au NCs upon above band-

edge and below band-gap excitation [32]. To probe the correlation between dynamics of 

photogenerated carrier trapping at the defect sites and kinetics of charge migration from 

ZnO and ZnO–Au semiconductors, MB degradation was examined using UV-light and 

optical filters. Finally, we have designed a model DSSC based on ZnO NPs which leads to 
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an increase in short-circuit photocurrent (Jsc) and improved overall efficiency () in the 

presence of Au NPs. 

The sensitizing dye (SD) is an essential constituent in nanocrystalline DSSCs that 

has a potential for future photovoltaic applications owing to the lower fabrication costs of 

solar cells with acceptable conversion efficiencies [33-34]. However, dyes with strong 

absorptivity do not typically exhibit broad absorption overlapping the solar spectra, which 

is one of the major pitfalls of using dyes as photosensitizers in solar cells. Therefore, the 

utilization of two sensitizers (one acting as energy donor while the other as an acceptor) 

can be very useful in order to achieve both broadening of optical absorption region in 

DSSCs, as well as increasing the absolute loading of absorbing media on the 

semiconductor. This novel approach is based on FRET, which has recently experienced a 

significant interest of several groups [9, 35-39] including ours [32, 40]. By using 

spectroscopic techniques, we have demonstrated the utilization of dual-sensitization in a 

CdTe QD-assembled N719-based DSSCs [41]. The cosensitization in the presence of 

CdTe QDs leads to a significant increment in photocurrent throughout the visible spectral 

region and also enhances the short-circuit current density as additional photogenerated 

charge carriers from N719 dyes (via FRET) adds up to the net photocurrent. 

The use of proteins and peptides to direct the in vitro synthesis of inorganic NPs is 

attractive for a number of reasons [42]. Due to their extremely high surface-to-volume 

ratio, NPs have a very active surface chemistry in comparison to bulk materials; hence, in 

biological applications they tend to reduce their large surface energy by interaction with 

the medium components in which they are dispersed [43-44]. Thus, the dispersion of NPs 

in a biological medium results in their surfaces (as with bulk materials) being covered by a 

complex layer of biomolecules, which may induce interesting multifunctional properties in 

the BNCs. In this respect, we have shown that biomolecules and NPs can be linked to 

prepare a novel BNC that is able to recognize and efficiently reduce target organic 

molecules [45]. A simple, fast, water-soluble, and green phosphine free colloidal synthesis 

strategy has been developed for the preparation of multifunctional protein (enzyme)-

capped ZnS NPs with/without transitional metal-ion doping. A detailed study on the 

photoselective excited state dynamics and electron migration in such NPs in a biological 

macromolecular environment is sparse in literature and is one of the motives of the present 
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work. The studies are important in the context that the interaction of NPs with proteins 

[46] has emerged as a key parameter in nanomedicine and nanotoxicology [47]. 

At present time, anodic aluminum oxide (AAO) is an important material for a 

variety of nanotechnological applications because its unique nanoporous honeycomb 

structure can act as a template for the fabrication of other nanostructured materials [48-54]. 

To enable studies of the interesting properties appearing for NCs or nanodevices related to 

AAO films, a complete understanding of the self-properties of the AAO membranes is 

essential and necessary. Based on this idea, we aimed to establish the electrochemically 

grown (AAO) membrane as an advantageous light-harvesting material depicting both 

energy and electron transport ability in the presence of organic molecules and inorganic 

nanostructures [55]. The study will provide a mechanistic explanation for the ultrafast 

excited state deactivation by considering every single aspect of the quenching mechanisms, 

namely PET, FRET and NSET from the host AAO membrane to different guest molecules. 

Based on these techniques, the location of the oxygen defect center was assigned and their 

distances from the surface adsorbed acceptor molecules were reported. The present work 

may find its applications in the use of porous alumina in light-harvesting devices. 

Light-harvesting nanohybrids (LHNs) are of another current interest, as the simple 

search for individual nanomaterials no longer incites broad scientific interests for specific 

high-end applications. Most of these LHNs are composed of an inorganic nanostructure 

associated with an organic pigment. For example, association of a ruthenium-based 

sensitizer N719 with TiO2 or ZnO nanomaterials leads to very efficient LHNs for DSSC 

applications [56-59]. Although various organic−inorganic LHNs are found to be active for 

energy conversion, we come up with an approach to achieve both the eco-friendly VLP 

process and cost-effective DSSC with a model LHN [60]. In this work, hematoporphyrin 

(HP) has been conjugated onto covalently functionalized ZnO NRs, forming electron 

donor−acceptor HP−ZnO nanohybrids, which were being established as potential light-

harvesting materials. We believe these promising LHNs to find their dual applications in 

organic electronics and for the treatment of contaminants in wastewater. 
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1.3. Summary of the Work Done: 

I. Photoreactivity of Inorganic Nanoparticles in the Proximity of 

Bilirubin, a Potential Jaundice Marker: 

A. Nanoparticle-Sensitized Photodegradation of Bilirubin and Potential Therapeutic 

Application [23]: 

Bilirubin (BR) is a protective antioxidant; however, when its conjugation and excretion are 

impaired, as in neonatal and hereditary jaundice, BR accumulates and may cause severe 

neurotoxicity. In the present study, we report a novel mechanism for ZnO NP-sensitized 

BR degradation via defect-mediated nonradiative energy transfer pathway. Among 

different sizes and shapes, ZnO particles with diameter of 5 nm having very high 

concentration of defect states were found to be the most effective catalyst, which 

particularly follows a pseudo first-order kinetics validating the Langmuir−Hinshelwood 

(L−H) model of surface catalysis. The nontoxic wide band-gap ZnO NPs essentially 

transmit defect-mediated visible optical radiation, which is not supposed to interfere with 

the conventional phototherapy process. Therefore, the recyclable ZnO nanocatalysts 

essentially invite an added advantage in potential therapeutic applications, which has been 

explored in a flow-device in the present study. 

II. Excited State Dynamics of Electron/Energy Transfer in 

Metal−Semiconductor Nanocomposites and their Implications in the 

Proximity of Organic Dyes: 

A. Photoselective Excited State Dynamics in ZnO−Au Nanocomposites and their 

Implications in Photocatalysis and Dye-Sensitized Solar Cells [32]: 

Improving the performance of photoactive solid-state devices begins with systematic 

studies of the metal–semiconductor NCs upon which such devices are based. In the present 

contribution, we have explored the photodependent excitonic mechanism and the charge 

migration kinetics in a colloidal ZnO–Au NC system. By using a picosecond-resolved 

FRET technique, we have demonstrated that excited ZnO NPs resonantly transfer visible 
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optical radiation to the Au NPs, and the quenching of defect-mediated visible emission 

depends solely on the excitation level of the semiconductor. The role of the gold layer in 

promoting photolytic charge transfer, the activity of which is dependent upon the degree of 

excitation, was probed using MB reduction at the metal−semiconductor interface. The 

IPCE measurements show improved charge injection from a SD to a semiconductor 

electrode in the presence of gold at visible region. Furthermore, the short-circuit current 

density and the energy conversion efficiency of the ZnO–Au NCs-based DSSC are much 

higher than those of a DSSC comprised of only ZnO NPs. Our results represent a new 

paradigm for understanding the mechanism of defect-state passivation and photolytic 

activity of the metal component in metal–semiconductor NC systems. 

B. Highly Efficient ZnO−Au Schottky Barrier Dye-Sensitized Solar Cells: Role of 

Gold Nanoparticles on the Charge Transfer Process [61]: 

As a complementary of the previous study, the role of Au NPs on the charge transfer 

process has also been investigated in ZnO NR-based devices. For this purpose, ZnO NRs 

decorated with gold NPs were synthesized and used to fabricate DSSCs. The time-

correlated single photon count (TCSPC) spectroscopy technique was used to explore the 

charge transfer mechanism in the ZnO−Au NC-based DSSCs. Due to the formation of the 

Schottky barrier at ZnO−Au interface and the higher optical absorptions of ZnO−Au 

photoelectrodes arising from the surface plasmon absorption of the Au NPs, enhanced 

power-conversion efficiency (PCE) of 6.49% for small-area (0.1 cm
2
) ZnO−Au NC DSSC 

was achieved compared to 5.34% efficiency of the bare ZnO NR-based DSSCs. The 

picosecond-resolved fluorescence studies revealed similar dynamics for the charge transfer 

from dye molecules to ZnO both in the presence and absence of Au NPs. For large area 

DSSCs (1 cm
2
), ~130% enhancement in PCE (from 0.50% to 1.16%) was achieved after 

incorporation of the Au NPs into the ZnO NRs. 
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III. Metal Oxide Semiconductors in the Simultaneous Proximity of 

Organic Dyes and Quantum Dots: 

A. “Dual-Sensitization” via Electron and Energy Harvesting in CdTe Quantum Dots 

Decorated ZnO Nanorod-based Dye-Sensitized Solar Cells [41]: 

In this study, different-sized, 3-mercaptopropionic acid (MPA)-stabilized CdTe QDs have 

been prepared in aqueous solution, and potential cosensitization of such QDs in ZnO NR-

based DSSCs has been established. The results presented in this study highlight two major 

pathways by which CdTe QDs may contribute to the net photocurrent in a DSSC: (1) a 

direct injection of charge carriers from QDs to ZnO semiconductor via PET and (2) an 

indirect excitation of the sensitizer N719 molecules by funneling harvested light via FRET. 

The steady-state and picosecond-resolved luminescence measurements were combined to 

clarify the process of PET and FRET from the excited QDs to ZnO NR and SD N719, 

respectively. On the basis of these advantages, the short-circuit current density and the 

photoconductivity of the QD-assembled DSSCs with distinct architectures are found to be 

much higher than DSSCs fabricated with N719 sensitizer only. 

IV. Photoinduced Dynamical Processes and Promising Applications of a 

Potential Bio-Nanocomposite: 

A. Protein-Mediated Synthesis of Nanosized Mn-Doped ZnS: A Multifunctional, UV-

Durable Bio-Nanocomposite (BNC) [45]: 

The design of synthetic NPs capable of recognizing given chemical entities in a specific 

and predictable manner is of great fundamental and practical importance. In this study, we 

addressed a simple, fast, water-soluble, and green phosphine free colloidal synthesis route 

for the preparation of multifunctional enzyme-capped ZnS BNCs with/without transitional 

metal-ion doping. The enzymes α-Chymotrypsin (CHT), associated with the NPs, are 

demonstrated as an effectual host for organic dye MB revealing the molecular recognition 

of such dye molecules by the BNCs. An effective hosting of MB in the close proximity of 

ZnS NPs (with ∼3 nm size) leads to photocatalysis of the dyes which has further been 

investigated with doped-semiconductors. The NP-associated enzyme CHT is found to be 
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active toward a substrate (Ala-Ala-Phe-7-amido-4-methyl coumarin), hence leads to 

significant enzyme catalysis. The IILE measurements on the BNCs clearly interpret the 

role of surface capping agents which protect against deep UV damaging of ZnS NPs. 

V. Ultrafast Photoinduced Energy/Electron Transfer from a 

Technologically Important Nanoporous Host Membrane to Various 

Inorganic/Organic Guests: 

A. Ultrafast Excited State Deactivation of Doped Porous Anodic Aluminum Oxide 

(AAO) Membranes [55]: 

Free-standing, bi-directionally permeable and ultra-thin AAO membranes establish 

attractive templates (host) for the synthesis of nanodots and rods of various materials 

(guest). This is due to their chemical and structural integrity and high periodicity on length 

scales of 5–150 nm, which are often used to host photoactive nanomaterials for various 

device applications including DSSCs. In the present study, AAO membranes are 

synthesized by using electrochemical methods and a detailed structural characterization 

using FEG (Field Emission Gun)-SEM, XRD and TGA confirms the porosity and purity of 

the material. Defect-mediated photoluminescence quenching of the porous AAO 

membrane in the presence of an electron accepting guest organic molecule (p-

benzoquinone) is studied by means of steady-state and picosecond/femtosecond-resolved 

luminescence measurements. Using time-resolved luminescence transients, we have also 

revealed light harvesting of complexes of porous alumina impregnated with inorganic QDs 

(Maple Red) or Au nanowires. Both the FRET and NSET techniques are employed to 

examine the observed quenching behavior as a function of the characteristic donor–

acceptor distances. The experimental results will find their relevance in light-harvesting 

devices based on AAOs combined with other materials involving a decisive energy/charge 

transfer dynamics. 
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VI. Photosensitization Dynamics of Metal Oxide Semiconductors by 

Medicinally Important Porphyrins: Towards „Two-in-One’ Applications: 

A. Hematoporphyrin−ZnO Nanohybrids: Twin Applications in Efficient Visible-

Light Photocatalysis and Dye-Sensitized Solar Cells [60]: 

Light-harvesting nanohybrids (LHNs) are systems composed of an inorganic nanostructure 

associated with an organic pigment that have been exploited to improve the light-

harvesting performance over individual components. The present study is focused on 

developing a potential LHN, attained by the functionalization of dense arrays of ZnO NRs 

with a biologically important organic pigment hematoporphyrin (HP), which is an integral 

part of red blood cells (hemoglobin). Application of spectroscopic techniques, namely, 

FTIR and Raman scattering, confirm monodentate binding of HP carboxylic groups to 

Zn
2+

 located at the surface of ZnO NRs. Picosecond-resolved fluorescence studies on the 

resulting HP−ZnO nanohybrid show efficient electron migration from photoexcited HP to 

the host ZnO NRs. This essential photoinduced event activates the LHN under sunlight, 

which ultimately leads to the realization of visible-light photocatalysis (VLP) of a model 

contaminant MB in aqueous solution. A control experiment in an inert gas atmosphere 

clearly reveals that the photocatalytic activity is influenced by the formation of reactive 

oxygen species (ROS) in the media. Furthermore, the stable LHNs prepared by optimized 

dye loading have also been used as an active layer in DSSCs. We believe these promising 

LHNs to find their dual applications in organic electronics and for the treatment of 

contaminants in wastewater. 
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1.4. Plan of Thesis: 

The plan of the thesis is as follows: 

Chapter 1: This chapter gives a brief introduction to the scope and motivation behind the 

thesis work. A brief summary of the work done is also included in this chapter. 

Chapter 2: This chapter provides an overview of the dynamical and steady-state tools, the 

structural aspects of biologically important systems (proteins) and probes used in the 

research. 

Chapter 3: Details of instrumentation, data analysis and experimental procedures have 

been discussed in this chapter. 

Chapter 4: In this chapter, a novel mechanism for ZnO NP-sensitized BR degradation via 

FRET process has been reported, which makes this recyclable ZnO NP photocatalyst 

promising to be useful in the future technology of BR phototherapy. A FRET-based 

phototherapeutical device involving ZnO NP thin film has also been demonstrated in order 

to degrade BR when attached to albumin. 

Chapter 5: The photodependent excitonic mechanism and the charge migration kinetics in 

a colloidal ZnO–Au NC system have been explored. By fabricating ZnO and ZnO−Au-

based DSSCs, we have also demonstrated that the incident photon-to-current conversion 

efficiency and short-circuit current are significantly improved in the presence of Au NPs, 

which is attributed to the formation of the Schottky barrier at the ZnO−Au interface and 

higher optical absorptions of the ZnO−Au photoelectrodes arising from the surface 

plasmon absorption of Au NPs. 

Chapter 6: In this chapter, different-sized, 3-mercaptopropionic acid (MPA)-stabilized 

CdTe QDs have been prepared in aqueous solution, and potential cosensitization of such 

QDs in ZnO NR-based DSSCs has been established. 

Chapter 7: In this chapter, we report a simple, fast, water-soluble, and green phosphine 

free colloidal synthesis route for the preparation of multifunctional enzyme-capped ZnS 

bio-nanocomposites (BNCs) with/without transitional metal-ion doping. 

Chapter 8: This chapter deals with a mechanistic explanation for the ultrafast excited state 

deactivation of anodic aluminium oxide (AAO) membrane by considering every single 
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aspect of quenching mechanisms, namely PET, FRET and NSET from the host AAO 

membrane to different guest molecules. 

Chapter 9: This chapter demonstrates the exciting potential of porphyrins as light-

harvesting green dyes that can be used in the „two-in-one’ applications of visible-light 

photocatalysis and photovoltaics. 
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Chapter 2 

 

An Overview of Steady-State and Dynamical 

Tools and Systems 

 

In order to investigate the ultrafast processes involved in the studies on chemically and 

biologically relevant aqueous/non-aqueous environments, different steady-state and 

dynamical tools have been employed. These include photoinduced electron transfer (PET), 

Förster resonance energy transfer (FRET), nanosurface energy transfer (NSET), irradiation 

induced luminescence enhancement (IILE) effect, Langmuir−Hinshelwood (L−H) model 

for surface catalysis and photocurrent−voltage (I−V) characterization of photovoltaic solar 

cells. In this chapter, we have included a brief discussion about the above mentioned tools. 

Overviews of the various systems and the fluorescent probes used in the studies have also 

been provided. 

2.1. Steady-State and Dynamical Tools: 

2.1.1. Photoinduced Electron Transfer (PET): PET can be described most simply as the 

movement of an electron, caused by the absorption of light, from an electron-rich species 

(a donor D) to an electron deficient species (an acceptor A), as shown in equation 2.1. 

    
  ADAD       (2.1) 

 The first law of photochemistry tells us that a photoinduced process must be 

initiated by the absorption of light. In PET, the absorbing species can either be a donor, the 

acceptor, or a ground-state complex between the donor and acceptor, often referred to as a 

charge transfer complex. These possibilities are shown in equations 2.2−2.4. 

   
  ADADD h *
    (2.2) 

   
  ADDAA h *

    (2.3) 

   
  ADADAD h *)()(  

   (2.4) 
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Transports of charges or excitons are commonly seen fundamental processes in many 

optoelectronic devices as well as biological systems. The creation, diffusion, and 

annihilation for excitons and the mobility of charges are some of the key processes in 

many devices that interconvert electric and light energies [1-2]. PET is an important 

process in many biochemical systems, such as those in respiration and photosynthesis [3-

4]. To gain a deep understanding for these systems, it is important to describe the rates of 

these processes with a few empirically derived parameters [5-6]. Therefore, it has become 

increasingly important to develop computational techniques that allow us to calculate the 

rate of charge or energy transport. In our systems the apparent rate constants, knr, were 

determined for the nonradiative processes by comparing the lifetimes of donor in the 

absence (0) and in the presence () of an acceptor, using equation 2.5 [7]. 

   
011 τ/τ/knr        (2.5) 

 This Thesis demonstrates several PET processes, particularly in light-harvesting 

devices and in visible-light photocatalysis, and discusses strategies to overcome the 

limitations of various interfacial electron transfer processes. In a dye/quantum dot-

sensitized solar cells (DSSC/QDSCs), a series of charge transfer processes had to occur 

cooperatively so that the electrical output can be harnessed efficiently. These include (i) 

electron injection from excited dye/QD into metal oxides, (ii) electron transport to the 

collecting electrode surface, (iii) hole transfer to the redox couple, and (iv) regeneration of 

the redox couple at the counter electrode. A major force that counteracts these favourable 

processes (i−iv) is the charge recombination of electrons at the electrolyte interface. The 

matching of the band energies of the two semiconductors facilitates desired functionality 

either to induce electron−hole recombination (e.g., light-emitting diodes) or to improve 

charge separation by driving electrons and holes in two different nanoparticles (e.g., 

QDSCs). In each instance where semiconductor nanocrystals are implemented into a 

practical device, PET reactions are intimately involved, and they dictate overall 

functionality. This Thesis focuses on the recent progress made in understanding the 

kinetics and mechanistic aspects of various PET processes at the semiconductor interface 

and their role in optimization of solar cell performance. 
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2.1.2. Förster Resonance Energy Transfer (FRET): FRET is an electrodynamic 

phenomenon involving the nonradiative transfer of the excited state energy from the donor 

dipole (D) to an acceptor dipole (A) in the ground-state (Figure 2.1a). FRET has been 

widely used in fluorescence applications including medical diagnostics, DNA analysis and 

optical imaging. Since, FRET can measure the size of a protein molecule or the thickness 

of a membrane, it is also known as “spectroscopic ruler” [8]. FRET is very often used to 

measure the distance between two sites on a macromolecule. Basically, FRET is of two 

types: (a) homomolecular FRET and (b) heteromolecular FRET. In the former case, the 

same fluorophore acts both as energy donor and acceptor, while in the latter case two 

different molecules act as donor and acceptor. 

 Each donor−acceptor (D−A) pair participating in FRET is characterized by a 

distance known as Förster distance (R0) i.e., the D−A separation at which energy transfer is 

50% efficient. The R0 value ranges from 20 to 60 Å. The rate of resonance energy transfer 

(kT) from donor to an acceptor is given by [9], 

    

6

0

D

T
r

R1
k 










      (2.6) 

where, D is the lifetime of the donor in the absence of the acceptor and r is the donor to 

acceptor (D−A) distance. The rate of transfer of donor energy depends upon the extent of 

overlap of the emission spectrum of the donor with the absorption spectrum of the acceptor 

(J()), the quantum yield of the donor (QD), the relative orientation of the donor and 

acceptor transition dipoles (2
) and the distance between the donor and acceptor molecules 

(r) (Figure 2.1b). In order to estimate FRET efficiency of the donor and hence to determine 

distances between D−A pairs, the methodology described below is followed [9]. R0 is 

given by, 

   6142

0 2110 λJQnκ.R D

  (in Å)    (2.7) 

where, n is the refractive index of the medium, QD is the quantum yield of the donor and 

J() is the overlap integral. 2
 is defined as, 

   222 coscos2cossinsincoscos3cos ADADADT θθφθθθθθκ   (2.8) 
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where, T is the angle between the emission transition dipole of the donor and the  

 

 

Figure 2.1. a) Schematic illustration of the Förster resonance energy transfer (FRET) process.  

b) Dependence of the orientation factor 2
 on the directions of the emission and absorption dipoles 

of the donor and acceptor, respectively. 

 

absorption transition dipole of the acceptor, D and A are the angles between these dipoles 

and the vector joining the donor and acceptor and  is angle between the planes of the 

donor and acceptor (Figure 2.1b).2
 value can vary from 0 to 4. For collinear and parallel 

transition dipoles, 2 
= 4; for parallel dipoles, 2 

= 1; and for perpendicularly oriented 

dipoles, 2 
= 0. For donor and acceptors that randomize by rotational diffusion prior to 

energy transfer, the magnitude of 2
 is assumed to be 2/3. J(), the overlap integral, which 

expresses the degree of spectral overlap between the donor emission and the acceptor 

absorption, is given by, 




