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Developing a fundamental understanding of photocurrent generation processes at 

organic-inorganic interfaces is critical for improving hybrid solar cell efficiency and 

stability. This dissertation explores processes at these interfaces by combining data from 

photovoltaic device performance tests with characterization experiments conducted 

directly on the device. The dissertation initially focuses on exploring how 

morphologically and chemically modifying the organic-inorganic interface, between 

poly(3-hexylthiophene) (P3HT) as the electron donating light absorbing polymer and 

titanium dioxide (TiO2) as the electron acceptor, can result in stable and efficient hybrid 

solar cells. Given the heterogeneity which exists within bulk heterojunction devices, 

stable interfacial prototypes with well-defined interfaces between bilayers of TiO2 and 

P3HT were developed, which demonstrate tunable efficiencies ranging from 0.01 to 1.6 

%. Stability of these devices was improved by using Cu-based hole collecting electrodes. 

Efficiency values were tailored by changing TiO2 morphology and by introducing sulfide 

layers like antimony trisulfide (Sb2S3) at the P3HT-TiO2 interface. The simple bilayer 
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device design developed in this dissertation provides an opportunity to study the precise 

role played by nanostructured TiO2 surfaces and interfacial modifiers using a host of 

characterization techniques directly on a working device. Examples introduced in this 

dissertation include X-ray photoelectron spectroscopy (XPS) depth profiling analysis of 

metal-P3HT and P3HT-TiO2 interfaces and Raman analysis of bonding between interface 

modifiers like Sb2S3 and P3HT. The incompatibility of TiO2 with P3HT was significantly 

reduced by using P3HT derivatives with –COOH moieties at the extremity of a polymer 

chain. The role of functional groups like -COOH in interfacial charge separation 

phenomena was studied by comparing the photovoltaic behavior of these devices with 

those based on pristine P3HT.  

Finally, for hybrid solar cells discussed in this dissertation to become 

commercially viable, high temperature processing steps of the inorganic TiO2 layer must 

be avoided. Accordingly, this dissertation demonstrates the novel use of electromagnetic 

radiation in the form of microwaves to catalyze growth of anatase TiO2 thin films at 

temperatures as low as 150 
o
C, which is significantly lower than that used in conventional 

techniques. This low temperature process can be adapted to a variety of substrates and 

can produce patterned films. Accordingly, the ability to fabricate TiO2 thin films by the 

microwave process at low temperatures is anticipated to have a significant impact in 

processing devices based on plastics. 
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Chapter 1: Introduction 

 

The global population is set to grow from 7 billion to almost 9 billion by 2040, 

leading to an exponential growth in demand for resources like food, water, and energy 

[1]. In fact, it is estimated that by 2030, the world population will require at least 45 % 

more energy, without which up to 3 billion people could be condemned to a life of 

poverty. Currently, over 1.3 billion people worldwide lack access to electricity and 2.7 

billion people still burn biomass for their domestic needs. In spite of international climate 

change agreements like the Kyoto Protocol, annual global carbon dioxide (CO2) 

emissions from fossil fuel use has increased by 38 % between 1990 and 2009, reaching 

389 parts per million (ppm) in 2010.  The rate of growth has reportedly accelerated since 

2000. The United Nations Environment Program (UNEP) forecasts that current trends 

could lead to a likely global temperature increase of between 2.5 to 5 
o
C by the turn of 

the century, causing lasting changes in the global climate, rise in sea levels, ecosystem 

changes, and consequent changes in crop yield. The ensuing weather-related disasters, 

diseases, and food shortages can put millions of lives at risk. In light of these 

developments, energy will be the greatest challenge facing humankind in the 21st 

century, and alternative energy sources and technologies are required to address this 

challenge. 

 

1.1 SOLAR ENERGY 

In order to address the impending energy problems and environmental concerns, 

several alternative energy sources and technologies are being intensively pursued, namely 

solar, wind, nuclear, geothermal, hydroelectric, fuel cells, high energy density batteries, 

and supercapacitors. As depicted in Figure 1.1, of all our available energy resources (both 
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renewable and non-renewable), solar energy is the most abundant. In fact, the amount of 

energy received from the sun every hour exceeds the annual global energy requirements 

[2]. However, we are yet to develop comprehensive methods to completely utilize this 

powerful energy source. Solar thermal systems, which convert solar energy into heat, 

were among the earliest man-made solar energy harnessing systems. Such passive 

systems are ideal for applications like solar water heating. Solar cells or photovoltaic 

(PV) cells, which convert solar photons directly into electricity, were first used for space 

applications like satellites [3,4]. Conventionally, such solar cells use silicon and III-V 

compounds like gallium arsenide as the active material.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Global energy resources. Source: European Photovoltaic Industry 

Association.  
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1.2 SOLAR CELLS 

1.2.1 Physics of a solar cell 

 A solar cell forms the basic building block of a photovoltaic device. As depicted 

in Figure 1.2, a solar cell behaves like a p-n junction device that conducts like a diode in 

the dark and generates a photovoltage when illuminated by solar radiation [3,4]. The 

appearance of a forward voltage across an illuminated junction is known as the 

photovoltaic effect. Under illumination, a single silicon solar cell generates an open 

circuit photovoltage (Voc) of 0.5 to 1 V, and a short circuit photocurrent (Isc) of 10-100 

mA, depending on the area of the solar cell and the intensity of illumination. To generate 

larger voltages for practical applications, arrays of solar cells are connected in series to 

form modules. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: (a) A p-n junction solar cell and (b) a silicon solar cell. Energy band profiles 

(c) in equilibrium and (d) under light. Vo is the built-in voltage of the 

junction.  
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1.2.2 Solar cell operation 

A series of separate processes are set in motion when photons are incident on a 

solar cell. For the cell to efficiently convert incident photons into electrical charge, each 

of these steps must be optimized. 

1.2.2.1 Light absorption 

As atoms form molecules and compounds, their atomic orbitals form continuous 

bands, which can either be empty or populated by electrons. The valence band (VB) is 

the highest occupied band, while the conduction band (CB) is the lowest unoccupied 

band. While these bands could overlap with each other in metals, semiconductors contain 

an energy band gap Eg separating the VB and CB, as seen in Figure 1.3a. Silicon has an 

Eg = 1.1 eV, which means that photons with energy E > Eg can be absorbed by a silicon 

solar cell, exciting an electron from VB into the CB, leaving behind a positive charge/ion 

(hole) in the VB. Photons with E < Eg are not absorbed and the excess energy provided 

by photons with E > Eg is quickly lost as heat as electrons relax to the band edges. The 

relation between energy (E) and wavelength (λ) is given by equation 1.1, where h and c 

are Plank’s constant and speed of light in vacuum, respectively.  

 

  
  

 
                                                                                     (1.1) 

From Figure 1.3b, equation 1.1 implies that silicon solar cells cannot absorb portions of 

the solar spectrum beyond λ = 1100 nm, confining silicon based solar cells to a maximum 

solar energy to electricity conversion efficiency of 29 % [5].  
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Figure 1.3: (a) Energy bands in a semiconductor and (b) standard terrestrial Air Mass 

(AM) 1.5 solar spectrum. Source: National Renewable Energy laboratory 

(NREL). 

1.2.2.2 Charge separation 

For efficient photovoltaic energy conversion, the electrons excited into the CB by 

light absorption must be extracted before they can relax back to the VB. This charge 

separation step requires solar cells to be designed with a built-in spatial asymmetry that 

drives the electrons and holes away from their point of origin. To do this, the light 

absorbing p-n junction is sandwiched between two metal electrodes (Figure 1.4a), one of 

which provides a low resistance path for electrons, while blocking holes and vice versa as 

seen in Figure 1.4b. The difference in work function between the electrodes generates a 

strong, built-in electric field that makes the charge separation process very efficient in 

inorganic materials like silicon. Many new photovoltaic materials like polymers and 

organic molecules do not have such strong electric fields. 
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Figure 1.4: (a) Schematic of a solar cell with electrodes and (b) electric field assisted 

charge separation. Ec and Ev are the energy levels corresponding to 

conduction and valence band edges, respectively. 

1.2.2.3 Charge transport and collection 

The final step in the photovoltaic conversion process involves transporting the 

photo generated charges to an external circuit. This requires that the metal electrodes be 

good conductors that form ohmic contacts with the p-n junction. An ideal solar cell must 

thus have very low series resistance and infinite leakage or shunt resistance through the 

device. 

1.2.3 Charge separation in organic materials 

The electron and hole in Figure 1.3a appear to be independent states, but in reality 

there exists a strong coulombic interaction between them, which gives rise to bound 

states called excitons. Excitonic states are bound states consisting of electron-hole pairs 

of the same momentum. The excitons generated in inorganic photovoltaic materials like 

silicon with large dielectric constants are weakly bound Wannier excitons with binding 

energies on the order of a few mV [6]. In organic materials like light-absorbing polymers 

used in new generation solar cells, intra-molecular forces dominate resulting in tightly 

EC 

EV 

EF 

 

 

a b 
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bound Frenkel excitons, with binding energies of hundreds of mV [7]. In these cases, 

electric fields generated by the difference in work functions between the solar cell 

electrodes are not sufficient to split the exciton and separate the charge carriers. Instead, 

these solar cells are designed such that the excitons can diffuse to the junction and split 

when there is a lowering of energy. However, the exciton diffusion lengths in these 

materials also tend to be short (< 10 nm), unlike in the case of inorganic materials like 

silicon. Hence, only excitons generated at or near a junction can result in charge 

separation, thereby necessitating challenging device designs.  

 

1.3 TYPES OF SOLAR CELLS 

The first silicon solar cell was made at Bell Laboraties in 1954 [8]. Since then 

research efforts have resulted in the development of a host of solar photovoltaic 

technologies. As tabulated in Table 1.1, these solar technologies are classified into three 

generations of solar cells, mainly based on the technology behind the materials and/or 

fabrication process used in them [9]. Many of the second and third generation 

technologies are in the research stage and Figure 1.5 charts the best reported research cell 

efficiencies. 
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Table 1.1: Summary of three generations of solar cells 

 

GENERATION TECHNOLOGY ADVANTAGES BEST SINGLE 

CELL EFFICIENCY 

I 

Mono and 

polycrystalline 

silicon solar cells 

 

Relatively high 

efficiencies, matured 

technology, large 

market share 

20 – 28 % 

II 

Thin film solar 

cells like 

Cu(In,Ga)S, 

CdTe 

Lower cost, flexible 

design, manufacturing 

 

10 – 20 % 

III 

Organic, polymer, 

dye sensitized, 

nanocrystalline 

solar cells 

Significantly lower 

cost, scalable roll-to-

roll printing, 

integration with 

building, electronics, 

textiles 

< 10 % 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Best research cell efficiencies for various solar cell technologies. Source: 

National Renewable Energy laboratory (NREL). 
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1.4 ORGANIC/POLYMER SOLAR CELLS 

Currently silicon solar cells provide sunlight to electric power conversion 

efficiencies of around 20 %. While silicon prices are continuing to drop as international 

solar panel manufacturers adopt a low margin – high volume business model, silicon 

solar cells are still not cost-competitive with fossil fuels [10,11]. For solar energy to 

become a commercially viable energy source, new technologies must be developed that 

further reduce the costs of both materials and processing involved in solar cells.  The 

main advantage of organic solar cells (OSCs) is their compatibility with conventional 

printing and coating techniques, making them highly cost-effective and suitable for large 

scale deployment [12-19]. OSCs are also called polymer solar cells as they are based on a 

novel class of materials called conjugated polymers, which obtain their semiconducting 

properties from the delocalized π-electron bonding along the polymer chain [20,21]. 

These π (bonding) and π
*
 (antibonding) orbitals form delocalized valence and conduction 

bands for charge carriers.   

1.4.1 Electronic and optical processes in polymer solar cells 

The most promising polymer solar cells currently reported are based on an 

intricate blend of the light absorbing conjugated polymer poly(3-hexylthiophene) (P3HT) 

and fullerene derivatives like C61-butyric acid methyl ester (PCBM), as depicted in 

Figure 1.6. Regioregular P3HT has a relatively high optical absorption coefficient (10
5
 

cm
-1

) and moderate hole mobility (10
-4

 cm
2
/(Vs)). Interaction of incident photons with 

P3HT creates coulombically bound electron-hole pairs (excitons). While inorganic solar 

cells like silicon are minority carrier devices in which free carriers are created by incident 

light, organic solar cells are excitonic devices. As mentioned in section 1.2.3, exciton 

binding energy (0.4 eV) in organic semiconductors like P3HT is orders of magnitude 

higher than that in inorganic semiconductors like silicon. The exciton diffusion lengths in 
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organic semiconductors (< 10 nm) are also very short compared to that in inorganics [22-

26]. Hence, the electric field that arises from the difference in work function between the 

electrodes of the solar cell is not sufficient to dissociate the excitons created in P3HT into 

electrons and holes. It has been found that these strongly bound Frenkel excitons can only 

be separated into free charges at an interface between the p-type electron donor P3HT 

and the n-type electron acceptor PCBM, an effect induced by the difference in energy 

levels of the two components.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Schematic of organic/polymer solar cell based on P3HT-PCBM. Insets show 

chemical structures of P3HT and PCBM. 

The cartoon in Figure 1.7 depicts the internal electronic and optical processes set 

in motion when light falls on a polymer solar cell. Optimizing all these processes 

simultaneously is critical to the overall efficiency of polymer solar cells. The process 

begins with (1) absorption of photon in the polymer, resulting in the formation of an 

ITO anode (hole collector) 

Al cathode (electron collector) 

P3HT 

PCBM 
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exciton. Assuming this exciton was generated not too far away from the junction with 

PCBM, the next step is (2) exciton migration to this junction or interface. If the drop in 

energy seen at the interface (ΔLUMO) exceeds the exciton binding energy in P3HT, then 

(3) exciton dissociation and charge separation takes place at this interface. Finally, the 

device design must provide preferably lossless pathways for these separated charges to be 

(4) transferred to and (5) collected at the two electrodes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: Electronic band profile of P3HT-PCBM junction under illumination. (1) 

photon absorption, (1’) recombination, (3) exciton dissociation and charge 

separation, (4,4’) charge transfer, and (5,5’) charge collection at electrodes. 

LUMO refers to lowest unoccupied molecular orbital. 
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1.4.2 Challenges in polymer solar cells 

The ideal polymer solar cell should be designed in such a way that at any point 

within the active layer, the distance to the interface between the p- and n-type materials 

should be on the order of the exciton diffusion length (< 10 nm). While the creation of a 

bulk heterojunction (BHJ) of the P3HT and PCBM by nano-scale mixing of these two 

materials has been the most popular solution so far, the design is limited by inefficient 

hopping charge transport within the PCBM network and incomplete charge transport 

pathways (dead-ends) within the blend that prevent charge carriers from reaching the 

appropriate electrodes [27]. The structural and chemical instabilities associated with the 

different material interfaces result in phase segregation between the blend components, 

which limits both their power conversion efficiency and long-term operational stability. 

Furthermore, separation and purification of fullerenes is an expensive process and 

presents an obstacle for mass production of plastic solar cells [28,29]. Although 

challenges associated with large scale synthesis of PCBM are getting addressed, the 

toxicity profile of these fullerene derivatives is raising several safety concerns, especially 

in light of tests conducted on rodents and others in vitro genotoxicity studies [30].  

In recent years, development of new materials and processing has produced 

organic photovoltaic devices which report efficiencies over 8 %, fast approaching values 

necessary to be cost-competitive with other solar cell technologies [12,13]. Nevertheless, 

a fundamental understanding behind the molecular-level interfacial charge separation and 

transfer mechanisms occurring inside polymer solar cells still eludes us. These interfacial 

interactions occurring at a host of interfaces (organic-organic, organic-inorganic and 

metal-organic) within the device are critical to the design of efficient and stable 

organic/polymer photovoltaics.  
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1.5 ORGANIC-INORGANIC HYBRID SOLAR CELLS 

Of the various types of organic/polymer solar cells, hybrid polymer solar cells 

comprising of organic-inorganic nanocomposite heterojunctions are the newest and 

perhaps the least understood [31-37]. This is mainly because of the complex and, in some 

cases, peculiar properties of the interface between the organic and inorganic components 

in such solar cells. The most intensely studied hybrid solar cell systems comprises of 

poly(3-hexylthiophene) (P3HT) as the electron donating light absorbing polymer 

(organic) and nanocrystalline titanium dioxide (TiO2) as the electron acceptor (inorganic) 

[33]. TiO2 nanostructures are a more stable alternative to the fullerene derivatives like 

C61-butyric acid methyl ester (PCBM) usually used in polymer solar cells. In addition to 

being environmentally friendly and air-stable, TiO2 is inexpensive and already produced 

in large volumes for manifold applications like cosmetics, paint pigments, food colorings, 

and medicine. Unlike fullerenes, TiO2-based products have been commercially available 

and their health and environmental effects have been studied for several decades. 

Sunlight is harvested by P3HT to form coulombically bound Frenkel excitons, 

which then dissociate due to the difference in energy between the polymer and the 

inorganic nanocrystals. As depicted in Figure 1.8, the electron hops into and moves 

through the nanocrystalline TiO2 network, while the hole is transported by P3HT. 

Although this mechanism seems deceptively simple, the interface between P3HT and 

TiO2 is far from ideal and the exact nature of the charge separation and transfer processes 

at this organic-inorganic junction is an ongoing area of research [31]. It has been reported 

that atmospheric oxygen is essential for establishing the photovoltaic properties of the 

P3HT-TiO2 based p-n junction, as properties like open-circuit voltage (Voc) decline 

quickly in an inert atmosphere [34]. 

 



 14 

 

 

 

 

 

 

 

 

 

 

Figure 1.8: Schematic of bilayer organic-inorganic hybrid solar cell. 

1.5.1 Challenges of hybrid solar cells 

1.5.1.1 Power conversion efficiency 

The practical promise of organic-inorganic hybrid solar cells, comprising of 

organic light absorbing, hole transporting polymers in contact with nanostructured 

inorganic electron transporting layers, has long been plagued by lackluster power 

conversion efficiency values, when compared to organic photovoltaic devices which now 

report efficiencies approaching 8% [12,13,31,33]. Charge separation and transfer at the 

complex interface between dissimilar materials critically influences the photovoltaic 

properties of hybrid solar cells. In this light, the recent report of hybrid solar cells with 

efficiencies exceeding 5 %, has generated renewed interest in this class of polymer solar 

cells [38,39]. This record breaking device performance was mainly attributed to the 

presence of a solid state, inorganic dye/sensitizer layer of antimony trisulfide (Sb2S3) that 

energetically modifies the interface between the organic P3HT and inorganic TiO2 layers. 
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However, the exact reasons behind these improvements were not understood as devices 

fabricated with metal sulfides other than Sb2S3 resulted in poorly performing hybrid 

P3HT-TiO2 solar cells.  In this dissertation, systematic investigations of the metal-sulfur 

bond ionicity reveal that the efficiency improvements seen with Sb2S3 can be attributed to 

a combination of bond ionicity, morphology and structural factors. 

1.5.1.2 Stability 

The successful use of transition metal oxides like TiO2 in hybrid polymer solar 

cells is complicated by the delicate equilibrium that exists between atmospheric oxygen 

and the oxide ions within the TiO2 lattice [40-44]. Oxygen is a prerequisite for proper 

functioning of these cells, as oxygen vacancies created in TiO2 can become 

recombination sites for charge carriers, resulting in a quick decay of the photovoltaic 

performance in an inert atmosphere. Recent reports have attributed this performance 

degradation of TiO2-based hybrid polymer solar cells to a reduction in free-electron 

scavenging by oxygen in inert atmospheres [40-43]. This finding is corroborated by the 

observation that the photovoltaic behavior is recovered on exposure to ambient 

atmospheres, wherein oxygen gets re-adsorbed onto the oxide surface and the oxygen 

vacancies get eliminated. The design of an efficient and stable hybrid polymer solar cell 

based on semiconductor oxides like TiO2 will become possible only if challenges 

associated with these complex interactions among TiO2, P3HT, and atmospheric oxygen 

are successfully addressed. 

1.5.1.3 Studying interfacial complexities in hybrid solar cells 

Developing a fundamental understanding of photocurrent generation processes at 

organic-inorganic heterojunctions is therefore critical for improving hybrid solar cell 

efficiency and stability. It is important to study the organic-inorganic interface with a 
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focus on understanding the ability of morphology, and modifications of TiO2-P3HT 

junction to enhance interfacial interactions as well as the resulting charge separation and 

transfer processes. Given the heterogeneity, which exists within bulk heterojunction 

devices, stable interfacial prototypes with well-defined interfaces between bilayers of 

TiO2 and polymer (P3HT) derivatives must be developed, which can be used for both 

device optimizations and interfacial mechanistic studies. Starting with such simple 

bilayer interfacial prototypes and adding more complexity (e.g., nanostructured TiO2 

surfaces, interfacial solid state-dyes) can lead to multi-level rational design of efficient, 

stable organic-inorganic hybrid solar cells.  

1.5.1.4 Processing challenges 

Classical synthesis routes for semiconducting oxide films of anatase TiO2 

comprise of chemical deposition techniques (sol-gel) and vacuum deposition techniques 

(sputtering, atomic layer deposition), followed by a high temperature sintering step at or 

above 450 
o
C to make the films crystallize [45]. High temperatures limit the choice of 

substrate materials on which these oxide films can be grown, as flexible plastic or 

polymeric substrates typically decompose between 100 and 300 
o
C

 
[46]. As such high 

temperature processing steps can pose a serious bottleneck for the scalability of hybrid 

solar cells, alternative synthesis techniques are being investigated to process oxide films 

at low temperatures [47-49]. 

 

1.6 OBJECTIVES OF THIS DISSERTATION 

The objective of this dissertation is to understand how modifying the organic-

inorganic P3HT-TiO2 interface both morphologically and chemically can result in stable, 

and efficient organic-inorganic hybrid polymer solar cells. The results presented here are 
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based on bilayer interfacial prototypes, which are both efficient devices and suitable for 

mechanistic studies. This approach is more realistic and repeatable than doing 

fundamental studies on a simple device and then completely changing the design to make 

efficient devices. The materials and photovoltaic characterization techniques employed 

are outlined in Chapters 2 and 3, respectively. The role played by various interfaces 

(organic-inorganic, metal-organic) within the hybrid solar cell on device stability and 

efficiency are systematically investigated in Chapter 4. Various morphological and 

interfacial tailoring used to enhance device efficiency, namely TiO2 nanostructuring, and 

Sb2S3 based modification of the TiO2 surface are discussed in Chapter 5 and 6. Chapter 7 

describes a new class of P3HT derivatives with –COOH moieties at the extremity of a 

polymer chain and investigates the role of such groups in interfacial charge separation 

phenomena within hybrid solar cells. Finally, Chapter 8 explores a novel microwave 

based approach for growing TiO2 layers at low temperatures for potential application in 

the development of flexible hybrid solar cells. The hybrid solar cells are characterized by 

device level current-voltage measurements using simulated AM 1.5G solar spectrum and 

quantum efficiency measurements under different atmospheres. The materials and thin 

films used in these cells are characterized by various techniques such as X-ray 

diffraction, X-ray photoelectron spectroscopy, scanning electron microscopy, 

transmission electron microscopy, and atomic force microscopy. The device test data are 

then correlated to materials characteristics to establish material-property-performance 

relationships. 
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Chapter 2: Experimental Techniques 

 

 

2.1 MATERIALS SYNTHESIS 

All chemicals were used as received without further purification. All reagents 

used were ACS grade. This chapter describes the sol-gel based synthesis procedure 

employed to grow the inorganic TiO2 films used in this dissertation. Other synthesis 

techniques used to grow TiO2 and other photovoltaic materials are described in the 

respective Chapters. This Chapter also describes the general materials characterization 

and device fabrication techniques that are adopted in this dissertation.  

2.1.1 Sol-gel synthesis of TiO2 

TiO2 thin films were synthesized from tetrabutyl titanate (TBT) [Ti(OC4H9)4] 

precursor by a sol-gel method [1]. TBT and 2,4-pentanedione were purchased from Alfa 

Aesar. Use of TBT as a precursor helps to avoid the fast hydrolysis reaction in air that 

can result in poor control over the crystallite size and morphology of the TiO2 particles 

[2]. Briefly, 10 mL of TBT was dissolved in 100 mL of anhydrous ethanol under 

continuous stirring. After 30 min, 10 mL of glacial acetic acid (CH3COOH) was added to 

stabilize the gel, followed by 10 mL of 2,4-pentanedione (acetylacetone) for uniform 

particle size distribution, and finally 10 mL of de-ionized water was added to hydrolyze 

the gel. It is important to note that the mixture was stirred at room temperature for 30 min 

before each solvent was added. The final sol was transparent and pale yellow in color, 

and was aged for a week before use. 
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2.2 MATERIALS CHARACTERIZATION TECHNIQUES 

2.2.1 X-ray diffraction (XRD) 

X-ray diffraction is a non-destructive analytical technique used to investigate 

crystal structure, crystallite size, and other characteristics related to the chemical 

composition of materials. The technique uses Bragg’s law (equation 2.1) to determine the 

crystal structure and atomic position inside a crystalline material from the manner in 

which X-rays are scattered by rows of atoms inside the crystal [3]. 

 

                                                                                                   (2.1) 

Knowing  (the incident angle of the X-rays) and  the wavelength of the X-rays), d (the 

spacing between atomic planes) can be determined.  

Conventional X-ray diffraction, also called the -2 geometry is not suitable for 

the study of thin films (50 - 300 nm thickness) used in this dissertation, since the X-rays 

tend to penetrate through the film being studied and interact with the underlying 

substrate. Contributions from the substrate can obstruct the X-ray diffraction pattern of 

the thin film being analyzed. The ideal geometry for such a system is the glancing 

incidence X-ray diffraction shown in Figure 2.1. X-rays are incident on the sample at a 

glancing angle () while the detector is moved on the 2 axis. The diffracted beam optics 

is modified to a parallel beam mode and a monochromator is incorporated in the 

diffracted beam [4]. By reducing the glancing incidence angle, the penetration of X-rays 

into the substrate can be reduced, and their contribution to the diffraction pattern of the 

thin film being analyzed can be minimized. 
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Figure 2.1: Glancing incidence x-ray diffraction (GIXRD) analysis of thin films. 

In this dissertation, glancing incidence X-ray diffraction (GIXRD) analysis was 

performed with a Rigaku Ultima IV diffractometer operating in parallel beam (PB) mode 

at 40 kV and 44 mA with CuK radiation ( = 1.54 Å) in the 2 range of 20 to 80° at a 

step of 0.02° and a glancing angle of 0.5
o
. 

2.2.2 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy is a surface chemical analysis technique based on 

the photoelectric effect, a phenomenon in which electrons are ejected from a surface when 

photons are incident on it. The kinetic energy (EK) of these emitted photoelectrons can be 

analyzed by a spectrometer to reveal information about the core level electron binding energy 

(EB) of the material being analyzed, using equation 2.2 [5]. 

 

EB = Ehν – (EK + )                                                                       (2.2)          
 

X-ray beam 

incident at 

glancing angle  

  

 

Diffracted beam 

2 
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Where, Ehν and  are the energy of the X-ray photons and work function of the 

spectrometer, respectively. Changes in the chemical environment of an atom caused by 

surface reactions and/or changes in oxidation states can change EB, which in turn changes 

the intensity and/or position of the peaks in the XPS spectra. In this dissertation, XPS 

studies were conducted with a Kratos analytical spectrometer using monochromatic Al 

K X-ray source. The charging effect was corrected with the binding energy of 

adventitious C 1s signal at 284.8 eV. A Shirley type nonlinear background was subtracted 

and peak deconvolution was performed using Gaussian-Lorentzian curves. 

2.2.3 Atomic force microscopy (AFM) 

Tapping mode atomic force microscopy (AFM) imaging was carried out with a 

Agilent 5500 AFM 

2.2.4 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) images were collected with a Hitachi S-

5500 SEM and FEI Quanta 650 SEM. 

2.2.5 Transmission electron microscopy (TEM) 

TEM images were obtained on a JEOL 2010F high resolution transmission 

electron microscope, operating at 200 keV. 

 

2.3 SOLAR CELL FABRICATION 

The various steps involved in hybrid solar cell fabrication are summarized in 

Figure 2.2. Indium-doped tin oxide (ITO) thin film of 150 nm thickness serves as the 

transparent, conductive electron collecting electrode in all the solar cells described in the 

following chapters. ITO coated glass slides (sheet resistance = 10 Ω/□) were purchased 

from Nanocs (New York, NY) and cut into 1 inch by 1 inch square pieces. The ITO layer 
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was patterned by taping with polyimide tape and then slow etching (20 - 25 min) in a 

mixture of 7.5 mL de-ionized water, 0.8 mL HNO3, and 2.2 mL HCl at 60 
o
C. The 

substrates were then rinsed with copious amounts of de-ionized water and cleaned by 

successive sonication (10 min each) in aqueous detergent (alconox), de-ionized water, 

acetone, and isopropanol. The cleaned substrates were dried in flowing nitrogen and 

immediately treated with oxygen plasma for 10 min inside a Harrick PDC-32G plasma 

cleaner operating at medium RF power levels.   

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Steps involved in hybrid solar cell fabrication. Source: Nick Folse. 

60 – 100 nm thick films of TiO2 for the electron transport layer were synthesized 

from tetrabutyl titanate (TBT) precursor as described in section 2.1.1. The aged TiO2 sol-

gel was then coated onto these cleaned substrates by spincoating at 3000 rpm for 20 s on 

a Chemat KW4A spincoater. In order to form the crystalline anatase TiO2, these 

spincoated substrates were sintered in an air furnace at 450 
o
C for 120 min and cooled 

slowly to room temperature. The sintered TiO2 films were transparent with a thickness of 
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around 60 - 100 nm, as measured by a scanning electron microscope (SEM). This wet 

chemical process of growing TiO2 is adopted throughout this dissertation with the 

exception of the nanocrystalline paste doctor blading and physical vapor based process 

used to grow TiO2 columnar nanostructures adopted in Chapter 5. 

The next step in the solar cell fabrication process depends on the type of 

functionalization done to the P3HT-TiO2 interface. The specific details are explained in 

the respective chapters. In the absence of any functionalization, sintered TiO2 coated 

substrates were transferred into argon filled mBraun glovebox immediately after 

removing from the furnace. Regioregular poly(3-hexylthiophene) (P3HT) was purchased 

from Rieke Metals and used without purification. 12 - 13 mg of P3HT was dissolved in 1 

mL of chlorobenzene by stirring at 50 
o
C for 2 h inside the glovebox. The resulting 

solution was then filtered through 0.20 µm pore size PTFE membrane syringe filter (Pall 

Life sciences). Hole transporting P3HT layer with a thickness of 150 nm was obtained by 

spincoating the P3HT solution onto the TiO2 coated substrates at a speed of 1500 rpm for 

60 s. The P3HT-TiO2 composites were created by melt infiltrating P3HT into the metal-

sulfide layer by heating at a temperature of 185 
o
C for 8 min. The substrates were then 

cooled slowly overnight. The hybrid solar cell devices were completed by depositing a 

2×3 matrix of 150 nm thick metal electrodes (Figure 2.3). High purity (99.999 %) metal 

(Au, Ag, and Cu) wires used for thermal evaporation were purchased from Alfa Aesar. 

The evaporation was carried out at vacuum levels better than 10
-7

 Torr and a deposition 

rate of 1 - 2 Å/s inside a JEOL thermal evaporator, using Au wires hung on W wire 

baskets. The active area of the hybrid solar cells was 3 mm x 3 mm, as defined by a metal 

mask (Figure 2.3b).  
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Figure 2.3: (a) Modified JEOL thermal evaporator and (b) Metal mask for solar cell 

fabrication.  
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Chapter 3: Solar Cell Testing
†
 

 

This Chapter describes the solar cell testing platform designed to test the organic-

inorganic hybrid solar cell devices discussed in this dissertation. Custom built 

instrumentation and software were developed to analyze the current-voltage 

characteristics and quantum efficiency of the solar cells. The test setup is simple, low 

cost, modular and can be adapted to test solar cells under varying atmospheres (inert and 

ambient). The solar energy source comprises of a Oriel 91160 300 W class C solar 

simulator with AM 1.5 G filter for spectral shaping, and solar intensity variation between 

1 to 3 suns. The light intensity on solar cell surface can be monitored and controlled 

using a thermopile photodetector and calibrated reference diodes. Custom software 

developed using LabVIEW allows for testing to be carried out at high speeds, 

reproducibly and with minimal operator intervention. Software controlled timer 

functionality allows programmable testing of solar cells over durations ranging from 

seconds to days, allowing for the evaluation of solar cell operational lifetimes. Although 

this set up is demonstrated using hybrid solar cells, the platform and design guidelines 

can be easily adapted to other solar cell technologies like P3HT-PCBM polymer solar 

cells, nanoparticle based CIGS and CZTS thin film solar cells. The low-cost, scalable 

design of this test set up provides an opportunity for different laboratories to set up 

similar systems and tweak them for performing a host of photovoltaic measurements. 

 

 

 

_________________________________ 

† Portions of this Chapter contain work carried out in collaboration with Nick Folse and Garrett Saltpeter. 
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3.1 INTRODUCTION 

Although outdoor testing is the ideal test for solar cells, unpredictable daily and 

seasonal variation in the solar spectrum necessitates the use of a solar or sun simulator. 

Use of the simulator enables the reliable testing of solar cells under the controlled 

environmental (temperature, humidity) conditions prevailing in our laboratory any time 

of the day, during any weather condition. The Oriel 91160 300 W class C solar simulator 

with AM 1.5 G filter thus forms a key component of the test setup, shown schematically 

in Figure 3.1. The output beam of the solar simulator shines upward into a 6 inch quartz 

hole/port in the base of a argon filled mBraun glovebox, enabling tests to be done under 

both ambient conditions and an inert (argon) atmosphere inside the glovebox, depending 

on where the solar cell under test is placed. The electrical current-voltage (I-V) response 

of the solar cell during testing are measured using a Keithley 2400 source meter 

interfaced through a GPIB interface to a computer running software developed using 

LabVIEW. 

The same data collected as a function of the wavelength of the light comprises the 

quantum efficiency (QE) measurement set-up. As depicted in Figure 3.1, the various 

wavelengths generated by a monochromator are collected by a fiber optic cable bundle, 

which can either illuminate a solar cell placed in air or be routed into the glovebox to test 

the solar cells under inert atmosphere. The output current from the solar cell is amplified 

and converted into a voltage signal using the preamplifier, before entering a digital lock-

in amplifier (Oriel Merlin), which then generates the QE output plots. The calibrated 

Silicon/Germanuim photodiodes used as reference detectors for the QE tests are also 

interfaced to the Merlin. Figure 3.1 also depicts the series of complementary connectors 

and cables (70060, 70144) used to make the entire test set up modular, and easily 
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integrated with the glovebox for inert testing and detached from the glovebox for ambient 

testing. Polymer solar cells are designed such that each substrate has several cells built 

into it. The test-setup has a computer controlled, digital switch that can be used to move 

from one cell to the other electronically, without disturbing the device under test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Schematic of solar cell test set up.  

3.2 INSTRUMENTATION 

3.2.1 Light sources  

3.2.1.1 Solar simulator 

The nuclear fusion reaction inside the sun results in a surface temperature of 

around 5800 K, which makes the spectrum of radiation from the sun comparable to that 
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radiated by a black body at 5800 K. [1]. When solar radiation passes through the 

atmosphere, it is both absorbed and scattered by water, CO2, and other atmospheric 

constituents, changing both the intensity and shape of the solar radiation spectrum 

received on the earth surface. Such attenuation by atmosphere is quantified by the Air 

Mass (AM) factor defined by equation 3.1 [2] 

 

nAM = 

                          

                                            
                               (3.1) 

 

Extraterrestrial solar spectrum is called AM 0, while spectrum received by 

equatorial regions on earth is called AM 1.0. The standard terrestrial spectrum for 

temperate latitudes is AM 1.5, which is used to test all solar cells described in this 

dissertation. This corresponds to a mean irradiance of 1000 W/m
2
 or 100 mW/cm

2
, 

commonly referred to as 1 sun. Although outdoor testing is the ideal test for solar cells, 

unpredictable daily and seasonal variation in the solar spectrum necessitates the use of a 

solar simulator. Use of the simulator enables the reliable testing of solar cells under the 

controlled environmental (temperature, humidity) conditions prevailing in our laboratory 

any time of the day, during any weather condition. 

The hybrid solar cells in the following chapters were tested using an Oriel 91160 

300 W solar simulator as the excitation source (Figure 3.2a). At the heart of the simulator 

is a xenon arc lamp that emits a 5800 K black body-like spectrum. This beam is 

collimated by a small high radiance arc housed inside the simulator, resulting in a 

uniform, output beam that shines upwards as seen in Figure 3.2a and b.  AM 1.5 G 

spectral shaping filter is placed in the output path of the beam to modify the visible and 

UV portions of the lamp spectrum for a better match to the standard solar spectrum. The 
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intensity of the output beam can be controlled by adjusting the power supplied to the 

lamp (150 – 300 W), from 1 sun to 3 suns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: (a) Solar simulator and monochromator, (b) solar simulator shining light 

upwards into glovebox, (c) optical fiber fed by 600 nm (red light) from 

monochromator, (d) lamp control software, and (e) shutter control software. 
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3.2.1.2 Monochromator 

For QE measurement, a xenon arc lamp similar to the one used in the solar 

simulator produces an output beam which is filtered, chopped at 50 Hz, and sent to a 

monochromator to generate monochromatic light, which is then fed into the glovebox 

using an optical fiber (Figure 3.2a and c). The lamps that run both the simulator and 

monochromator can be independently controlled using control software developed using 

LabVIEW.  The screenshot in Figure 3.2d show how the lamps can be turned on/off and 

how their power levels can be varied, while Figure 3.2e shows how the shutter in front of 

the lamp can be controlled. This remote shutter operation protects the user from any 

ultraviolet (UV) radiation from these lamps, and also makes the tests proceed faster.  

3.2.2 Current-voltage measurements 

Figure 3.3a depicts a solar cell connected in a simple electric circuit [2]. Under 

infinite load resistance, the voltage that develops across the isolated terminals of the 

illuminated solar cell is called the open circuit voltage (Voc). The current drawn by the 

load when the solar cell terminals are short circuited is called the short circuit current 

(Isc). For an intermediate load resistance 0 < RL < ∞, the solar cell provides a voltage (V) 

such that 0 < V < Voc. The current (I) delivered by this solar cell is then given as V=IRL. 

As depicted by Figure 3.3b, electrically an ideal solar cell is better represented as 

equivalent to a current generator in parallel with a non-linear circuit component like a 

diode. The photocurrent generated under illumination gets divided between diode and the 

load depending on the value of RL.   
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Figure 3.3: (a) A solar cell connected to load and (b) a solar cell equivalent circuit. 

In the presence of a load (RL), the potential difference created across the terminals 

of the load creates a current (Idark), which is opposite to the direction of the photocurrent 

(Isc) that flows under illumination, as depicted in Figure 3.3b. As the current (I) generated 

by a solar cell is roughly proportional to the illuminated area (A) of the solar cell, the 

current density (J=I/A) is a more appropriate quantity for comparison. The net current 

density (J) in the solar cells can then be defined as: 

J(V) = Jsc - Jdark                                                                                                  (3.2) 

Where, Jdark is defined using the ideal diode equation as: 

Jdark = Jo(e
qV/K

B
T
-1)                                                                                (3.3) 

Where, Jo = reverse saturation current density (a constant), KB = Boltzmann’s constant, 

and T = temperature in Kelvin 

This overall current (J)-voltage (V) response of the solar cell, called the J-V 

characteristics, is measured using the test set-up shown in Figure 3.4. Here, the Keithley 

2400 source meter simulates the load (0 < RL < ∞), by sourcing a voltage (V) and 

measuring the response current (J). As seen in Figure 3.4, the Keithley inputs can be 

interchangeably connected to solar cells being tested in air or inside the glovebox. 
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Figure 3.4: Schematic of the test set up to measure solar cell current-voltage (J-V) 

characteristics. 

Figure 3.5 illustrates the typical J-V characteristics of a solar cell. The power 

generated by a solar cell is given by P = JV, which reaches a maximum value Pm at a 

point P on the J-V curve, defined by voltage Vm and current Jm. The overall power 

conversion efficiency () of the solar cell is then calculated with respect to the incident 

solar power Pi: 

 = Pm/Pi = JmVm/Pi 

The term fill factor (FF) defines how square the J-V plot is and is given by  

FF = JmVm/JscVoc 

Hence power conversion efficiency () =  
        

  
                                (3.4) 
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Figure 3.5: Typical J-V characteristics of a solar cell. 

3.2.2.1 Instrumentation and software  

In our solar cell test and measurement system, photovoltaic performance parameters 

(Voc, Jsc, and FF) that determine the overall power conversion efficiency of a solar cell 

are measured and calculated using the “SMU Voltage Sweep” software developed in our 

lab using LabVIEW. This system allows for photovoltaic parameters to be measured for a 

series of cells in a fast and reliable manner. A Thorlabs GG400 UV blocking filter was 

used under certain test conditions. We designed a solar cell test jig comprised of a 

vertical handle toggle clamp with a standard USB connectors glued to the arms (Figure 

3.6a). This design facilitates rapid and reliable connection to each test cell while avoiding 

tedious and error prone connections using a conductive paste.  This is especially 

important when the cell must be handled inside the glovebox.  A specially designed mask 

is used to deposit the metal electrodes (Figure 3.6c) of the solar cell such that they line up 
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with the gold pads on the USB connector (Figure 3.6b). The solar cells can also be easily 

inserted and removed from the holder, and the (green colored) handle of the clamp makes 

it easy to manipulate the holder inside the glovebox (Figure 3.6d and e). A USB 

controlled digital read switch (PROXR 16 channel in Figure 3.6a) along with a switch 

control application developed using LabVIEW can select one out of the six solar cells 

present on each substrate (Figure 3.6f). This enables the operator to sequentially test 

several solar cells on a single substrate, without physically reconfiguring the test setup. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: (a) Solar cell J-V test holder and PROXR switch, (b) USB connector, and (c) 

hybrid solar cell top metal electrodes. Test holder being (d) handled inside 

glovebox and (e) under test, and (f) the switch control software. 
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Figure 3.7: Screenshots of SMU Voltage Sweep utility developed with LabVIEW for J-V 

measurement, (b) test parameters, and (c) timer functionality. 

Figure 3.7 depicts screenshots of the SMU Voltage Sweep software developed 

using LabVIEW to test the hybrid solar cells studied in this dissertation. The software 

a 

b 
c 
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calculates and displays Voc, Jsc, and FF parameters and computes the overall power 

conversion efficiencies (Figure 3.7a). Parameters including solar cell area and incident 

solar power (Pi) can be varied as indicated in Figure 3.7b. Timer functionality (Figure 

3.7c) provides the facility to track and record photovoltaic parameters over timed periods 

ranging from seconds to hours. Studying the stability of hybrid solar cells during 

continuous illumination under inert and ambient conditions forms an important 

component of this dissertation. 

3.2.3 Quantum efficiency measurements 

The quantum efficiency (QE) indicates the ratio of the number of charge carriers 

generated by a solar cell to the number of photons of a particular wavelength incident on 

a solar cell. As discussed earlier in Figure 1.3b of Chapter 1, solar radiation has a well-

defined spectral content. To measure how much current/charge a solar cell can generate 

from this spectrum, QE measurements can be used to convolve the spectral response of 

the solar cell with the solar spectral distribution. As discussed in Chapter 1, a photon with 

energy equal to or greater than the energy band gap of the material gets absorbed and will 

generate charges, while a photon with lower energy is not absorbed. If all such photons 

are absorbed and charges are successfully generated, then the QE at these wavelengths is 

100 %, while QE is zero at wavelengths higher than the band gap, giving the ideal QE 

plot a square shape as depicted by the dotted line in Figure 3.8. In practice, the QE values 

at low wavelengths are reduced due to surface recombinations, and succumbs to factors 

like reduced absorption and low diffusion lengths at high wavelengths. This results in the 

more curved shape of the QE plot shown by the solid line in Figure 3.8. 
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Figure 3.8: Representative QE plots for a solar cell [3].  

A QE test typically involves measuring the currents produced by the solar cell being 

tested (Itest) and a calibrated reference Silicon or Germanium photodetector (Iref) as a 

function of light wavelength (). The ratio between these currents is used to compute the 

quantum efficiency (QE) of the solar cell being tested for each wavelength using equation 

3.5 [3]. 

QE () = h.c.Itest ().100 (3.5) 

     q..Iref (). Rref() 

where, h is the Planck’s constant, c is the speed of light in vacuum, q is the charge 

of an electron, Iref () is the current produced by the calibrated reference photodetector, 

and Rref() is the responsivity or ratio of Iref() to incident beam power of the reference 

detector. 
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3.2.3.1 Instrumentation and software  

Unlike J-V tests discussed under section 3.2.2, the QE measurement system used 

in this dissertation was designed by integrating modular (hardware, software) 

components sold by several vendors (Newport, Oriel). In addition to being faster, easier 

to implement, this approach offers flexibility and various avenues for customization. A 

schematic for the QE measurement system is shown in Figure 3.9a. A xenon arc lamp 

similar to the one used in the solar simulator produces an output beam which is filtered, 

chopped and sent to a CS260 Corner Stone monochromator to generate monochromatic 

light, which is then coupled into an optical fiber (Figure 3.9b).  Unlike a standard free 

space set up, using an optical fiber allows us to do QE measurements inside the glovebox 

by running the fiber optic cable into one of the sealed CF-40 ports on the glovebox 

(Figure 3.9c). Inside the glovebox, the beam is focused onto a calibrated reference Silicon 

or Germanium photodetector and the solar cell being tested (Figure 3.9d). It must be 

noted that the clamp based holder used in J-V tests can once again be used for QE tests, 

further demonstrating the flexibility of the design. On illumination, both devices will 

generate an AC current signal, as the output beam from the lamp was chopped. The 

reference photodetector has built-in preamplification and current to voltage convertor. 

The current produced by the test cell is converted into voltage using the Newport model 

70710QE current preamplifier with a 70144 cable, shown in Figure 3.9e. Finally, the 

solar cell being tested and the reference detector are connected to the two input channels 

on an Oriel Merlin digital lock-in amplifier (Figure 3.9f).  After QE measurements, the 

spectra can be integrated to obtain the Jsc of the solar cell being tested and compared with 

the Jsc values measured under illumination using the solar simulator. 
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Figure 3.9: (a) Solar cell QE measurement, (b) output of monochromator coupled into 

optical fiber, (c) optical fiber entering glovebox (d) solar cell and reference 

detector during QE measurement, (e) 70710QE current preamplifier, and (f) 

Oriel Merlin digital lock-in amplifier. 

The Tracq Basic software available from Newport was used to measure the 

quantum efficiency of the hybrid solar cells studied in this dissertation. The software 

provides a user interface to both communicate with and calibrate the various components 

of the QE measurement system, namely the monochromator, and the Merlin lock-in 

amplifier which is interfaced to the solar cell under test and the Silicon/Germanuim 

reference detectors. Traq Basic collects the various parameters and uses equation 3.5 to 

generate the quantum efficiency plots seen in Figure 3.10.  
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Figure 3.10: Screenshot of Traq Basic software for QE measurement.  

3.4 CONCLUSION 

A low-cost, modular system for the fast, accurate measurement of solar cell J-V 

characteristics and quantum efficiency plots is presented. The hardware instrumentation 

and software involved in this system has also been discussed. The system further offers 

the flexibility to be easily adapted to a wide variety of solar cell devices. 
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Chapter 4: Influence of Interfaces on Photovoltaic Properties and 

Stability of Hybrid Solar Cells
†
 

 

4.1 INTRODUCTION 

Of the various types of organic solar cells, hybrid polymer solar cells comprising of 

organic-inorganic nanocomposite heterojunctions are perhaps the least understood [1-7]. 

This is mainly because of the complex and, in some cases, peculiar properties of the 

interface between the organic and inorganic components in such solar cells. This Chapter 

investigates the hybrid solar cell systems comprising of poly(3-hexylthiophene) (P3HT) 

as the electron donating light absorbing polymer (organic) and nanocrystalline titanium 

dioxide (TiO2) as the electron acceptor (inorganic) [8, 9-13].  

4.1.1 Challenges of hybrid P3HT-TiO2 interface 

The organic-inorganic interface in these solar cells is characterized by a depletion 

region, which has been reported to be the origin of the open-circuit voltage (Voc) of these 

solar cells [3]. Under optical excitation, the Fermi level (EF) splits into quasi Fermi levels 

EFn and EFp for electrons and holes, respectively. In fact, as seen in Figure 4.1, Voc can be 

approximated by the energy separation between the two quasi Fermi levels [11]. The 

maximum separation between the quasi Fermi levels happens in the depletion layer, 

which is wider when the doping levels are high on the n-type (TiO2) and p-type (P3HT) 

regions of the heterojunction in the presence of oxygen.  The wider depletion layer thus 

leads to a larger Voc for P3HT-TiO2 hybrid solar cells in air. 

 

_________________________________ 

† Portions of this Chapter appear in B. Reeja-Jayan and A. Manthiram, Sol. Energy Mater. Sol. Cells, 94, 

907 (2010) and ACS Appl. Mater. Interfaces, 3, 1492  (2011). 
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One of the interesting aspects of transition metal oxides like TiO2 is that the surface 

of these oxides tends to quickly lose oxygen and form TiO2- with a reduction of Ti
4+

 to 

Ti
3+

 [3-5]. This process is particularly accelerated in vacuum or inert atmosphere, 

resulting in the generation of a large number of oxygen vacancies and Ti
3+

 on the surface 

of TiO2. This results in the formation of defect states that pushes the Fermi level of the 

oxide surface downward into the electronic band gap [3,4,14]. Removing oxygen also 

shifts the Fermi level of P3HT upwards into the band gap away from the HOMO level 

[15]. Coupling these two changes will result in a narrower depletion region at the P3HT-

TiO2 interface, thereby lowering the Voc and degrading the photovoltaic effect in the 

absence of oxygen. On exposing the cell to air, the oxygen vacancies in TiO2 are filled up 

and the entire process is reversed [3-7].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Energy band diagram of P3HT-TiO2 (organic-inorganic) hybrid interface.  
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This behavior might seem to suggest that it is advisable to operate these devices 

under ambient conditions. However, while oxygen is needed to maintain the balance of 

oxide ions in TiO2, oxygen can damage polymers like P3HT by photobleaching in the 

long run [16]. Furthermore, commercial solar cells are always encapsulated in order to 

protect them from weather, moisture, and dust, thereby making it imperative that the 

polymer-TiO2 interface operates efficiently in an environment devoid of oxygen. Hybrid 

polymer solar cells can become a commercial reality only if this degradation of 

photovolatic properties triggered by the dynamic changes taking place inside such 

devices in the absence of oxygen can be overcome. 

4.1.2 Effect of UV radiation 

Phenomena like photoexcitation of TiO2 surface states, by absorption of 

ultraviolet (UV) wavelengths by the TiO2 layer, are also known to destabilize the P3HT- 

TiO2 interface [17]. The use of a UV filter can camouflage this effect, as seen in Figure 

4.2, which compares the performances of the P3HT-TiO2 solar cells with and without 

applying an UV filter, which removes wavelengths below 400 nm. Nevertheless, the data 

suggests that even the application of a UV filter does not significantly improve hybrid 

solar cell performance in terms of stability [7]. There is a 0.2 V decrease in Voc even after 

applying the filter. Jsc and FF also decrease. Furthermore, problems at the P3HT-TiO2 

interface triggered by UV interaction must be solved for hybrid solar cells to become 

commercially viable. Attempts must therefore be made towards understanding and 

solving this interface related problem without introducing a UV filter. Accordingly, all 

subsequent data presented in this dissertation are collected in absence of UV filter. 
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Figure 4.2: Illuminated J-V characteristics of P3HT-TiO2  hybrid solar cells in argon (a) 

without and (b) with UV blocking filter. 

4.1.3 Objectives of this chapter 

This chapter combines data from photovoltaic device performance tests with XPS 

depth profiling to shed light on the delicate equilibrium that exists between atmospheric 

oxygen and the oxide ions within the TiO2 lattice. The use of Cu as a novel metal 

electrode which dramatically improves the stability of P3HT-TiO2 based hybrid solar 

cells in the absence of oxygen is demonstrated. This improvement can be attributed to 

strong interfacial chemical bonding between Cu and S atoms of P3HT to form copper-

sulfur complexes or copper sulfide like species. Such a chemically driven vertical 

segregation of P3HT towards the hole-collecting Cu electrode selectively directs holes 

towards the Cu electrode, thereby reducing recombinations. XPS depth profiling analysis 

is used to show that in addition to bonding with P3HT, these Cu atoms can diffuse up to 

the TiO2 layer and fill up oxygen vacancies on the TiO2 surface, thereby eliminating 

defects that can act as donors of free electrons and degrade the photovoltaic performance 

in an inert atmosphere. The combination of depth profiling and excellent depth resolution 
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makes XPS a powerful tool to examine the nature of the P3HT and TiO2 layers separately 

and to investigate the interfaces between them (Figure 4.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Schematic of bilayer organic-inorganic hybrid solar cell. 

4.2 EXPERIMENTAL 

4.2.1 Materials 

Tetrabutyl titanate (TBT) [Ti(OC4H9)4] and 2,4-pentanedione were purchased 

from Alfa Aesar. Regioregular poly(3-hexylthiophene) (P3HT) was purchased from 

Rieke Metals and used without purification. Indium-doped tin oxide (ITO) coated glass 

slides (sheet resistance = 10 Ω/□) were purchased from Nanocs (New York, NY) and cut 

into 1 inch by 1 inch square pieces. High purity (99.999 %) metal (Au, Ag, and Cu) wires 

used for thermal evaporation were purchased from Alfa Aesar.  

4.2.2 Sol-gel synthesis of TiO2 

As discussed in Chapter 2, TiO2 thin films were synthesized from TBT precursor 

by a sol-gel method [18]. Use of TBT as precursor helps avoid the fast hydrolysis 
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reaction in air that can result in poor control over crystallite size and morphology of TiO2 

particles [19]. The prepared sol was aged for at least a day before use. 

4.2.3 Hybrid solar cell fabrication 

The solar cell fabrication steps discussed in Chapter 2 were followed. Unless 

otherwise specified, all cell fabrication steps were carried out in argon. 

4.2.4 Characterization techniques 

As discussed in Chapter 2, tapping mode atomic force microscopy (AFM) 

imaging was carried out with a Nanoscope IIIa Dimension 3100, scanning electron 

microscopy (SEM) images were collected with a Hitachi S-5500 SEM, and glancing 

incidence X-ray diffraction (GIXRD) analysis was performed with a Rigaku Ultima IV 

diffractometer operating in parallel beam (PB) mode at 40 kV and 44 mA with CuK 

radiation ( = 1.54 Å).  XPS studies were conducted with a Kratos analytical 

spectrometer using monochromatic Al K X-ray source. XPS depth profiling analysis 

was carried out by rastering an Ar
+
 ion beam on an area of 2 mm x 2 mm. The Ar

+
 ion 

gun was operated at 4 kV and the extractor current was maintained at 75 µA during the 

sputtering process, resulting in an average sputtering rate of 4 Å/s during these 

experiments. Solar cell current density-voltage (J-V) characteristics were measured under 

both argon atmosphere inside a MBraun glove box (H2O and O2 < 0.1 ppm) and ambient 

conditions, with a Keithley 2400 source measurement unit. The solar cells were 

illuminated using an Oriel 91160 300 W solar simulator as the excitation source (100 

mW/cm
2
 white light illumination under AM 1.5G conditions). Photovoltaic parameters, 

such as open-circuit voltage (Voc), short-circuit current density (Jsc), and fill factor (FF) 

that determine the overall power conversion efficiency of a solar cell, were measured for 

a series of cells and the values were found to be reproducible. The stability of these cells 
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during continuous illumination in inert and ambient conditions was studied by tracking 

and recording these photovoltaic parameters every minute.  

 

4.3 RESULTS  

4.3.1. TiO2 thin film characterization 

The TiO2 surface is an important component of this study. It was, therefore, 

necessary to obtain TiO2 films of reproducible thickness, grain size, and morphology on 

all the hybrid solar cell devices. In order to avoid charge carrier recombination, hybrid 

solar cell devices require TiO2 layers of thickness on the order of 100 nm or less [9]. The 

sol-gel process is ideal for preparing TiO2 films of the requisite thickness, but the fast 

hydrolysis reaction of common sol-gel precursors like titanium isopropoxide (TIP) can 

make control of nanoparticle size rather difficult [18,19]. Accordingly, a slow 

hydrolyzing tetrabutyl titanate precursor was chosen instead of the commonly used TIP 

precursor. As the number of carbon atoms on the alkoxide group increases, the hydrolysis 

rate slows down, offering good control over TiO2 particle size [20]. The use of glacial 

acetic acid in the sol-gel reaction further slows down the hydrolysis process by acting as 

a chelating agent and changing the butoxide precursor at the molecular level. As a result, 

the size and morphology of the TiO2 nanoparticles formed in the sol could be controlled.   

The hybrid solar cells discussed in this chapter employed a 60 nm thick TiO2 layer 

obtained by sintering the spincoated TiO2 sol-gel at 450 
o
C. The AFM image in Figure 

4.4a suggests that the sol-gel process resulted in morphologically flat films with surface 

roughness < 1 nm and TiO2 particles of ~ 50 nm.  GIXRD pattern of the TiO2 films 

grown on ITO substrate is shown in Figure 4.4b. The pattern displays a dominant peak at 

25.4
o
 corresponding to the (101) reflection of anatase TiO2 [21]. However, these TiO2 

films grown on the ITO substrate have no preferred crystallographic orientation or 
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texture. Furthermore, the absence of rutile peaks in the GIXRD pattern confirms that pure 

anatase TiO2 films were obtained under these processing conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: (a) AFM image of sol-gel derived TiO2 film and (b) GIXRD pattern of sol-gel 

derived TiO2 film. 

4.3.2. Photovoltaic characterization  

4.3.2.1 Choice of metal electrode  

The highest occupied molecular orbital (HOMO) energy level of P3HT lies at 5.2 

eV and the conduction band edge (EC) of TiO2 is at ~ 4.2 eV [22]. Thus, the work 

function of ITO (4.4 –4.5 eV) facilitates its role as the negative electrode that extracts 

electrons from the TiO2 layer in nc-TiO2-P3HT hybrid solar cells [23]. An appropriate 

positive electrode in these cells should have a work function between 4.5 and 5.2 eV. In 

this regard, Au would be the best choice as its work function (5.1 eV) is closest to the 

HOMO level of P3HT, making hole injection from P3HT into gold energetically 

favorable [24]. In addition, the chemical inertness of Au makes the electrode resistant to 

corrosion and oxidation in air. The work functions of Ag and Cu vary, respectively, from 

4.52 - 4.74 eV and 4.53 - 5.10 eV [25-27]. Therefore, Cu can be pursued as a low-cost 

a b 

http://en.wikipedia.org/wiki/Corrosion
http://en.wikipedia.org/wiki/Oxidation
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alternative to the noble metal electrodes (Au, Ag) commonly used in polymer solar cells 

(Figure 4.5). However, electrical conductivity of Au is typically higher than that of Cu, as 

the latter is susceptible to corrosion and oxidation which can increase its resistance, 

resulting in poorly performing, unstable devices. This is partly the reason why Cu is not a 

common electrode choice for polymer solar cells. Proper storage of the Cu wires (under 

argon), maintaining vacuum levels better than 10
-7

 Torr during thermal evaporation of the 

Cu electrode, and storing the completed devices under argon are the steps required for 

fabricating the stable Cu-based devices developed during this dissertation. 

 

 

 

 

 

 

 

 

 

Figure 4.5: Energy band schematic of P3HT-TiO2 hybrid solar cell. 

4.3.2.2 Effect of Cu electrode  

Preliminary work examining the effect of various metal (Au, Ag, Cu) electrodes on 

the photovoltaic parameters of P3HT-TiO2 hybrid solar found that solar cells fabricated 

with Cu films as positive electrode exhibit improved stability during continuous 

operation inside an inert atmosphere [28].  Accordingly, the metal counter electrode is 

introduced as an experimental variable in this Chapter. Hybrid solar cell prototypes were 
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fabricated with Au, Ag, and Cu electrodes, and their photovoltaic performance inside an 

inert atmosphere (argon filled glovebox) was compared with that under ambient 

conditions (air). Prior to these tests, the cells were stabilized by storing, respectively, in 

argon and air for up to 1 h in the dark. J-V curves shown in Figure 4.6 under dark and 

AM 1.5 G illumination are comparable to those obtained from similar interfacial 

prototype devices reported in the literature [1,3,4]. 

Figure 4.6a and c compare the dark J-V characteristics measured under inert and 

ambient conditions. The Au- and Ag-based cells exhibit faster dark current onset (~ 0.2 

V) and an order of magnitude higher dark current values than those based on Cu. On 

exposing these cells to ambient atmosphere, both the Au- and Ag-based cells show an 

order of magnitude increase in dark current, with lower diode turn-on voltages. It must be 

noted that the hybrid solar cells with the Cu electrode were almost unaffected by this 

change in atmosphere. We subsequently compared the illuminated J-V characteristics of 

these hybrid solar cells under inert and ambient conditions. As shown in Figure 4.6b, 

both Au- and Ag-based cells show poor open-circuit voltage (Voc) values of 0.24 V and 

0.2 V, respectively, under inert atmosphere. When exposed to air, the Voc values 

increased to 0.67 and 0.62 V, respectively, for the Au- and Ag-based cells (Figure 4.6d). 

This dependence of Voc on oxygen has commonly been reported in the literature for 

hybrid solar cells based on TiO2 [3,4].  
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Figure 4.6: Dark J-V characteristics of P3HT-TiO2 hybrid solar cells in (a) argon and (c) 

air. Illuminated J-V characteristics of P3HT-TiO2 hybrid solar cells in (b) 

argon and (d) air. 

Inside an inert atmosphere, oxygen vacancies can be created on the surface of 

semiconductor oxides like TiO2. Such defects act as donors of free electrons and reduce 

photovoltaic parameters like Voc in an environment devoid of oxygen.  Furthermore, 

removal of oxygen from the surface of TiO2 results in the reduction of Ti
4+

 ions to Ti
3+

 on 

the oxide surface [3,4,14]. A lack of oxygen can also reduce the number of free charge 

carriers in hole-conducting polymers like P3HT, thereby making it less p-type [15]. As 

seen in Figure 4.1, coupling these changes will result in a lowering of the contact 

potential at the P3HT-TiO2 junction, thereby decreasing Voc and degrading the 

photovoltaic properties in the absence of oxygen.  On exposure to air, the Ti
3+

 species 

slowly oxidizes back to Ti
4+

 and the changes seen in Figure 4.1 are reversed. This 

reasoning is further corroborated by Figure 4.6d which indicates that Voc increases on 
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exposure to ambient atmosphere, wherein oxygen gets re-adsorbed onto the oxide surface 

and the oxygen vacancies in TiO2 get eliminated. The free charges in P3HT are also 

restored on exposure to air. This reasoning is further supported by the improvement seen 

in the photovoltaic performance of all the cells during continuous testing under ambient 

conditions. 

 Surprisingly, Cu-based cells work consistently well both under inert and ambient 

conditions. As seen in Figure 4.6b and d, Cu-based cells display comparable Voc values 

under both of these conditions. This observation seems to suggest that Cu can 

successfully reverse the changes occurring at the P3HT-TiO2 interface in the absence of 

oxygen. To further probe this phenomenon, the variations of photovoltaic parameters 

(Voc, Jsc, and FF) were recorded as a function of time for the hybrid solar cells employing 

Au, Ag, and Cu electrodes. These lifetime-analysis experiments were performed under 

continuous AM 1.5 G illumination (100 mW/cm
2
) inside an argon atmosphere.  As 

shown in Figure 4.7, photovoltaic parameters were found to degrade in the absence of 

oxygen. For devices employing Au and Ag electrodes, Voc values decreased to almost 

zero (few tens of millivolts) in about 5 min, as has been reported previously in the 

literature [3,4].  Compared to Voc, the Jsc and FF values for both Au- and Ag-based cells 

were stable throughout the test duration.  
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Figure 4.7: Variation of (a) Voc, (b) Jsc, (c) FF, and (d) Efficiency during continuous 

illumination in argon. 

As efficiency is calculated based on the product of these three photovoltaic 

parameters, the overall hybrid solar cell efficiency can fall to zero, if any one of these 

parameters approaches zero. Consequently, the efficiencies of both the Au- and Ag-based 

cells decay to almost zero within 5 min of testing in argon atmosphere. In contrast, the 

Cu-based cells showed good stability during testing in the absence of oxygen. Although 

the photovoltaic parameters initially declined, their values quickly stabilized to a non-

zero value. Furthermore, it was found that annealing the Cu layer in air at 150 
o
C for 15 

min result in remarkable stability during continuous testing in argon atmosphere. As seen 

in Figure 4.7, the Voc values stabilize at a high value of ~ 0.6 V with hardly any decline 
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during the testing. The Jsc and FF values stabilized, respectively, at 0.3 mA/cm
2
 and 50 

%, resulting in a stable efficiency value of ~ 0.1 % during 1 h of continuous testing in 

argon. As annealing tends to improve the short range ordering of the P3HT chains, the 

improvement in stability may be attributed to a combination of P3HT ordering and the 

effect of Cu. 

In summary, P3HT-TiO2 hybrid solar cells employing Cu electrodes exhibit 

improved stability during continuous illumination in the absence of oxygen compared to 

the Au- and Ag-based cells. In addition, when the Cu electrode was annealed, the solar 

cells exhibited remarkable stability throughout the test duration. The use of Cu electrode 

seems to successfully counter the complex effects of changes taking place at the P3HT-

TiO2 junction in the absence of oxygen.  

4.3.3. XPS depth profiling analysis of hybrid solar cell interfaces 

As evident from the stability data in Figure 4.7, Voc appears to be the photovoltaic 

parameter most affected by the complex interplay between oxygen and TiO2 surface. As 

Voc is determined by the difference in energy between the quasi Fermi levels of P3HT 

and TiO2, it is logical to investigate if the use of a Cu counter electrode is modifying this 

interface [3,4]. Instead of simulating this interface by creating a separate sample, we 

carried out XPS depth profiling analysis on a working P3HT-TiO2 hybrid solar cell to 

study the P3HT and TiO2 layers, and the interface between them.  As a surface 

characterization tool, XPS is widely popular for studying polymer solar cells and a 

number of recent works have used this technique to study aspects like degradation in 

presence of water and oxygen [1, 29-32]. XPS can provide chemical bonding information 

based on measured shifts in the binding energies. With a combination of depth profiling 
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and excellent depth resolution, XPS becomes a powerful tool to elucidate the nature of 

different layers inside a hybrid solar cell and the interfaces between them. 

4.3.3.1 Metal-P3HT interface 

We start with the analysis of the top metal surface of the hybrid solar cell and then 

use an Ar
+
 gun to sputter through the various layers of the solar cell shown in Figure 4.8. 

Depth profiling is carried out by collecting XPS spectra from each depth level. The 

intensity of Au 4f, Ag 3d, Cu 2p, S 2p and Ti 2p signals were used to monitor progress of 

the sputtering process. The sputtering rate depends on the material being sputtered. Hard 

materials like semiconductor oxides are more difficult to sputter than soft materials like 

polymer films. The thickness of various layers obtained using cross-sectional SEM 

imaging (Figure 4.8) was used to calibrate the sputtering rate of the Ar
+
 gun to 2 Å/s in 

the metal electrode, 2 - 3 Å/s in P3HT,  and < 1 Å/s in the TiO2 layer. 

 

 

 

 

 

 

 

 

Figure 4.8: Cross-sectional SEM image of a P3HT-TiO2 hybrid solar cell used to 

calibrate Ar
+
 beam sputter rate. 

Examination of the Au 4f, Ag 3d, and Cu 2p XPS spectra corresponding to Au, Ag, 

and Cu metal electrode surfaces on the hybrid solar cells did not reveal changes in the 
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shape or appearance of additional peaks compared to the pristine metals. Metal peaks 

occur at a binding energy values comparable to those reported in literature. However, in 

the case of the annealed Cu electrodes, additional peaks appear at higher binding 

energies, which are close to the reported range of satellite peak positions for copper 

oxides (Cu2O and CuO) [33].  These peaks can be associated with the high tendency for 

the Cu surface to absorb oxygen or to oxidize during annealing. The annealing step also 

introduces morphological changes to the Cu electrode, i.e. the annealed Cu electrode has 

larger grain size, which implies smaller grain boundary area. Oxygen can diffuse much 

faster through grain boundaries compared to that in the bulk.  This suggests that in the 

cells with annealed Cu electrode, less oxygen will diffuse out of the cell due to smaller 

grain boundary area, thereby reducing the formation of oxygen vacancies on TiO2 and 

improving the cell stability [34-35]. As mentioned earlier, inside an inert atmosphere, 

oxygen vacancies are created on the surface of semiconductor oxides like TiO2, and such 

defects can act as donors of free electrons and reduce device performance. 

On sputtering through the top metallic layer, the intensity of the metal signal starts 

to decrease and the intensity of the signal from the S 2p peak increases, suggesting the 

appearance of the P3HT layer, which starts at an approximate depth of 150 nm. The XPS 

S 2p spectrum of pristine P3HT in Figure 4.9a clearly indicates the presence of only one 

type of S, which is reflected by the S 2p1/2 and S 2p3/2 peaks, respectively, at 165.1 and 

164 eV. These dual peaks with an intensity ratio of 1:2 are attributed to spin orbit 

coupling. As seen in Figure 4.9b, the deposition of Au on P3HT did not significantly alter 

the shape or intensity of the S 2p signal. There is no shift in the peak position, peak 

broadening, or appearance of new components that can suggest the presence of a region 

where the metal and the S atom on P3HT have reacted. Unlike Au, the deposition of Ag 
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considerably broadens the shape of the S 2p signal from P3HT as seen in Figure 4.9c, 

suggesting a relatively weak interaction between the Ag atoms and the S atoms on P3HT.  

Interestingly, the largest change in the XPS spectrum is seen in the case of Cu. The 

deconvoluted S 2p spectrum in Figure 4.9d clearly shows a new peak appearing at a 

lower binding energy of 162.1 eV. This new component located at -2.2 eV relative to the 

pristine P3HT signal suggests the formation of copper sulfides, which confirms that Cu 

has bonded with S, thereby donating some electron density to the thiophene ring. The 

unreacted S atoms on P3HT show a peak at 164.3 eV, which is shifted by +0.3 eV 

compared to the pristine P3HT spectrum. This increase in binding energy can be 

attributed to the Cu-S bonding, which results in a redistribution of electronic density and 

causes increased nuclear screening on the core electrons of unreacted S atoms [36,37]. 

These results suggest that compared to Cu, the reactivity of Ag is much weaker and Au 

appears chemically inert. Although the chemisorption of S containing alkanethiols onto 

Au surfaces is commonly used in the preparation of self-assembled monolayers (SAMs), 

such a bond is generally weaker than the one formed by the chemical reaction between 

Cu and S [38]. It is possible that the improved photovoltaic stability of cells fabricated 

with Cu electrodes can be partly attributed to this chemical bonding between Cu and the 

S atoms of P3HT to give copper-sulfur complex or copper sulfide-like species. This 

chemical bonding drives a vertical segregation of P3HT towards the hole-collecting Cu 

top electrode [28]. As annealing tends to strengthen chemical bonds, the remarkable 

improvement in stability of cells made with annealed Cu electrode can be attributed to a 

strengthening of the Cu-S bonding. In fact, the XPS signal for annealed Cu shows a very 

broad S 2p peak which confirms this hypothesis (Figure 4.9e). There is additionally an 

electric field induced effect, since hole injection from Cu electrode has been reported to 

be more efficient than that from Au in Organic Field Effect Transistors (OFETS) [39]. 
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Figure 4.9: XPS spectra of metal-P3HT: (a) S 2p spectrum of P3HT, with the inset 

showing the chemical structure of P3HT, (b) S 2p spectrum of  Au-P3HT interface, (c) S 

2p spectrum of Ag-P3HT interface, (d) S 2p spectrum of Cu-P3HT interface, and (e) S 2p 

spectrum of annealed Cu-P3HT interface. 
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TEM imaging was conducted to further examine this P3HT-metal interface. A 

very dilute (10µg/mL) P3HT solution was spincast at speeds > 5000 rpm onto a glass 

slide with a carbon TEM grid stuck on it. A thin (2 -5 nm) metal (Au, Ag, and Cu) layer 

was deposited onto the polymer coated grid to create regions on the TEM grid where it is 

possible to observe the polymer-metal interface. TEM images in Figure 4.10 indicate that 

while Au and Ag atoms form clusters, the Cu atoms uniformly wet the P3HT surface. 

This can also be attributed to the greater tendency for Cu to react with S atoms on P3HT 

as explained above. Wettability of Ag films seems to fall between that of Au and Cu 

films, agreeing with the knowledge that chemical reactivity of these metals vary as Cu > 

Ag > Au. The formation of such copper-sulfur complexes could also facilitate the 

migration of these Cu atoms deeper into the various layers of solar cell [1, 40]. The initial 

ohmic behavior observed in the dark J-V characteristics of Cu-based cells in Figure 4.6a 

and c can also be explained by the presence of such a copper-sulfur complex [41]. 

Heating caused by illumination may break the copper sulfide species, eliminating 

shunting. 

 

 

 

 

 

 

 

Figure 4.10: TEM image of (a) Au-P3HT, (b) Ag-P3HT, and (c) Cu-P3HT interface. 

Scale bar is 20 nm. 

(a) (b) (c) 
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4.3.3.2 P3HT-TiO2 (organic-inorganic) interface 

As the Ar
+
 beam continues to sputter through the hybrid solar cell, there is an 

increase in the signal from Ti 2p and a decrease in the signal from S 2p, suggesting the 

appearance of the P3HT-TiO2 interface. Interestingly, signal strength from Au 4f, Ag 3d, 

and Cu 2p does not fall to zero at this depth. This suggests that the atoms from these top 

metal electrodes tend to migrate deep into the hybrid solar cell and can even diffuse all 

the way up to the TiO2 surface. It is evident from Figure 4.11 that although Au and Ag 

atoms also diffuse up to the TiO2 layer, their XPS signal intensity at this depth is less than 

half of the signal intensity of Cu atoms. Referring back to the TEM images in Figure 

4.10, the inability of Cu atoms to form clusters on P3HT seems to enable them to diffuse 

into the polymer. Once clusters form, additional atoms tend to add to these clusters rather 

than diffuse into or react with P3HT. This could explain why the XPS signal intensity 

from Au and Ag atoms is lower than that of Cu deeper inside the solar cell. As the 

chlorobenzene solvent used to prepare the P3HT films does not dissolve Cu, it is highly 

probable that the transport of Cu deep inside the solar cell is aided by its ability to 

chemically bond with the S atoms on P3HT [40].  

Knowing that Cu is a reactive metal, the question now arises whether Cu would 

react with TiO2. In fact, according to the Joint Committee on Powder Diffraction 

Standards (JCPDS) database, while there are only two Ag-TiO2 compounds, more than 

seven Cu-TiO2 compounds have been reported. There are, however, no Au-TiO2 

compounds known.  This further suggests a stronger chemical interaction of Cu with 

TiO2, when compared to Au and Ag. To understand further, we examined the XPS Ti 2p 

binding energy at the P3HT-TiO2 interface for the case of each of these three electrode 

metals. The XPS spectra in Figure 4.12 indicate + 0.51 and +0.66 eV shift in the Ti 2p 

binding energy levels in the case of the Cu and annealed Cu cells, respectively, compared 
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to that found with the Au and Ag electrodes. These positive shifts in the binding energy 

values suggest a less reduced Ti, which in turn may imply that there are less vacancies on 

the TiO2 surface in the hybrid solar cells made with Cu and annealed Cu electrodes 

[19,21]. Such a strong interaction between TiO2 and Cu atoms can explain the improved 

stability exhibited by these cells in the absence of oxygen. 

It must be mentioned that the Ar
+
 beam sputtering is a complex ion beam-sample 

interaction process, which causes the sputter profiles to degrade or broaden with time. In 

this respect, the results discussed here can be interpreted qualitatively and not 

quantitatively. When compared to other metals (Au and Ag), we see a relatively stronger 

signal of Cu at depths corresponding to the TiO2-P3HT interface. 

Figure 4.11: XPS depth profiles of electrode metal inside a P3HT-TiO2 hybrid solar cell. 
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Figure 4.12: XPS Ti 2p spectra of P3HT-TiO2 interface in the case of (a) Au, (b) Ag, (c) 

Cu, and (d) annealed Cu electrodes. Positive shifts in the binding energy are 

observed in (a) to (d). 

4.4 DISCUSSION 

These results open up the possibility that Cu atoms from the top metal electrode 

can diffuse up to the TiO2 layer and subsequently fill up the vacancies on the surface of 

TiO2 as in equation 4.1: 

 

                     xCu + O2 

TiO2-                                  CuxTiO2                                                                                              (4.1)  

However, as indicated in Figure 4.13, the reaction in equation 4.1 is likely a surface 

phenomenon and does not change the bulk properties of TiO2 such as the band gap [21, 

42]. This reasoning is further confirmed as we do not see any decrease in Voc during 

continuous testing of the annealed Cu-based cells (Figure 4.7a). The resulting CuxTiO2 
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surface without oxygen defects appears to be more stable than TiO2 with oxygen 

vacancies. This can also explain why TiO2-based hybrid solar cells with Cu electrode are 

remarkably stable even in the absence of oxygen. Annealing can further increase the 

driving force for this surface reaction between Cu and TiO2, thereby explaining the 

remarkable improvement in stability observed on annealing the Cu electrode. The strong 

XPS signal intensity suggests that there are a considerable number of Cu atoms at the 

surface of TiO2. Not only is the signal from Ag atoms weak, being a less reactive metal 

than Cu, it is likely that Ag will not fill up the vacancies on TiO2 surface like Cu does. 

The findings discussed here suggest that the interaction of Cu with P3HT and TiO2 at the 

metal-polymer and polymer-TiO2 interfaces make a synergistic contribution towards 

improving the stability of the hybrid solar cells.  

 

 

 

 

 

 

 

 

 

 

Figure 4.13: Depiction of the reaction of Cu with TiO2 surface species. VO denotes 

oxygen vacancies. 
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4.4.1 Influence of P3HT on stability 

 It is widely reported that annealing improves the crystallinity of P3HT [43-44]. 

This raises the question of whether the improvement in stability seen on annealing Cu can 

be attributed to this effect. However, it is interesting that the use of Cu as electrode 

improves the stability even in unannealed cells (Figure 4.7).  In fact, the Au- and Ag- 

based cells also exhibit improvement in stability on annealing the respective metal layers, 

as previously reported in the literature [9]. However, this stability improvement is small 

compared to the improvement seen when using annealed Cu electrodes (Figure 4.7). 

Furthermore, ohmic behavior is seen in these cells after continuous testing in argon. 

Being the more reactive metal, the interaction of Cu with P3HT and TiO2 at the metal-

polymer and polymer-TiO2 interfaces is stronger compared to that with Au and Ag. 

Annealing the Cu electrode can further strengthen these interfacial interactions. We, 

therefore, conclude that the improvement in stability reported here can be attributed to a 

combination of P3HT crystallization and the effect of Cu. Chapters 5 and 6 will explore 

how TiO2 morphology and interfacial modifiers can influence hybrid solar cell stability. 

4.4.2 Influence of TiO2 surface on stability 

 It was recently reported that the application of TiO2 in its rutile phase enhanced 

long-term stability of hybrid solar cells [5]. In this regard, XPS evidence about the 

interaction between Cu and the TiO2 led us to examine the surface of the TiO2 in greater 

detail. The objective was to determine whether the stability exhibited by Cu electrode 

would vary depending on the ageing conditions of the TiO2 sol-gel. The ageing process 

involves storing the freshly prepared sol-gel in the dark under ambient conditions for 2 - 

3 weeks. As seen in Figure 4.14a, Voc of the hybrid solar cells fabricated with unaged 

TiO2 declined within 5 min of testing in the absence of oxygen. Comparison of the 
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GIXRD patterns in Figure 4.14b shows no difference between these two types of TiO2, 

signifying that a surface phenomenon is responsible for the observed change in stability. 

Characterization techniques like XRD cannot pick up such surface phenomenon, which 

further confirms the choice of XPS the right characterization tool to study this. XPS Ti 2p 

signals from both aged and unaged TiO2 are shown in Figure 4.14c. The Ti 2p levels of 

unaged TiO2 is shifted by -0.43 eV compared to the aged TiO2. This negative shift in the 

value is closer to the binding energy of Ti
3+

 than Ti
4+

, suggesting that the Ti is more 

reduced. In other words, there are more vacancies on the TiO2 surface in this case. Such 

defects can then act as donors of free electrons and cause the quick decline in Voc seen in 

Figure 4.14a.  From a practical standpoint, this finding demonstrates that the ageing 

process contributes to determine the surface characteristics of TiO2, which in turn 

determines the hybrid solar cell properties. The stable Cu-based cells in Figure 4.7 used a 

TiO2 sol-gel that was aged for at least a day.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14: Effect of TiO2 sol-gel ageing on stability: (a) variation of Voc in argon, (b) 

GIXRD plots, and (c) XPS Ti 2p spectra. 
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4.5 CONCLUSIONS 

In summary, the use of Cu as the top hole-collecting electrode can improve the 

stability and performance of P3HT-TiO2 based hybrid solar cells in the absence of 

oxygen. Data from photovoltaic device performance tests and XPS analysis attribute this 

improvement to the tendency of Cu to form strong sulfide-like complexes with the S 

atoms on P3HT, thereby inducing a chemically driven vertical segregation of P3HT 

towards the hole-collecting metal electrode. Additionally, XPS depth profiling analysis 

shows that Cu atoms can diffuse up to the TiO2 layer and fill up oxygen vacancies on the 

TiO2 surface, thus eliminating defects that can act as donors of free electrons and degrade 

photovoltaic performance in an inert atmosphere. These findings suggest that the 

interaction of Cu with P3HT and TiO2 at the metal-polymer and polymer-TiO2 interfaces 

make a synergistic contribution towards improving the stability of the hybrid solar cells. 

The stability of these hybrid devices further depends on a complex array of parameters 

that are heavily influenced by the cell fabrication steps, synthesis, morphology, phase and 

chemistry of TiO2, and annealing conditions of P3HT. Nevertheless, insights gained from 

this study can be used to fabricate optimized devices that exhibit improved operational 

stabilities. 

 

 

 

 

 

 

 

 



 72 

REFERENCES 

 

[1] M. Jørgensen, K. Norrman, and F. C. Krebs, Sol. Energy Mater. Sol. Cells, 92, 

686 (2008). 

 

[2] T. Takayuki Kuwabara, C. Iwata, T.  Yamaguchi, and K. Takahashi, ACS Appl. 

Mater. Interfaces, 2, 2254 (2010). 

[3] H. Al-Dmour and D. M. Taylor, Appl. Phys. Lett, 94, 223309 (2009). 

[4] A. Watanabe and A. Kasuya, Thin Solid Films, 483, 358 (2005).  

 

[5] M. Lira-Cantu, A. Chafiq, J. Faissat, I. Gonzalez-Valls, and Y. Yu, Sol. Energy 

Mater. Sol. Cells 95, 1362 (2011). 

 

[6] (a) M. Lira-Cantu and F. C. Krebs, Sol. Energy Mater. Sol. Cells, 90, 2076 

(2006). (b) M. Lira-Cantu, K. Norrman, J. W. Andreasen, N. Casan-Pastor, and F. 

C. Krebs,  J. Electrochem. Soc., 154, B508 (2007).  

[7] F. C. Krebs, Sol. Energy Mater. Sol. Cells, 92, 715 (2008).  

[8] M. Helgesen, R. Sondergaard, and F. C. Krebs, J. Mater. Chem, 20, 36 (2010). 

 

[9] (a) K. M. Coakley and M. D. McGehee, Appl. Phys. Lett. 83, 3380 (2003). (b) K. 

M. Coakley and M. D. McGehee, Chem. Mater., 16, 4533 (2004). (c) L. E. 

Greene, M. Law, B. D. Yuhas, and P. Yang,  J. Phys. Chem. C, 111, 18451 

(2007). 

 

[10] J. A. Chang, J. H. Rhee, S. H. Im, Y. H. Lee, Hi-Jung Kim, S. I. Seok, Md. K 

Nazeeruddin, and M. Gratzel, Nano Lett. 10, 2609 (2010). 

 

[11] T. Ishwara, D. D. C. Bradley, J. Nelson, P. Ravirajan, I. Vanseveren, T. Cleij, D. 

Vanderzande, L. Lutsen, S. Tierney, M. Heeney, and I. McCulloch, Appl. Phys. 

Lett. 92, 053308 (2008). 

 

[12] M. Antoniadou, E. Stathatos, N. Boukos, A. Stefopoulos, J. Kallitsis, and F. C. 

Krebs, Nanotechnology, 20, 495201 (2009). 

 

[13] Y. Y. Lin, T. H. Chu, S. S. Li, C. H. Chuang, C. H. Chang, W. F. Su, C. P. Chang, 

M. W. Chu, and C. W. Chen,  J. Am. Chem. Soc., 131, 3644 (2009). 

 

[14] (a) C. Di Valentin, G. Pacchioni, and A. Selloni, J. Phys. Chem. C, 113, 20543 

(2009). (b) B. J. Morgan and G. W. Watson, Phys. Rev. B, 80, 233102 (2009). (c) 



 73 

A. C. Papageorgiou, N. S. Beglitis, C. L. Pang, G. Teobaldi, G. Cabailh, Q. Chen, 

A. J. Fisher, W. A. Hofer, and G. Thornton, Proc. Natl. Acad. Sci. USA, 107, 

2391 (2010). (d) A. A. Bonapasta, F. Filippone, G. Mattioli, and P. Alippi, Catal. 

Today, 144, 177 (2009). 

 

[15] D. M. Taylor, H. L. Gomes, A. E. Underhill, S. Edge, and P. I. Clemenson J. 

Phys. D, 24, 2032 (1991). 

 

[16] M. S. A. Abdou, F. P. Orfino, Y. Son, and S. Holdcroft, J. Am. Chem. Soc., 119, 

4518 (1997). 

 

[17] (a) W. J. E. Beek, M. M. Wienk, and R. A. J. Janssen, J. Mater. Chem.15, 2985 

(2005). (b) W. J. E. Beek, M. M. Wienk, M. Kemerink, M. Yang, and R. A. J. 

Janssen, J. Phys. Chem, 109, 9505 (2005). 

 

[18] H. Xue, X. Kong, Z. Liu, C. Liu, J. Zhou, W. Chena, S. Ruan, and Q. Xu, Appl. 

Phys. Lett., 90, 201118 (2007). 

[19] J. C. S. Wua and Chih-Yang  Yeh, J. Mater. Res., 16, 615 (2001). 

 

[20] D. D. Dunuwila, C. D. Gagliardi, and K. A. Berglund, Chem. Mater., 6, 1556 

(1994). 

[21] U. Diebold, Surface Science Reports, 48, 53 (2003). 

 

[22] L. Shen, G. Zhu, W. Guo, C. Tao, X. Zhang, C. Liu, W. Chen, S. Ruan, and Z. 

Zhong, Appl. Phys. Lett. 92, 073307  (2008). 

 

[23] Y. Park, V. Choong, Y. Gao, B. R. Hsieh, and C. W. Tang, Appl. Phys. Lett. 68, 

2699 (1996). 

[24] D. E. Eastman, Phys. Rev. B, 2, 1 (1970). 

[25]  A.W. Dweydari and C. H. B. Mee, Phys. Status Solidi. A, 17, 247  (1973). 

[26]  A.W. Dweydari and C. H. B. Mee, Phys. Status Solidi. A, 27, 223 (1975). 

[27] H. B. Michaelson, J. Appl. Phys., 48, 4729 (1977). 

 

[28] (a) B. Reeja-Jayan and A. Manthiram, Sol. Energy Mater. Sol. Cells, 94, 907 

(2010). (b) B. Reeja-Jayan and A. Manthiram ACS Appl. Mater. Interfaces, 3, 

1492  (2011). 

 

[29] K. Norrman, M. V. Madsen, S. A. Gevorgyan, and F. C. Krebs,  J. Am. Chem. 

Soc. 132, 16883 (2010). 

http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ALL&possible1=Park%2C+Y.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ALL&possible1=Choong%2C+V.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ALL&possible1=Gao%2C+Y.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=ALL&possible1=Hsieh%2C+B.+R.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true


 74 

[30] K. Norrman, J. Alstrup, and F. C. Krebs, Surf. Interface Anal., 38, 1302 (2006). 

 

[31] F. Bebensee, M. Schmid, Hans-Peter Steinruck, C. T. Campbell, and J. M. 

Gottfried,  J. Am. Chem. Soc., 132, 12163 (2010). 

 

[32] K. Norrman, S. A. Gevorgyan, and F. C. Krebs, ACS Appl. Mater. Interfaces, 1, 

102 (2009).  

 

[33] (a) L. Armelao, D. Barreca, M. Bertapelle, G. Bottaro, C. Sada, and E. Tondello, 

Thin Solid Films, 442, 48 (2003). (b) K. H. Yoon, W. J. Choi, and D. H. Kang, 

Thin Solid Films, 372, 250 (2000). 

 

[34] (a) K. Norrman and F. C. Krebs, Sol. Energy Mater. Sol. Cells, 90, 213 (2006). 

(b) K. Norrman, N. B. Larsen, and F. C. Krebs, Sol. Energy Mater. Sol. Cells, 90, 

2793 (2006). (c) S. A. Gevorgyan, M. Jørgensen, and F. C. Krebs, Sol. Energy 

Mater. Sol. Cells, 92, 736 (2008). 

 

[35] (a) A. Seemann, H.-J. Egelhaaf, C. J. Brabec, and J. A. Hauch, Org. Electron. 10, 

1424 (2009). (b) J. A. Hauch, P. Schilinsky, S. A. Choulis, S. Rajoelson, and C. J. 

Brabec, Appl. Phys. Lett., 93, 103306 (2008). 

 

[36] A. Lachkar, A. Selmani, E. Sacher, M. Leclerc, and R. Mokhliss, Synth. Met., 66, 

209 (1994).  

 

[37] (a) C. J. Vesely and D. W. Langer, Phys. Rev. B, 4, 451 (1971). (b) M. Kundu, T. 

Hasegawa, K. Terabe, K. Yamamoto, and M. Yamamoto, Sci. Technol. Adv. 

Mater., 9, 035011 (2008).  

 

[38] Y. Ning, H. Xie, H. Xing, W. Deng, and D. Yang, Surf. Interface Anal., 24, 667 

(1996). 

 

[39] Chong-an Di, G. Yu, Y. Liu, Y. Guo, Y. Wang, Weiping Wu, and D. Zhu, Adv. 

Mat., 20, 1286 (2008). 

 

[40] (a) D. J. Godbey, L. J. Buckley, A. P. Purdy, and A. W. Snow, Thin Solid Films, 

308, 470 (1997). (b) N. Miki, K. Tanaka, A. Takahara, and T. Kajiyama,  J. Vac. 

Sci. Technol. B, 18, 313 (2000). 

[41] A. Amith, J. Appl. Phys., 50, 1160 (1979). 

 

[42] R. Schaub, E. Wahlstrom, A. Rønnau, E. Lægsgaard, I. Stensgaard, and F. 

Besenbacher Science, 299, 377 (2003). 

 



 75 

[43] D. C. Olson, S. E. Shaheen, R. T. Collins, and D. S. Ginley, J. Phys. Chem. C, 

111, 16670 (2007).  

 

[44] W. L. Ma, C. Y. Yang, X. Gong, K. Lee, and A. J. Heeger, Adv. Funct. Mat., 15, 

1617 (2005). 

  



 76 

Chapter 5: Role of TiO2 Morphology and Chemistry on  

Hybrid Solar Cell Properties
†
 

 

5.1 INTRODUCTION 

The complex organic-inorganic interface between P3HT and TiO2 plays a crucial 

role in determining both efficiency and stability of hybrid solar cells. The bilayer 

interfacial prototypes discussed in Chapter 4 suffer from poor interfacial contact between 

TiO2 and P3HT, owing to the surface flatness and low porosity of the sol-gel derived 

TiO2 layer. This limited the overall power conversion efficiency of hybrid solar cells to 

around 0.3 - 0.5 %. Photovoltaic parameters, particularly short circuit current density (Jsc) 

can be increased by enhancing the interfacial contact area between TiO2 and P3HT. 

Growing TiO2 films in innovative dimensionally modulated nanomorphologies with large 

porosity can allow the P3HT to intercalate and successfully form composites with TiO2. 

This results in a larger probability of charge separation, resulting in fewer recombinations 

and subsequently higher Jsc values [1-4]. This Chapter examines the role played by the 

morphology of the TiO2 layer on hybrid solar cell efficiency and stability, by comparing 

the photovoltaic performance of P3HT-TiO2 devices (Figure 5.1) fabricated using simple 

nanoporous TiO2, and more complex columnar TiO2 nanostructures with the non-porous 

sol-gel derived layers discussed in Chapter 4. Based on the encouraging performance 

seen with Cu electrode (Chapter 4), the influence of various metal electrodes on these 

devices will also be examined. In addition to morphology, the role of tailoring the TiO2 

surface by chemical doping will be studied.  

 

_________________________________ 

† Columnar TiO2 nanostructures were grown by N. Hahn and C.B. Mullins 

Portions of this Chapter appear in B. Reeja-Jayan, A. Manthiram, Sol. Energy Mater. Sol. Cells, 94, 907 

(2010) 
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Figure 5.1: P3HT-TiO2 devices fabricated using (a) non-porous sol-gel TiO2, (b) 

nanoporous TiO2, and (c) columnar TiO2 nanostructures.  

5.2 EXPERIMENTAL 

5.2.1 Materials 

The nanocrystalline TiO2 (Degussa P-25) powder was a generous gift from 

Degussa Corporation, and was used without further purification. 

5.2.2 Synthesis of TiO2 

Sol-gel derived TiO2 layers were synthesized from TBT precursor and sintered as 

discussed in Chapter 2 [5]. To prepare nanoporous TiO2 layers, a suspension containing 

10 wt. % TiO2 was prepared using Degussa P-25 and ethanol. This suspension was 

sonicated for an hour and then stirred vigorously till a smooth flowing paste was 

obtained. The paste was again sonicated for 15 min. Finally, 65 L of the paste was 

applied onto a cleaned ITO coated glass substrate and cast by doctor blading using a glass 

rod [6,7]. After slow drying in air, the substrates were sintered in air at 450 
o
C for 30 min 

to evaporate the residual solvent and improve electrical contact between particles, and 
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cooled slowly to room temperature. The sintered TiO2 films were transparent with a 

thickness of around 1 µm, as measured using a Dektak 3 surface profilometer and a 

scanning electron microscope (SEM, JEOL LSM-5610).  

Columnar TiO2 nanostructures were deposited using reactive ballistic deposition 

(RBD), in which Ti metal is evaporated onto a substrate placed at a glancing angle inside 

oxygen ambient to create high surface area films [8-10]. If the glancing angle is zero, 

compact or non-porous films can be grown. A glancing angle of 75
o
 was chosen to ensure 

that the nanostructures grown are as vertical as possible. The film thicknesses and surface 

area can be varied by controlling gas pressure, deposition angle, and substrate 

temperature. The as-deposited films were amorphous and were subsequently sintered in 

air at 450 
o
C for 30 min to form anatase TiO2. 

5.2.3 Hybrid solar cell fabrication 

Hybrid solar cells with the structure ITO/TiO2/P3HT/Metal were fabricated. The 

solar cell fabrication steps discussed in Chapter 2 were followed. Unless otherwise 

specified, all cell fabrication and testing steps were carried out in argon. 

5.2.4 Characterization techniques 

Photovoltaic characterization of the solar cells was performed as discussed in 

Chapter 3. 

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Current-voltage (J-V) characteristics 

Chapter 4 examined the effect of various electrodes on the photovoltaic parameters 

of P3HT-TiO2 hybrid solar cells and demonstrated the use of Cu as a hole-collecting 
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electrode, in addition to the commonly used Au and Ag electrodes [11].  Accordingly, we 

have introduced the metal counter electrode as an experimental variable in comparing the 

various TiO2 morphologies being studied in this Chapter. Photovoltaic performances of 

the sol-gel, nanoporous and columnar TiO2-based hybrid solar cells fabricated with 

different metal (Au, Ag, and Cu) electrodes were tested inside an argon filled glovebox. 

All devices had a P3HT layer thickness of ~ 150 nm, and were stabilized for 1 h in dark 

prior to testing. 

5.3.1.1 Non-porous sol-gel derived TiO2 

The sol-gel TiO2 based devices discussed in Chapter 4 were optimized, by post 

annealing the device after metal deposition, to improve their overall power conversion 

efficiency [11]. The photovoltaic characteristics shown in Figure 5.2 show that Au-, Ag-, 

and Cu-based hybrid devices initially show open-circuit voltage (Voc) values of 0.5 , 0.6, 

and 0.65 V, respectively. All three devices display similar Jsc values of ~ 0.4 mA/cm
2
.  

Initial FF values were 58, 63, and 58 % for Au-, Ag-, and Cu-based hybrid devices, 

respectively, resulting in overall power conversion efficiencies of 0.13 - 0.15 %. 

However, during continuous illumination, all three photovoltaic parameters declined for 

Au and Ag based devices while Cu based devices remained stable and displayed 

efficiencies of around 0.13 %. Owing to the low roughness (Ra = 0.96 nm) of the TiO2 

surface (Figure 5.2d), it is possible that there is insufficient contact between the TiO2 and 

P3HT layers, which limits interfacial charge separation and consecutively Jsc, thereby 

resulting in low power conversion efficiencies of 0.1 %. Drawing inspiration from dye 

sensitized solar cells, this non-porous sol-gel 60 - 100 nm TiO2 layer was replaced by a 

nanoporous layer derived by doctor blading a nanocrystalline (Degussa P-25) TiO2 paste 

[12].  
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Figure 5.2: Illuminated J-V characteristics of P3HT-TiO2 devices fabricated using (a) Au, 

(b) Ag, and (c) Cu electrodes, and (d) AFM image of non-porous sol-gel 

TiO2.   

5.3.1.2 Nanoporous TiO2 (Degussa P-25) 

Figure 5.3a-c summarizes the photovoltaic characteristics of P3HT-TiO2 devices 

based on a nanoporous TiO2 layer with surface roughness (Ra) in the range of hundreds of 

nm (Figure 5.3d). Under illumination, solar cells made with Au electrode displayed Jsc 

values lower than those made with both Ag and Cu , which displayed Jsc values of ~ 0.1-

0.2 mA/cm
2
. Devices made with Cu electrode exhibited higher open circuit voltages (Voc) 

of 0.48 V and fill factor (FF) of 43 % compared to those measured with Ag electrodes, 

yielding an overall power conversion efficiency of ~ 0.02 %. Ironically, using a more 

d 
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porous TiO2 morphology resulted in almost an order of magnitude drop in efficiency 

compared to the non-porous sol-gel TiO2 layers in section 5.3.1.1. The decline in 

efficiency can be correlated with the steep drop in Jsc values, which could signal poor 

charge separation efficiencies.  As the thickness (d) of the TiO2 layer increases, the 

electric field at the P3HT-TiO2 interface drops proportional to d
-1

. The nanoporous films 

made with anatase P-25 TiO2 paste were around 1 µm thick, compared to the sol-gel 

films, which were only around 100 nm thick. Consequently, Jsc values are lower for the 

former. As the doctor blading technique is not suitable for getting thinner nanoporous 

films, physical vapor deposition techniques are used in the next section to grow columnar 

TiO2 nanostructures. 

As seen in Figure 5.3a-c, the photovoltaic parameters were found to degrade with 

time for Au- and Ag-based devices, similar to the case of sol-gel derived TiO2 layers 

discussed in 5.3.1.1. The decay of Voc and Jsc was fastest for devices made with Ag 

electrodes and slowest for devices made with Cu electrodes. The FF values of all devices 

improved with time and eventually became stable. These results indicate that TiO2-P3HT 

hybrid solar cells employing Cu electrodes exhibit better stability during continuous 

illumination, compared to the Au and Ag electrodes for different TiO2 morphologies.  
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Figure 5.3: Illuminated J-V characteristics of P3HT-TiO2 devices fabricated using (a) Au, 

(b) Ag, and (c) Cu electrodes, and (d) SEM image of nanoporous TiO2. 

Scale bar is 2 μm. 

5.3.1.3 Columnar TiO2 nanostructures 

Figure 5.4 summarizes the photovoltaic characteristics of P3HT-TiO2 devices 

based on a 400 nm thick TiO2 columnar nanostructures. A 10 nm thick compact (non-

porous) TiO2 layer was grown as a base for the feather-like nanostructures depicted in 

Figure 5.4d. Such a layer ensures that the devices do not short due to polymer (P3HT) 

diffusing down to the ITO layer, thereby forming an undesirable, shorting path between 

the metal and ITO electrodes. Under illumination, all solar cells show improved Jsc 

values, irrespective of metal electrode used. The devices made with Ag electrode, showed 

the highest Jsc values of around 1.68 mA/cm
2
, which is four times higher than the Jsc 

d 

 

2 μm 
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values seen in the earlier devices. Unlike Jsc, the Voc and FF values did not show 

significant improvement, staying in the 0.4 - 0.5 V and 25 - 30 % range, respectively. The 

overall efficiency of these columnar TiO2 nanostructure based devices work out to over 

0.2 %, which is almost double the value seen with non-porous sol-gel derived TiO2 layers 

(section 5.3.1.1). As Jsc relates to how well charge separation happens at the P3HT-TiO2 

interface, the significant improvement seen in Jsc suggests that P3HT can intercalate into 

the pores of these TiO2 nanostructures and form intimate nanocomposites. The extent of 

this pore filling, however, is not explored in this dissertation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4: Illuminated J-V characteristics of P3HT-TiO2 devices fabricated using (a) Au, 

(b) Ag, and (c) Cu electrodes. and (d) SEM image of columnar TiO2 

nanostructures grown at 75
o
 glancing angle. Scale bar is 200 nm. (SEM 

image by N. Hahn and C. B. Mullins). 

d 

 

200 nm 
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Although Cu-based devices show lower Jsc values than Ag-based devices, their 

photovoltaic parameters were found to be more stable during continuous testing (Figure 

5.4a-c), which agrees with the trend observed for sol-gel and P-25 based devices. Au-

based devices fared the worst both in terms of efficiency and stability. This electrode 

selective effect could also be related to TiO2 morphology. As morphology is related to 

TiO2 growth conditions, parameters like Ti oxidation state can vary depending on the 

method used to grow the TiO2 layer, which in turn affects the electronic energy levels of 

TiO2 surface [13]. 

 

Table 5.1: Variation of photovoltaic parameters with the thickness of TiO2 columnar 

nanostructures (Ag electrode) 

Sample TiO2 column 

height (nm) 

Voc 

(V)  

Jsc 

(mA/cm
2
) 

FF 

(%) 

η 

(%) 

1 0     0.67 0.30 30 0.06 

2 100     0.56 1.00 50 0.28 

3 200     0.37 1.38 45 0.23 

4 400     0.31 1.68 30 0.16 

5 500     0.43 0.83 31 0.11 

 

 

Relatively thick (400 nm) TiO2 columnar nanostructures were used in the devices 

discussed in Figure 3.4 to help optimizing device processing conditions by minimizing 

device shorting. The photovoltaic parameters tabulated in Table 5.1 suggest that using 

thinner layers (100 - 200 nm) result in increasing device efficiencies up to 0.28 %. 

However, while Voc and FF values increase with decreasing thickness of the TiO2 

nanocolumns, Jsc values tend to scale with thickness as seen in Table 5.1. Overall, using 
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such highly porous columnar TiO2 nanostructures increased the efficiency of P3HT-TiO2 

hybrid solar cells by about an order of magnitude when compared with the other TiO2 

morphologies discussed so far (Figure 5.5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: Comparison of the efficiency of P3HT-TiO2 hybrid solar cells fabricated with 

various TiO2 morphologies. Efficiency scale is logarithmic. 

5.3.1.4 Combining various TiO2 nanostructures 

In an attempt to further improve device efficiency, P3HT-TiO2 hybrid solar cells 

incorporating combinations of non-porous (compact), nanoporous, and columnar TiO2 

morphologies were fabricated. As depicted by Figure 5.6a, combining the first two 

morphologies deteriorated both Voc and Jsc value, resulting in poorly performing devices. 

However, the approach worked when combining the compact and TiO2 columnar 
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nanostructures, as seen in Figure 5.6b. Although Voc values dropped a little, combining 

compact and columnar TiO2 layers doubled Jsc values, resulting in improvements in 

device efficiency to over 0.3 %. 

 

 

 

 

 

 

 

 

Figure 5.6: Illuminated J-V characteristics of P3HT-TiO2 hybrid solar cells fabricated 

using combinations of TiO2 morphologies.  

Jsc ~ mA/cm
2
 is encouraging for bilayer P3HT-TiO2 hybrid solar cells, as these 

devices typically produce low Jsc (< 1 mA/cm
2
) compared to organic P3HT-PCBM based 

bulk heterojunction solar cells. Traditionally, low photocurrent values have been 

attributed to poor charge carrier separation at the non-optimum polymer/metal oxide 

interface, which made tuning the morphology of this interface a popular technique for 

optimizing hybrid solar cells. However, recent work has questioned this approach; 

especially since even the most intricately crafted P3HT- TiO2 interface does not increase 

efficiency beyond 0.3 - 0.5 % [14]. The results derived with the columnar TiO2 

nanostructures discussed in this chapter further corroborate this argument (Figure 5.5). 

Recent reports in literature describe chemically modifying either the TiO2 or P3HT layers 

or both, in order to optimize the interface between them [15-18]. Chapter 6 explores this 
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approach in greater details resulting in the development of bilayer hybrid solar cell 

devices, which are up to 1.6 % efficient. The last section of this chapter will briefly 

discuss doping of TiO2 nanostructures with Cu. 

5.3.2 Chemical doping of TiO2 nanostructures 

The use of Cu electrode was seen to improve P3HT-TiO2 hybrid solar cell 

stability. XPS depth profiling analysis (Chapter 4) indicated that Cu atoms could diffuse 

up to and modify the TiO2 surface. We, therefore, attempted to dope the TiO2 layers with 

Cu to investigate how this could affect photovoltaic properties of P3HT-TiO2 hybrid solar 

cells. Table 5.2 lists three distinct techniques used to achieve such Cu doping. Technique 

I used a modified sol-gel process in which 0.05 - 0.1 mol CuCl2 was added during the 

TiO2 sol-gel synthesis process described in Chapter 2 [5]. The final gels were light green-

blue in color compared to the pale yellow color of undoped TiO2 gels. Technique II 

involved doping the columnar TiO2 nanostructures by adding trace amounts of Cu during 

the reactive ballistic deposition [8,9]. Cu doping was confirmed by energy dispersive X-

ray spectroscopy (EDS) analysis. Finally, technique III thermally evaporates a monolayer 

of Cu on the surface of TiO2 prior to coating P3HT.  

The devices fabricated with all three samples, however, did not show diode 

rectification, and behaved almost like short circuited devices. In case of samples I and II, 

this behavior was seen for Ti:Cu ratios ranging from as low as 50:1 to as high as 10:1. 

For sample III, the trend was seen for Cu evaporation times ranging from 1 to 5 s. These 

experiments suggest that bulk doping of Cu into TiO2 does not improve device 

performance, but instead completely damages the devices. In other words, the surface 

phenomena indirectly resulting from the use of Cu electrode seen in Chapter 4 cannot be 

recreated by chemical doping. In fact, chemically tailoring TiO2 may not result in 
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improvement unless done precisely at the TiO2 surface by using solid state sulfide dyes 

like Sb2S3 or self-assembled monolayers (SAMs) based on carboxylic acid groups (-

COOH) as interface modifiers [15-20]. The incompatibility of hydrophilic TiO2 with the 

hydrophobic P3HT can be significantly reduced by such functionalization. The presence 

of these modifiers can further enhance electronic charge separation properties and slow 

down recombination kinetics at the interface [16-18]. Chapters 6 and 8 investigate the 

role of such chemical tailoring at the TiO2-P3HT interface to realize efficient hybrid solar 

cells. 

Table 5.2: Various techniques for chemical doping of Cu into TiO2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Morphology Method Results 

 

 

 

I 

 

 

Cu doped TiO2 solgel 

50:1 < Ti:Cu < 10:1 

100 nm non-porous 

sol-gel derived TiO2 

 

Add 0.05 - 0.1 mol CuCl2 

to TiO2 sol-gel and stir for 

8 h to make new sol-gel. 

Butanol used as solvent 

instead of ethanol 

 

 

Devices short 

circuited 

 

 

 

 

II 

 

Cu doped columnar 

TiO2 nanostructures 

50:1 < Ti:Cu < 10:1 

100 nm TiO2 columns 

on 10 nm compact  

layer 

 

Add Cu during reactive 

ballistic deposition 

(RBD), in which Ti metal 

is evaporated onto a 

substrate placed at a 

glancing angle (75
o
) 

 

 

Devices short 

circuited 

 

 

 

III 

 

Interfacial layer of 

Cu in between P3HT 

and TiO2 layers  

100 nm non-porous 

sol-gel derived TiO2 

 

Evaporate Cu for 1 - 5 s 

Devices short 

circuited 
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5.4 CONCLUSION 

This Chapter examined the role played by morphology of the TiO2 layer on 

hybrid solar cell efficiency and stability, by comparing the photovoltaic performance of 

P3HT-TiO2 devices. Using highly porous columnar TiO2 nanostructures increased the 

efficiency of P3HT-TiO2 hybrid solar cells to 0.3 %, significantly higher than that 

obtained with nanoporous TiO2 (0.03 %) and non-porous sol-gel derived TiO2 (0.13 %) 

layers. The biggest improvement was seen in photocurrent, as indicated by Jsc values 

which approached 2 mA/cm
2
, orders of magnitude higher than the values obtained with 

other morphologies. Nevertheless, tuning TiO2 morphology alone is found to be 

insufficient to further extend the hybrid solar cell efficiency, and it must be accompanied 

by chemically tailoring the P3HT-TiO2 interface as discussed in the succeeding Chapters. 
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Chapter 6: Influence of Bond Ionicity on the Interfacial Energetics and 

Photovoltaic Properties of Organic-Inorganic Hybrid Solar Cells 

 

6.1 INTRODUCTION 

Attempts to increase hybrid solar cell efficiency in previous chapters seem to 

show that while solar cells containing an organic-inorganic interface are feasible, they are 

far from efficient.  An advantage of hybrid solar cells is that there is more choice and 

tunability for the inorganic components. For instance, challenges like oxygen vacancies 

associated with the oxide-polymer interface (Chapter 4) may not exist for a sulfide-

polymer interface. Another reason that a sulfide-based interface might be better is that 

polymers like P3HT have sulfur containing thiophene moieties. In fact, a concerted 

research effort is currently underway to identify and study novel inorganic materials like 

sulfides for use in organic-inorganic hybrid devices [1]. In this Chapter, systematic 

investigations of different metal sulfides at the hybrid organic-inorganic interface 

between P3HT and TiO2 reveal that the efficiency of these devices depends on specific 

properties of the sulfides used. 

6.1.1 Choice of inorganic sulfides 

The practicality of organic-inorganic hybrid solar cells, comprising of organic light 

absorbing, hole transporting polymers in contact with nanostructured inorganic electron 

transporting layers, has long been plagued by lackluster power conversion efficiency 

values compared to organic photovoltaic devices that are now known to exhibit 

efficiencies approaching 8 % [1-9].
 
Charge separation and transfer at the complex 

interface between dissimilar materials critically influence the photovoltaic properties of 

solid-state hybrid solar cells. In this regard, recent reports on hybrid solar cells with 
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efficiencies exceeding 5 % have generated renewed interest in this class of polymer solar 

cells [10-13]. This record breaking device performance was mainly attributed to the 

presence of a solid state, inorganic dye/sensitizer layer of antimony trisulfide (Sb2S3) at 

the interface between the organic P3HT and inorganic TiO2 layers.  

However, not all metal sulfides work when introduced at the P3HT-TiO2 interface. 

Several factors relating to the morphology and chemistry of the metal sulfide can 

influence how the sulfides behave when in contact with organics like polymers. For 

instance, devices fabricated with metal sulfide layers like copper sulfide (Cu2S) and 

cadmium sulfide (CdS) have exhibited poor performance, perhaps owing to their inability 

to form an intimate charge transfer contact at the inorganic semiconductor/organic hole 

conductor interface [14,15]. This alludes to a possible link between the metal ion of the 

sulfide and interfacial mechanisms, which could explain how interfacial charge 

separation happens at the hybrid interface in the presence of modifiers like Sb2S3 [2]. A 

recent report used resonance Raman spectroscopy to suggest that the bonding between 

thiophene moieties and the Sb2S3 layer was a factor in the improved photovoltaic 

performance of Sb2S3 based hybrid solar cells [11]. One possibility is that the Sb atom 

bonds with the S atoms of P3HT and forms a bridge that facilitates charge transfer with 

the P3HT. To understand this behavior, it is, however, necessary to examine Sb closer. 

Sb is one of the elements that can exhibit both metallic and non-metallic behavior 

owing in large part to its proximity to the “stair case line” that separates metals and non-

metals in the periodic table. This means that Sb is extremely electronegative which tends 

to make the Sb-S bond more covalent or in other words less ionic. Such covalent bonds 

can be easily stretched or weakened enabling the Sb atoms to engage in bonding with S 

atoms present in the thiophene rings of P3HT. This alludes to a possible link between the 

metal ion of the sulfide and interfacial mechanisms, which could help explain how 
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interfacial charge separation happens at the hybrid interface in the presence of Sb2S3 [2].
 

However, such plausible effects of metal-sulfur bond ionicity on interfacial charge 

transport pathways inside hybrid solar cells have not been explored.  

Hence, while searching for metal sulfides to use as solid state dyes or interface 

modifiers in hybrid solar cells, it becomes important to understand the role of bond 

ionicity, which defines the degree of ionic or covalent character in a chemical bond. As 

metal-sulfur bond ionicity is determined by electronegativity of the metal, this 

dissertation evaluates this hypothesis by comparing the photovoltaic behavior of Sb2S3 

based hybrid P3HT-TiO2 solar cells with those using sulfides of metals in the same row 

as Sb but with varying electronegativity values. 

6.1.2 Objectives of this chapter 

Although the use of Sb2S3 was reported to result in efficient hybrid solar cells, the 

reasons behind the improvements were not understood. This Chapter attempts to explain 

why Sb2S3 works through a systematic comparison of Sb2S3 with other sulfides, by 

substituting Sb with less electronegative elements like In and Sn, which lie to the left side 

of Sb in the periodic table. Specifically, it is found that replacing Sb2S3 by In2S3 and SnS 

results in poorly performing devices compared to devices using Sb2S3. Raman analysis 

carried out directly on the sulfide-polymer interface inside working devices, suggest that 

the highly covalent character of the Sb-S bond can cause Sb to bond with the S atoms of 

the P3HT polymer with relative ease compared to In or Sn. The resulting reduction of 

interfacial incompatibility between the TiO2 and P3HT layers by the Sb2S3 interlayer 

could explain the improved performance of Sb2S3 based devices compared to other 

sulfides. The results suggest that the efficiency improvements seen with Sb2S3 can be 

attributed to a combination of bond ionicity, morphology and structural factors, and 
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manipulating these parameters can assist in the rational design of efficient and cost-

effective organic-inorganic hybrid photovoltaics. 

6.2 EXPERIMENTAL 

6.2.1 Materials 

For synthesizing TiO2 sol-gel, starting materials tetrabutyl titanate (TBT) 

[Ti(OC4H9)4] and 2,4-pentanedione were purchased from Alfa Aesar. All chemicals used 

in chemical bath deposition (CBD) of the metal sulfide layers were also purchased from 

Alfa Aesar. Regioregular poly(3-hexylthiophene) (P3HT) was purchased from Rieke 

Metals and used without further purification.  

6.2.2 TiO2 sol-gel  

Sol-gel derived TiO2 layers were synthesized from TBT precursor and sintered as 

discussed in Chapter 2 [16].  

6.2.3 Chemical bath deposition (CBD) of metal sulfide films 

6.2.3.1 In2S3 

The chemical bath deposition (CBD) of In2S3 films was performed inside a 

temperature controlled bath maintained at 70 
o
C as previously reported [17].

  
The reactive 

bath solution was prepared by the sequential addition of 10 mL of 0.1 M InCl3 (in de-

ionized water), 20 mL of 0.5 M glacial acetic acid, and 20 mL of 1 M thioacetamide. 

Lastly, 50 mL of de-ionized water was added to bring the total solution volume to 100 

mL. The pH of the final solution was ~ 2.5. The sintered TiO2 coated substrates were 

then placed vertically inside the bath. The deposition times were varied to vary the film 

thicknesses. The films grow at deposition times as short as 1.5 h. The grown In2S3 film 

were light yellow in color and well adhered to the substrate. The films were washed with 
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de-ionized water, dried in flowing nitrogen, sintered in a tube furnace at 300 
o
C for 30 

min, and finally cooled slowly to room temperature under steady argon flow. After 

sintering, the film color changed to darker yellow. 

6.2.3.2 SnS 

A previously reported CBD recipe for growing SnS films was followed [18].
 

Briefly, 1 g of SnCl2.2H2O was dissolved in 5 mL of acetone. Then the following were 

added sequentially to the bath maintained at 75 
o
C:  6 mL triethanolamine (TEA), 65 mL 

de-ionized water, 8 mL of 1M thioacetamide (TA), and 10 mL of 4 M ammonium 

hydroxide. Although many reports in the literature do not use TEA for this deposition, we 

find that it was difficult to grow well adhered films without using TEA. However, it is 

important to mix 6 mL of as purchased (concentrated) TEA with 6 mL of de-ionized 

water before adding to the bath to prevent immediate precipitation inside the bath. The 

TiO2 coated substrates were then placed vertically inside the bath. The deposition times 

were varied to vary the film thicknesses. The films grow at deposition times as short as 

80 min. The grown SnS film was dark brown in color and well adhered to the substrate. 

The films were washed with de-ionized water, dried in flowing nitrogen, sintered in a 

tube furnace at 300 
o
C for 30 min, and finally cooled slowly to room temperature under 

steady argon flow. After sintering, the film color changed to darker brown. 

6.2.3.3 Sb2S3 

Sb2S3 films were grown in a controlled chemical bath maintained at 4 
o
C inside a 

temperature controlled refrigeration chamber as previously reported [19].
 
Briefly, 0.65 g 

of SbCl3 was dissolved in 2.5 mL of acetone. Then 25 mL of 1 M sodium thiosulfate 

(Na2S2O3) and 70 mL of de-ionized water were added sequentially to the bath. It must be 

noted that these solvents were refrigerated at 4 
o
C for several hours prior to being added 
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to the bath. The TiO2 coated substrates were then placed vertically inside the bath, which 

was then immediately transferred to the refrigerator. The deposition times were varied to 

vary the film thicknesses. The films grow at deposition times as short as 3 h. The grown 

Sb2S3 film was orange in color and well adhered to the substrate. The films were washed 

with de-ionized water, dried in flowing nitrogen, sintered in a tube furnace at 330 
o
C for 

30 min, and finally cooled slowly to room temperature under steady argon flow. After 

sintering, the film color changed to brownish-black. We observed during the cell 

preparation procedure that after annealing, if we remove the Sb2S3 film coated substrates 

from the furnace immediately or if we allow them to cool in argon overnight, much 

poorer devices performance was seen [20]. However, if we allow the Sb2S3 films to cool 

under argon till the temperature of the tube furnace reaches around 98 
o
C, then remove 

them, and cool in air overnight, we obtain the best device results.  

6.2.4 Fabrication of metal-sulfide based hybrid solar cells 

Previously cut ITO-coated glass substrates were first patterned by taping with 

polyimide tape and then slow etching (20 - 25 min) in a mixture of 7.5 mL of de-ionized 

water, 0.8 mL of HNO3, and 2.2 mL of HCl, at 60 
o
C. The substrates were then rinsed 

with copious amounts of de-ionized water and cleaned by successive sonication (10 min 

each) in aqueous detergent (alconox), de-ionized water, acetone, and isopropanol. The 

cleaned substrates were dried in flowing nitrogen and immediately treated with oxygen 

plasma for 10 min inside a Harrick PDC-32G plasma cleaner operating at medium RF 

power levels.   

The aged TiO2 sol-gel was then coated onto these cleaned substrates by spincoating 

at 3000 rpm for 20 s on a Chemat KW4A spincoater. In order to form the electron 

transporting, transparent thin film of anatase TiO2, these spincoated substrates were 
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sintered in an air furnace at 450 
o
C for 120 min and cooled slowly to room temperature. 

The sintered TiO2 films were transparent with a thickness of around 100 nm, as measured 

by a Quanta 650 scanning electron microscope (SEM).  The sintered TiO2 coated 

substrates were subsequently immersed in a chemical bath to deposit the metal-sulfide 

(In2S3, SnS, or Sb2S3) layer, as outlined in section 6.2.3. The metal-sulfide films were 

sintered in a tube furnace at 300 - 330 
o
C for 30 min and cooled slowly to room 

temperature under a steady argon flow. It is important to purge the furnace tube for at 

least 2 h prior to heating to ensure removal of oxygen. While a temperature of around 300 

o
C was sufficient to grow crystalline In2S3 and SnS films, the Sb2S3 films required at least 

330 
o
C to crystallize. SEM images (not shown here) indicate that these sulfide layers are 

uniform, non-porous and around 200 - 250 nm thick. 

The metal sulfide coated substrates were transferred into an argon filled glovebox 

immediately after removing from the furnace. 12 - 13 mg of P3HT was dissolved in 1 mL 

of chlorobenzene by stirring at 50 
o
C for 2 h inside the glovebox. The resulting solution 

was then filtered through 0.20 µm pore size PTFE membrane syringe filter (Pall Life 

sciences). A hole transporting P3HT layer of 150 nm thickness was obtained by coating 

the P3HT solution onto the metal-sulfide (In2S3, SnS or Sb2S3) coated substrates at a 

speed of 1500 rpm for 60 s. The P3HT-sulfide composites were created by melt 

infiltrating P3HT into the metal-sulfide layer by heating at a temperature of 185 
o
C for 8 

min. The substrates were then cooled slowly overnight. The hybrid solar cell devices 

were completed by depositing a 2×3 matrix of 150 nm thick Au electrodes. The 

evaporation was carried out at vacuum levels better than 10
-7

 Torr and a deposition rate 

of 1-2 Å/s inside a JEOL thermal evaporator, using Au wires hung on W wire baskets. 

The active area of the hybrid solar cells was 3 mm x 3 mm, as defined by a metal mask. 

The final device structure was ITO/TiO2/metal sulfide/P3HT/Au 
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6.2.5 Characterization techniques 

Raman spectra were acquired with the Renishaw inVia Raman Microscope using 

50 % of the 50 mW, 532 nm laser excitation at a 50X objective. Photovoltaic 

characterization of the solar cells was performed as discussed in Chapter 3. Unless 

otherwise stated, all measurements were conducted in air. 

 

6.3 RESULTS AND DISCUSSION 

6.3.1 Metal sulfide film characterization 

Glancing incidence X-ray diffraction (GIXRD) analysis of the films in Figure 

6.1a reveals the formation of cubic  and  crystalline phases of In2S3 with a minor 

fraction of the tetragonal phase. The In2S3 films typically have energy band gap values 

between 2.0 and 2.75 eV, and can be either direct or indirect depending on the deposition 

conditions [21]. The peaks in Figure 6.1b and c match the standard patterns for the 

minerals herzenbergite (SnS) and stibnite (Sb2S3) [10,18,19].
 
SnS is a p-type IV–VI 

semiconductor that can have a direct band gap of about 1.7 eV or an indirect band gap of 

1.0 eV, depending on the deposition conditions [18].
 

Sb2S3 is a low-band-gap 

semiconductor (1.7 - 1.8 eV) with high absorption coefficient (1.8 × 10
5
 cm

-1
 at 450 nm) 

in the crystalline form (stibnite) [10,13]. 
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Figure 6.1: GIXRD of (a) In2S3, (b) SnS, and (c) Sb2S3 sulfide films. Films are 200 - 250 

nm thick. Insets show samples of the films.  



 101 

6.3.2 Photovoltaic characterization 

6.3.2.1 Current-voltage (J-V) measurements 

Bilayer devices were fabricated with well-defined interfaces between bilayers of 

inorganic TiO2 and organic P3HT as depicted by the schematic in Figure 6.2 [2,22]. The 

intermediate metal (In, Sn, and Sb) sulfide layers were deposited by a facile chemical 

bath deposition (CBD) process, which is simpler and repeatable compared to the quantum 

dot based sulfides reported earlier [22-27].
 
The anatase sol-gel derived nanocrystalline 

TiO2 and spincoated P3HT bilayers are sandwiched between a transparent ITO electron 

collecting electrode and a thermally evaporated gold hole collecting electrode. In this 

device architecture, TiO2 acts as the electron transporter, Sb2S3 acts both as a photon 

absorber and as modifier of the P3HT-TiO2 interface, P3HT has multiple roles as the 

photon absorber, hole transporter, and as a buffer/passivating layer between Sb2S3 and Au 

electrode. 

 

 

 

 

 

 

 

 

Figure 6.2: Schematic of a metal sulfide based hybrid solar cell. 

The objective is to study the organic-inorganic interface with a focus on 

understanding the ability of various metal sulfide layers (metal=In, Sn, and Sb) to 
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enhance interfacial interactions between P3HT and TiO2, thereby optimizing the charge 

separation and transfer processes. Accordingly, the photovoltaic performances of the 

bilayer devices with and without the interfacial (metal=In, Sn, and Sb) sulfide layers are 

compared in Figure 6.3. The values for the bilayer devices without sulfide interlayers 

(open squares) are comparable to those in Chapter 5.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: Comparison of the photovoltaic performances of bilayer devices with and 

without interfacial (metal=In, Sn, Sb) sulfide layers. 

As indicated by the J-V curves in Figure 6.3, short-circuit current density (Jsc) 

values > 6 mA/cm
2
 were obtained with Sb2S3 based devices compared to Jsc as low as 
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0.34 mA/cm
2
 and 0.19 mA/cm

2
, respectively, for SnS and In2S3 based devices. 

Additionally, reduced open-circuit voltage (Voc) and fill factor (FF) values for In2S3 and 

SnS devices resulted in orders of magnitude lower efficiency compared to Sb2S3 based 

devices. In fact, the use of In2S3 and SnS layers at the hybrid P3HT-TiO2 interface 

degraded the device performances below that of bilayer P3HT-TiO2 devices without a 

sulfide layer (Chapter 5), while Sb3S3 based devices exhibited an efficiency of 1.35 %. 

The Voc values for the Sb2S3 based devices are higher than those previously reported [10]. 

The lower FF values compared to bilayer devices plausibly stems from a resistive loss 

associated with the thickness of the sulfide films [13].  

6.3.2.2 Variation of photovoltaic parameters with sulfide thickness 

The devices in Figure 6.3 have sulfide layers of almost equal thickness (200 - 250 

nm). Tables 6.1-6.3 indicate that photovoltaic parameters can change as the thickness of 

the sulfide layer varies. Increasing CBD growth time results in thicker sulfide films and 

the device efficiency increases with increasing thickness for Sb3S3 based devices (Table 

6.3). However, this trend peaks at a thickness  of ~ 250 nm and further increase in growth 

time or film thickness deteriorates device performance. This observation agrees with 

previous reports about increased internal recombinations of charge carriers in thicker 

sulfide layers [28]. The trend, however, differs for In2S3 and SnS based devices. Here, as 

the film growth time and the thickness increase, the device performance tends to 

deteriorate (Table 6.1, 6.2). Increasingly, short circuited devices were observed in these 

cases suggesting suboptimum interfacial morphology and hence charge transfer.  
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Table 6.1: Photovoltaic parameters for various growth times of In2S3 films 

Sample 

In2S3 

growth 

time 

(min) 

Voc 

(V) 

Jsc 

(mA/cm
2
) 

 

FF 

(%) 

 

Efficiency 

(%) 

 

No In2S3 

 

0 

 

0.67 

 

0.30 

 

30 

 

0.06 

With In2S3 

 

90 

 

0.08 0.19 

 

29 

 

  0.004 

With In2S3 
180 0.07 0.19 23 0.003 

 

With In2S3 

 

360 

 

0.02 

 

0.14 

 

0.1 

 

0.0003 

 

With In2S3 

 

720 

 

0.01 

 

0.07 

 

0.01 

 

0.000007 

 

 

Table 6.2: Photovoltaic parameters for various growth times of SnS films 

Sample 

SnS 

growth 

time 

(min) 

Voc 

(V) 

Jsc 

(mA/cm
2
) 

 

FF 

(%) 

 

Efficiency 

(%) 

 

No SnS 

 

0 

 

0.67 

 

0.30 

 

30 

 

0.06 

With SnS 

 

80 

 

0.13 0.34 

 

30 

 

0.01 

With SnS 120 0.11 0.23 29 0.007 

 

With SnS 

 

180 

 

0.01 

 

0.22 

 

1 

 

0.002 

 

With SnS 

 

240 

 

0.01 

 

0.03 

 

1 

 

0.0003 
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Table 6.3: Photovoltaic parameters for various growth times of Sb2S3 films 

Sample 

Sb2S3 

growth 

time 

(h) 

Voc 

(V) 

Jsc 

(mA/cm
2
) 

 

FF 

(%) 

 

Efficiency 

(%) 

 

No Sb2S3 

 

0 

 

0.67 

 

0.30 

 

30 

 

0.06 

With Sb2S3 

 

3 

 

0.49 2.71 

 

31 

 

0.41 

With Sb2S3 
6 0.46 3.18 35 0.51 

 

With Sb2S3 

 

12 

 

0.55 

 

5.74 

 

27 

 

0.85 

 

With Sb2S3 

 

14 

 

0.61 

 

4.50 

 

34 

 

0.93 

 

With Sb2S3 

 

18 

 

0.52 

 

7.83 

 

28 

 

1.14 

 

With Sb2S3 

 

20 

 

0.63 

 

6.14 

 

35 

 

1.35 

 

With Sb2S3 

 

24 

 

0.52 

 

5.00 

 

40 

 

1.04 

 

6.3.2.3 Quantum efficiency (QE) measurements 

The output photocurrent generated by a solar cell from exciton dissociation 

depends on the collective efficiencies of the photon absorption, charge separation, and 

charge transport processes, which in turn are determined by recombination kinetics [10]. 

As discussed in Figure 6.3, addition of Sb2S3 results in order of magnitude improvements 

in overall photovoltaic efficiencies to over 1 %, with the best improvement seen in the 

photocurrent (Jsc) values. The quantum efficiency (QE) plot in Figure 6.4 suggests that 

these improvements can be attributed to the formation of an optimum electronic and 

chemical interface between TiO2, Sb2S3, and P3HT, which optimizes the charge 

separation and transport processes. The QE values for Sb2S3 based hybrid solar cells 

peaks in the spectral range from 400 to 500 nm, reaching a maximum value of ~ 50 % at 
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450 nm [10]. The quantum efficiency is up to 30 % at 650 nm, suggesting efficient 

photon harvesting by the Sb2S3 based devices at wavelength beyond the absorption range 

for P3HT [29]. The photocurrent values for P3HT-TiO2 only bilayer devices of the type 

discussed in Chapter 5 was too low to be measured by our QE instrumentation. This 

drawback also applied to the case of In2S3 and SnS based devices. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4: Quantum efficiency (QE) plot of bilayer Sb2S3 based P3HT-TiO2 hybrid solar 

cell. 
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6.3.2.4 Stability 

As seen in Figure 6.5a, the Sb2S3 based hybrid solar cells are stable during 

continuous testing in an inert (argon) atmosphere, thus eliminating problems arising from 

the delicate equilibrium that exists between atmospheric oxygen and the oxide ions 

within the TiO2 lattice (Chapter 4). In fact, unlike in the case of P3HT-TiO2 devices, 

photovoltaic parameters initially improve and finally stabilize. However, compared to the 

performance under air (Figure 6.3), the cells display poor FF and slightly lower Jsc, Voc 

values. These results indicate that a layer of Sb2S3 at the interface between P3HT and 

TiO2 not only serves to improve charge separation, but also acts as a scavenger of rogue 

charges created in TiO2 that can damage P3HT. Dye molecules which use carboxylic acid 

(-COOH) groups to anchor onto TiO2 in dye-sensitized solar cells (DSSC) can perform a 

similar scavenging function. Literature reports in photocatalysis support this hypothesis 

[30,31]. Interestingly, the Sb2S3 based devices were stable when stored under ambient 

(air) conditions, as indicated in Figure 6.5b. No encapsulation techniques were used, and 

while being stored in the dark, the Jsc and FF values improved from 6.14 to 7.61 mA/cm
2
 

and 34 to 36 % respectively, resulting in the overall efficiency increasing from 1.35 to 

1.61 %. 
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Figure 6.5: Sb2S3 based P3HT-TiO2 hybrid devices during (a) continuous testing in argon 

and (b) storage in air. 
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6.3.3 Metal-sulfur bond ionicity  

Electronegativity values can be used to calculate the degree of ionic (and 

therefore covalent) character of a bond between two dissimilar elements [32,33]. The 

percentage ionic character of a bond (B) can be calculated by equation 6.1: 

 

B = 1 – e -1/4(
A

- 
B

)2                                                                                     
(6.1)

  

 

Bond ionicity values (Table 6.5) calculated based on the electronegativity values 

listed in Table 6.4 quantify that the ionicity of the metal-sulfur bond decreases in the 

order In2S3 (15 %) > SnS (9 %) > Sb2S3 (7 %). Thus, with a larger covalent character of 

the Sb-S bond, Sb could easily bond with the S atoms on the covalent P3HT compared to 

In or Sn. Photovoltaic parameters in Figure 6.3 further demonstrate this trend wherein the 

In2S3 based devices fare the worst, while the SnS based devices have photovoltaic 

parameters intermediate to those of In2S3 and Sb2S3.   

 

Table 6.4: Revised Pauling scale of electronegativity values 

 

 

 

 

 

 

 

 

 

Element 
Electronegativity 

 


 

 

In 

 

1.78 

Sn 

 

1.96 

 

Sb 2.05 

 

S 

 

2.58 
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Table 6.5: Metal-sulfur bond ionicity values for metal sulfides 

 

 

 

 

 

 

6.3.4 Raman analysis  

The more covalent the metal-sulfur bond, the more efficient the devices obtained on 

adding these metal sulfides layers at the hybrid P3HT-TiO2 interface. To investigate the 

interfacial reaction between Sb and S atom of P3HT, Raman analysis was carried out 

directly on the Sb2S3-P3HT interface inside hybrid solar cell devices.  

Stibnite (Sb2S3) has a parallel ribbon-like structure comprising of two types of Sb 

atoms and three types of S atoms [34,35]. As depicted in Figure 6.6a, one type of Sb 

atom forms short (2.5 - 2.8 Å) covalent Sb-S bonds with S atoms within the same plane, 

which are too strong to be weakened by a reaction with the thiophene ring of P3HT. On 

the other hand, the second type of Sb atom can form long (3.4 Å) Sb-S bonds with S 

atoms on a parallel ribbon. As these are weak Van der Waals type bonds, they can be 

attacked with relative ease by the S atom on P3HT. To examine this hypothesis, Figure 

6.6b compares the Raman spectra of P3HT coated Sb2S3 films in a device configuration 

with those of neat Sb2S3 films deposited on a TiO2 coated ITO-glass substrate. 

An advantage of Raman analysis is that the characteristic peak from the organic 

(P3HT) appears at 1442 cm
-1

, and does not overlap with the inorganic (Sb2S3) peaks [36]. 

Raman spectrum of Sb2S3 film shows two strong peaks at 277 and 293 cm
-1 

[37,38]. On 

Metal sulfide 


A 


B
 B 

(%) 

 

In2S3 

 

1.78 

 

2.58 

 

15 

SnS 

 

1.96 

 

 

2.58 

 

9 

Sb2S3 
2.05 2.58 7 
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coating with P3HT, both peaks get depressed and broader. The peak at 277 cm
-1 

which 

corresponds to the stretching vibration of the long Sb-S bonds broadens and shifts to the 

left, suggesting a disruption of the long Sb-S bonds. This could suggest that the S atoms 

in P3HT are chelating with the second type of Sb atoms in Sb2S3, stretching or weakening 

the long Sb-S bonds, which in turn makes the Raman peak broaden and shift to the left 

[11]. The peaks at 399, 519, 639 cm
-1

 in Figure 6.6b correspond to the characteristic 

peaks of anatase TiO2.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6: (a) Crystal structure of Sb2S3 and (b) Raman spectra of Sb2S3 films and 

P3HT-coated Sb2S3 films. Inset shows an enlargement of the region where 

characteristic Sb2S3 peaks fall. 

Interestingly, Raman analysis of In2S3 and SnS coated with P3HT do not display 

such chelation of the thiophene moieties in P3HT towards the metal atoms. Raman 

spectrum of In2S3 in Figure 6.7a is dominated by a broad peak centered around 300 cm
−1

, 

the intensity of which strongly depends on the film deposition temperature [39].  The 

shoulder at about 350 cm
−1

 associated with the A1g Raman mode is also visible [40]. 

Raman spectrum of the SnS film in Figure 6.7b shows two strong peaks at 220 and 300 
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cm
-1

 [41]. On coating with P3HT, neither the positions nor the intensities of these In2S3 

and SnS peaks change, in contrast to that found with Sb2S3 (Figure 6.6). This suggests a 

clear difference in the interaction of P3HT with these three sulfides.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7: Raman spectra of (a) In2S3 films and P3HT coated In2S3 films and (b) SnS 

films and P3HT coated SnS films.  
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As summarized in Figure 6.8, Sb has the highest electronegativity among the 

three metal sulfides investigated, and the ionicity of the metal-sulfur bond decreases in 

the order In2S3 (15 %) > SnS (9 %) > Sb2S3 (7 %). Thus, with a larger covalent character 

of the Sb-S bond, Sb bonds to the S atoms on P3HT relatively easier compared to In or 

Sn. Such chemical bonding between Sb2S3 and P3HT optimizes the interfacial change 

transfer, making Sb2S3 based devices orders of magnitude more efficient than the In2S3 or 

SnS based devices. 

 

 

 

 

 

 

 

 

 

 

Figure 6.8: Variation of the photovoltaic efficiency with the metal-sulfur bond ionicity. 

6.3.4.1 Morphology of metal sulfides 

Unlike the spinel-like structure of In2S3, SnS has a layered structure quite similar 

to the ribbon-like structure of Sb2S3 and comprises of both short and long Sn-S bonds 

[42,43].
 
However, as seen in Figure 6.7, Raman peaks of SnS remain unchanged after 

coating with P3HT, which raises the question of whether there exist changes in 

morphology that makes it more difficult for the P3HT to interact with SnS when 
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compared to Sb2S3.  SEM images in Figure 6.9 reveal clear differences in the morphology 

of the three metal sulfides. Furthermore, the low polarity of the Sb-S bond makes the 

surface of the Sb2S3 film more hydrophobic compared to In2S3 and SnS. This makes it 

easier for the hydrophobic P3HT to wet the Sb2S3 surface and form an intimate charge 

transfer interface, when compared to In2S3 and SnS [44]. In fact, the hydrophilic nature of 

the TiO2 surface is a major obstacle to the formation of an efficient interface between 

P3HT and TiO2. Introducing a layer of Sb2S3 at the interface eliminates this problem, as  

TiO2 and Sb2S3 layers both being inorganic form an intimate contact, while the favorable 

interaction between Sb2S3 and P3HT further reduces the overall interfacial 

incompatibility between the TiO2 and P3HT layers.  

 

 

 

 

 

 

 

Figure 6.9: SEM images of (a) In2S3, (b) SnS, and (c) Sb2S3 films on TiO2 surface. Scale 

bar is 5 μm for (a) and (c), and 2 μm for (b). 

To make this point clearer, Figure 6.10 compares the photovoltaic performance of 

ITO/TiO2/Sb2S3/Au type devices without a P3HT layer. Although, these devices do not 

reach efficiencies as high as devices with P3HT, they are nevertheless more efficient than 

the P3HT-TiO2 bilayer devices in Chapter 5 with Jsc values reaching 2.5 mA/cm
2
. With a 

Sb2S3 layer as thick as 250 nm, it is likely that Sb2S3 performs the bulk of the photon 

a b c 
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absorption. This means that the P3HT layer behaves more like a passivation layer at the 

Sb2S3-Au interface, which also contributes to the photon absorption [45]. However, In2S3 

and SnS based devices without P3HT were short circuited and did not show rectification 

behavior. Furthermore, Sb2S3 and SnS are both strong absorbers with similar band gaps 

and absorption coefficients [18,19]. In spite of this, only Sb2S3 based devices work 

efficiently. Thus, the metal sulfide-P3HT interface plays a critical role in these sulfide 

based hybrid solar cells. These results suggest the presence of improved charge 

separation kinetics at the organic (P3HT)-inorganic (TiO2) interface mediated by the 

Sb2S3 layer, unlike in the case of In2S3 and SnS. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10: J-V characteristics of Sb2S3 based devices with and without organic (P3HT) 

layer. 

6.3.4.2 Effect of surface oxidation in Sb2S3 based devices 

Sb2S3 can easily oxidize on the surface when in contact with atmospheric oxygen. 

This leads to the formation of a Sb2O3 surface passivation layer, which can reduce charge 
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carrier recombinations at the Sb2S3-P3HT interface, thereby improving the photovoltaic 

performance [12]. XPS analysis of the surfaces of Sb2S3 films in Figure 6.11 indicates Sb 

3d peaks at a higher binding energy, which could be associated with a native, surface 

passivating Sb2O3 layer. These peaks are removed after Ar
+
 sputtering, confirming that 

the additional peaks are due to a surface oxide. Analysis of the surfaces of In2S3 and SnS 

do not show evidence for such passivation. This could further explain why explain why 

In2S3 and SnS based devices behaved poorer than P3HT-TiO2 bilayer devices. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11: XPS Sb 3d spectra of (a) Sb2S3 and (b) Sb2S3 after 1 min Ar
+
 sputtering. 

However, as depicted in Figure 6.12, if the Sb2S3 films are deliberately oxidized, 

photovoltaic parameters deteriorate perhaps owing to increase in resistive losses in the 

thick Sb2O3 layer. This trend is different from reports in the literature for variants of 

Sb2S3 based hybrid solar cells [12]. Insets in Figure 6.12 reveal that deliberately oxidized 

Sb2S3 films (sample b) have a whitish patina when compared to dark brown unoxidized 
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films (sample a). In the case of sample b, the Sb2S3 coated substrates were exposed to air 

once the furnace temperature reached ~ 200 
o
C after sintering at 330 

o
C, instead of 

cooling to room temperature as in sample a. Illuminated J-V characteristics in Figure 6.12 

show that these deliberately oxidized Sb2S3 films result in poorer performing devices, 

showing a decrease in efficiency from 1.35 to 0.35 %.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.12: Role of oxidation on photovoltaic parameters of Sb2S3 based devices. 

 

6.4 CONCLUSION 

In conclusion, incorporating a layer of Sb2S3 at the P3HT-TiO2 interface appears to 

be a promising approach to optimize interfacial charge transfer in organic-inorganic 

hybrid solar cells based on TiO2 and P3HT. The role of metal-sulfide bond ionicity in In, 

Sn and Sb based sulfides has been studied by photovoltaic characterization of simple 

bilayer P3HT-TiO2 devices in combination with Raman analysis conducted directly on 
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the device. Sb being more electronegative than In and Sn, the ionicity of the metal-sulfur 

bond decreases in the order In2S3 (15 %) > SnS (9 %) > Sb2S3 (7 %). Raman spectra 

indicates that such highly covalent character of the Sb-S bond makes it favorable for Sb 

to bond with the S atoms of the organic P3HT hole transporter with relative ease 

compared to In, or Sn. The strong interfacial interactions between Sb2S3 and P3HT, 

optimizes interfacial change transfer making Sb2S3 based devices orders of magnitude 

more efficient than In2S3 and SnS based devices. The efficiency improvements seen with 

Sb2S3 can be attributed to a combination of bond ionicity, morphology and structural 

factors. Hence, when looking for metal sulfides that can replace or improve the effects 

seen with Sb2S3, it would be prudent to focus on covalent metal sulfides from the right 

hand side of the periodic table, for example GeS and TeS. 
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Chapter 7: Understanding Interfacial Charge Transfer in  

Organic-Inorganic Hybrid Solar Cells†  

 

7.1 INTRODUCTION 

The discussion in preceding Chapters focused on increasing the overall power 

conversion efficiency and stability of bilayer P3HT-TiO2 organic-inorganic hybrid solar 

cells. Given the heterogeneity which exists within bulk heterojunction devices, stable 

interfacial prototypes with well-defined interfaces between bilayers of TiO2 and polymer 

(P3HT) derivatives were developed which demonstrate tunable efficiency values ranging 

from around 0.01 to 2 %. The stability of these devices during continuous testing was 

improved by using Cu-based hole collecting electrodes (Chapter 4). The efficiency values 

could be tailored by either changing the TiO2 morphology (Chapter 5) and/or introducing 

modifying layers like Sb2S3 at the P3HT-TiO2 interface (Chapter 6).  

The simple P3HT-TiO2 bilayer design of these interfacial prototypes provides an 

opportunity for developing a fundamental understanding of photocurrent generation 

processes at organic-inorganic heterojunctions, which is key for further improving the 

efficiency and stability of hybrid solar cells. In particular, they can help us understand the 

precise role played by nanostructured TiO2 surfaces and interfacial solid state-dye layers 

in enhancing charge separation and transfer processes, using a host of characterization 

techniques carried out directly on a working device. Examples introduced in this 

dissertation include XPS depth profiling analysis of metal-P3HT and P3HT-TiO2 

interfaces (Chapter 4), and Raman analysis of bonding between interface modifiers like 

Sb2S3 and P3HT (Chapter 6). 

_________________________________ 

† Low molecular weight P3HT and P3HT-COOH were synthesized by R. Ono and C. Bielawski 

Fluorescence measurements were carried out in collaboration with T. Adachi and D. Vanden Bout 
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The complex interface between TiO2 and P3HT plays a crucial role in 

determining both the efficiency and stability of hybrid solar cells [1-6]. Literature on dye 

sensitized solar cells (DSSC) reports carboxylic acid groups (-COOH) as effective 

interface modifiers between the surfaces of inorganic oxides and organic molecules [7-

10]. In fact, dye molecules used in dye-sensitized solar cells (DSSC) use –COOH groups 

as tethers to anchor themselves on to the TiO2 surface [6,11-13]. The incompatibility of 

the hydrophilic TiO2 with the hydrophobic polymer can be significantly reduced by such 

-COOH functionalization, thereby enhancing interfacial charge separation and transfer 

[8-10].  Inspired by this approach, this Chapter describes a new class of P3HT derivatives 

with –COOH moieties at the extremity of a polymer chain. Such carboxylated thiophene 

chains can better interact with and strongly anchor on to the TiO2 surface, forming a 

homogeneous polymer film on the TiO2, thereby enhancing interfacial charge separation, 

and resulting in improved photovoltaic properties. Comparing the photovoltaic behavior 

of these devices with those based on pristine P3HT provides an opportunity to elucidate 

the role of functional groups like -COOH in determining the interfacial charge separation 

phenomena.  
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7.2 EXPERIMENTAL  

7.2.1 Materials 

The reaction schematic for –COOH functionalization of P3HT has been reported 

elsewhere [13]. As depicted in Figure 7.1, this reaction attaches –COOH group to one 

end of the P3HT chain. Both low (Mn ~ 10 kDa) and high (Mn ~ 50 kDa) molecular 

weight samples of P3HT and P3HT-COOH were synthesized. 

 

 

 

 

 

 

Figure 7.1: Chemical structure of (a) P3HT and (b) P3HT-COOH. 

7.2.2 Hybrid solar cell fabrication 

The solar cell fabrication techniques are similar to those discussed in earlier 

Chapters. A sol-gel derived TiO2 layer (Chapter 5) was used as the electron transport 

layer. 

7.2.3 Characterization  

Fluorescence spectra were obtained on a custom-built confocal scanning 

microscope apparatus based on an inverted microscope (Zeiss, Axiovert 200). A 488 nm 

line of an Ar-Kr laser (Melles Griot, model 35 LAL-030-208) was focused through an 

objective lens (Zeiss, CP-Achromat, 5X, 0.12) to excite P3HT and P3HT-COOH films. 

The excitation power was estimated as ~ 0.8 W/cm
2
. Emitted light was filtered using a 
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488 nm notch filter and focused onto a spectrograph (Acton SP-150) combined with a 

liquid N2 cooled charge-coupled device (CCD) (Princeton Instruments, Spec-10). An 

integration time of 10 s per spectrum was employed, and five individual spectra were 

collected for each molecule. Results were averaged over the five spectra. 

Fluorescence voltage spectroscopy (FVS) measurements were conducted on a 

home-built sample scanning confocal microscope. Emission was detected by an 

avalanche photodiode (APD) (Perkin-Elmer Optoelectronics SPCM-AQR-15).  A master 

function generator was used to synchronize both the bias generator (Wavetek, model 29) 

and a multichannel scalar board (MCS, Becker Hickl PMS-400), which was used to read 

the output from the APD. The applied bias to the device was programmed to be a triangle 

form of 0-1-0- (-1)-0 V as one cycle and each cycle was set to be 1 s. Acquisition time 

per point was 0.01 s and 4000 points were recorded for each measurement. Therefore, 

fluorescence modulation results were acquired for 40 cycles and they were synchronously 

averaged to increase the signal-to-noise ratio. 

 

7.3 RESULTS AND DISCUSSION 

7.3.1 Current-voltage (J-V) characteristics 

Bilayer P3HT- TiO2 based hybrid solar cells containing the synthesized P3HT 

were first compared with those using commercial P3HT, described in previous Chapters. 

Both polymers had similar molecular weight (Mn ~ 50 kDa). The J-V curves in Figure 

7.2a reveal that these devices exhibit comparable photovoltaic behavior with efficiency 

values approaching 0.1 %. Next devices containing low-molecular weight (Mn ~ 10 kDa) 

samples of P3HT and P3HT-COOH were compared. The devices described in earlier 

Chapters used high-molecular weight P3HT, similar to those reported in the literature 
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[1,14,15]. This is because the higher the molecular weight, the more chains of P3HT 

chromophores available to harvest photons and generate excitons. Accordingly, using 

low-molecular weight P3HT should reduce device performance, which is evident from 

Figure 7.2b, in which devices using low-molecular weight P3HT show a drop in 

efficiency to 0.04 %. Surprisingly, the low-molecular weight carboxylated P3HT (P3HT-

COOH) exhibit higher efficiency of 0.15 % compared to the low molecular-weight P3HT 

in these bilayer devices. Both P3HT and P3HT-COOH films are around 100 - 150 nm 

thick. 

 

 

 

 

Figure 7.2: J-V curves of bilayer interfacial prototypes: (a) commercial and synthesized 

P3HT (Mn ~ 50 kDa) and (b) P3HT and P3HT-COOH comparison (Mn ~10 

kDa). 

P3HT 

Sample 

Voc 

(V) 

Jsc 

(mA/ 

cm
2
) 

FF 

(%) 

η 

(%) 

Rieke metals 0.69 0.22 56 0.09 

Bielawski 

group 

0.70 0.23 56 0.09 

Polymer 

Sample 

Voc 

(V) 

Jsc 

(mA/ 

cm
2
) 

FF 

(%) 

η 

(%) 

P3HT 0.82 0.12 44 0.04 

P3HT-

COOH 

0.82 0.36 52 0.15 

a 

b 

b 



 127 

Table 7.1 indicates that while efficiency of P3HT-based devices expectably 

increase with increasing molecular weight, values for P3HT-COOH-based devices 

decrease. These trends suggest an inverse molecular weight dependence for photovoltaic 

parameters of P3HT-COOH-based hybrid devices, which is opposite to that observed 

with P3HT-based devices. Carboxylated P3HT shows better charge transfer efficiency 

than P3HT, but only at low molecular weights. Even though photocurrent (Jsc) values 

increase with molecular weight, suggesting that more photons are getting collected, open 

circuit voltage (Voc) decreases considerably. This lowering of Voc could suggest a 

possible change in the manner in which the -COOH groups anchor onto the TiO2 surface 

as molecular weight increases. 

 

Table 7.1: Variation of photovoltaic parameters with the molecular weight of P3HT 

Sample Voc 

(V)  

Jsc 

(mA/cm
2
) 

FF 

(%) 

η 

(%) 

10 kDa P3HT     0.82 0.12 44 0.04 

50 kDa P3HT     0.70 0.23 56 0.09 

10 kDa P3HT-COOH     0.82 0.36 52 0.15 

50 kDa P3HT-COOH     0.45 0.41 41 0.08 

 

7.3.2 P3HT-TiO2 interface characterization 

Planar AFM images of spincoated and slowly dried films in Figure 7.3a and b 

indicate that P3HT-COOH wets the TiO2 surface better than P3HT. This suggests that the 

carboxyl groups enhance the interaction between P3HT chains and the TiO2 surface, 

thereby improving film homogeneity. The improvement in photovoltaic properties of 

P3HT-COOH-based devices could be attributed to such bonding of COOH to TiO2, 
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which causes the P3HT chains to order on TiO2, as depicted in Figure 7.3c. However, as 

the molecular weight increases, the additional P3HT chains get in the way and 

photovoltaic properties degrade. The –COOH-induced ordering of P3HT chains at the 

TiO2 surface could also explain the sharper vibronic peaks seen in the fluorescence 

spectrum of P3HT-COOH (Figure 7.3d).  This further implies that the P3HT-COOH- 

TiO2 interface has a higher degree of crystallinity (short range order) compared to that of 

P3HT-TiO2, contrary to literature reports [12,13]. The greater degree of ordering could 

translate into improved interfacial charge separation, which leads to better performing 

devices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3: Planar AFM images of films of (a) P3HT and (b) P3HT-COOH spincoated on 

TiO2 (scale bar is 200 nm and AFM image by R. Ono, C. Bielawski), (c) 

Schematic of P3HT chain interaction, and (d) fluorescence spectrum (by T. 

Adachi and D. Vanden Bout). 

a 

200 nm 

b 

200 nm 
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7.3.3 Fluorescence voltage spectroscopy (FVS) 

In addition to other techniques discussed throughout this dissertation, 

fluorescence voltage spectrocopy (FVS) is a novel approach to study the organic-

inorganic interface in TiO2-based bilayer interfacial prototypes. Briefly, FVS 

measurements involve recording changes/modulation in fluorescence intensity while 

applying a triangular voltage signal as bias to a device. This variation in fluorescence can 

shed light on how the solar cell behaves, as strong fluorescence suggests charge carrier 

recombinations, while decrease in fluorescence intensity (quenching) indicates successful 

charge separation. Tracking changes in the fluorescence intensity for P3HT- and P3HT-

COOH-based devices, can shed light on why the latter results in better performing 

devices. So far, the FVS technique has only been used on hole-only capacitor type 

devices where the applied bias controls hole injection and extraction kinetics [16]. We 

have adapted this technique for in-situ characterization of the organic-inorganic interface 

in working hybrid solar cell devices.  

Figure 7.4 displays the bias-induced fluorescence modulation exhibited by P3HT- 

and P3HT-COOH-based hybrid solar cells when a periodic triangular voltage is applied 

to the device. Figure 7.4b shows how fluorescence intensity decreases (quenches) upon 

applying positive bias to the device and recovers at negative bias. The fluorescence 

quenching at positive bias can be attributed to a combination of charge separation and  

transfer mechanisms between holes injected in the device at positive bias and singlet 

excitons that are optically excited in the P3HT [17,18]. 
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Figure 7.4: Fluorescence intensity modulation as a function of (a) time and (b) bias 

voltage (FVS spectra by T. Adachi and D. Vanden Bout). 
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As indicated by Figure 7.4, the fluorescence quenching behavior was found to be 

different for P3HT and P3HT-COOH, suggesting changes in interfacial energy levels in 

these devices. P3HT-COOH-based devices show faster fluorescence quenching and to a 

greater extent compared to that of the P3HT-based devices. This information can be 

related to the results of photovoltaic device characterization experiments to extract 

information about how varying the P3HT functional group modifies the polymer HOMO 

and LUMO levels. The presence of –COOH can also create charge separation dipoles at 

the P3HT-TiO2 interface that can in turn influence the bias voltage values at which 

quenching starts (Figure 7.4b). 

Fluorescence spectra of the P3HT and P3HT-COOH films without an underlying 

TiO2 layer were studied to eliminate residual quenching behavior. To remove quenching 

effects from non-interfacial polymer species, fluorescence lifetime measurements were 

used to determine the various polymer populations (interfacial and non-interfacial) and 

their respective lifetimes. Two separate lifetime values were obtained and the polymer 

species at the P3HT-TiO2 interface have a shorter fluorescence lifetime compared to 

those far away from it. These observations suggest that the observed fluorescence 

modulation behavior is primarily arising from charge separation phenomena taking place 

at the P3HT-TiO2 interface. Collecting and interpreting fluorescence modulation data for 

other types of hybrid solar cells discussed in this dissertation is currently in progress. In 

combination with photovoltaics characteristics, fluorescence modulation can be 

developed as a tool to study charge separation phenomena taking place at the P3HT-TiO2 

interface. 
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7.4 CONCLUSIONS 

Carboxylated P3HT (P3HT-COOH) based cells exhibit higher efficiency than P3HT 

in bilayer TiO2-based interfacial prototypes. AFM imaging indicates P3HT-COOH better 

wets the TiO2 surface, and the fluorescence spectra of P3HT-COOH films show sharper 

vibronic peaks, suggesting a greater degree of short range order compared to P3HT. As 

the molecular weight increases, the enhancement attenuates, underscoring the need to re-

evaluate the effect of polymer chain length in these cells. Florescence intensity 

modulations measured under an applied bias suggest difference in fluorescence 

quenching behavior for P3HT-and P3HT-COOH-based devices, further suggesting that 

carboxyl groups could enhance interaction between the organic and inorganic 

components, ultimately improving efficiency and stability.  
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Chapter 8: Low temperature, Microwave-assisted Deposition of 

Crystalline Titanium Dioxide Films† 

 

8.1 INTRODUCTION 

With the profusion of ultra-thin, flexible, light-weight electronics, controlled 

growth of thin films of a broad range of materials is becoming a critical technological 

requirement. Thin films of several industrially relevant materials like semiconductor 

oxides still require high-temperature processing and/or expensive vacuum-based 

deposition techniques to grow. While high-temperature sintering may not be as critical 

when synthesizing bulk powders, it becomes a major concern when growing thin films on 

light-weight and flexible substrates for a variety of applications like solar cells, light 

emitting diodes, sensors, and photodetectors. The development of new techniques to 

assemble neat films of materials is, therefore, of great interest. For such techniques to be 

economically viable, they must be clean, fast, energy efficient, reliable, and able to offer 

high-quality films at low temperatures at which the flexible substrates will be stable; 

solution-based film growth is an ideal approach for meeting these requirements. 

8.1.1 Challenges of thin film growth 

Normal particle growth in solution follows “homogeneous” nucleation theory in 

which growth initiates in an embryonic state (nucleus) inside, for example, the liquid 

growth solution. In condensed phases like thin films, “heterogeneous” nucleation occurs, 

in which nuclei form preferentially at interfaces such as the walls of a reactor vessel or 

the exposed surface of a substrate inserted inside the growth solution. 

_________________________________ 

† Portions of this Chapter contain work carried out in collaboration with K. L. Harrison, K. Yang, Chih-

Liang Wang, and A. Yilmaz. 
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If the kinetic conditions are right, these nuclei then grow into a condensed film 

before formation of homogeneous nuclei inside the bulk solution [1]. Commonly, 

however, inadequate conditions can accelerate homogeneous nucleation in the solution, 

resulting in sub-optimal film formation. Earlier work has shown how electromagnetic 

radiation in the form of microwaves can reverse this process in favor of thin film growth 

[2,3].  

8.1.2 Microwave-assisted film growth 

Over the past several decades, microwave irradiation has become a popular tool in 

organic and inorganic chemistry, materials science, nanotechnology, and pharmaceutical 

research for synthesis of powdered materials [4-6]. Microwave heating has been shown to 

dramatically reduce reaction times, improve product yields, and enhance material 

properties compared to conventional synthesis routes. These advantages are possible 

because the microwave fields can directly couple with the molecules within the reaction 

medium through dielectric or ohmic heating. Dielectric heating is the result of the 

polarization process, i.e., when dipoles formed from bound charges and polar molecules 

are forced to align with the oscillating electric field. Ohmic heating is due to the 

conduction process, i.e., when free charge carriers and ions move under the influence of 

an electric field. The dipole rotation during polarization and charge motion during 

conduction causes collisions that impart energy to the remaining atoms and molecules in 

the form of heat. Thus, microwave heating can be described using a complex permittivity 

  of the form given by equation 8.1: 

  

 

j


  


 
    

                                                                                        (8.1)  
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where,   is the permittivity,    represents the dielectric loss, /   represents the ohmic 

loss,   is the electrical conductivity of the material, and  is the angular frequency of the 

microwave field. Obviously, complex permittivity is a temperature and frequency 

dependent property. In comparison, traditional forms of heating, which are limited by the 

thermal conductivity of the reaction medium, often results in significant temperature 

variations between the reaction solution and the vessel during the ramping process.  

In most cases, microwave-assisted heating phenomena can be attributed to purely 

“thermal/kinetic” effects, resulting in higher bulk reaction temperatures and rapid heating 

rates. However, the existence of additional “specific” and “non-thermal” microwave 

effects is the subject of intense debate in the literature
 
[4], as such effects pertain to 

microwave-assisted chemical reactions, which result in profoundly different products 

than that would be expected from conventional synthesis at the same temperature. A type 

of “specific” microwave effect known as “selective heating” refers to preferential 

microwave absorption by certain materials with dielectric/ohmic loss, particularly those 

that are highly polar [4,7,8]. This concept, which has been widely deployed in 

microwave-assisted nanocrystal synthesis, can have a surprising role in thin film growth 

[2,3]. As microwaves generally interact strongly with good absorbers like electrical 

conductors while remaining transparent to poor absorbers like glass, it is possible to use 

microwave absorbing layers as conduits for guiding the microwaves to selectively 

interact with and heat certain parts of a substrate, while leaving other parts to heat slowly 

by thermal conduction. This selective interaction can initiate a non-equilibrium state 

which favors nucleation of particles only in certain locations. Such an approach may then 

be exploited for a microwave-assisted directional self-assembly of particles into films. 

While dielectric heating is commonplace in microwave synthesis, selective ohmic heating 
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of solid materials within a growth solution represents a promising new avenue which has 

been minimally explored. 

8.1.3 Comparison with conventional film growth 

Thin films of metal oxides like TiO2 have been successfully incorporated into 

several applications. Conventional synthesis routes for anatase TiO2 films comprise of 

chemical deposition techniques (sol-gel) and vacuum deposition techniques (sputtering, 

atomic layer deposition), followed by sintering at high temperatures (450 - 600 
o
C) to 

synthesize the requisite phase of metal oxides, like anatase phase of TiO2
 
[9]. High 

temperatures limit the choice of substrate materials on which these oxide films can be 

grown, as flexible plastic or polymeric substrates typically cannot withstand processing 

temperatures above 200 
o
C. [10]. Differences between these conventional synthesis 

routes and the microwave-assisted synthesis are illustrated in Figure 8.1. In this Chapter, 

the properties of the microwave grown films will be compared with conventionally 

grown (sol-gel derived) films. 

 

 

 

 

 

 

 

 

 

 

Figure 8.1: Comparison of various synthesis methods. 
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Alternative synthesis techniques developed to process oxide films at low 

temperatures suffer from several drawbacks. Films grown are poorly crystalline and non-

uniform with decreased electrical contact between particles, and subsequently need high 

temperature impurity removal annealing steps
 

[11]. This problem is particularly 

prominent for electronic and optical applications as reduced crystallinity can lead to 

increased charge carrier recombinations. Alternative techniques to lower the processing 

temperatures of anatase thin films include application of pressure to induce crystallization 

at low temperatures, and transfer of these films sintered on a glass substrate onto a plastic 

substrate [12,13] However, these techniques tend to introduce additional processing 

steps, which present added costs in the manufacturing cycle of these oxide films.  

8.1.4 Objectives of this chapter 

For the hybrid solar cells discussed in this dissertation to become commercially 

viable, high-temperature processing steps of the inorganic TiO2 (electron transport) layer 

must be avoided. Accordingly, this Chapter presents a novel sol-gel based microwave- 

assisted solvothermal process for growth of a nanostructured layer of crystalline (anatase) 

TiO2 at temperatures as low as 150 
o
C. Film growth is catalyzed by the electric field 

gradients and subsequent heating caused by strong microwave interaction with a 

microwave absorbing layer present on a substrate surface. This solution-based process 

can be adapted to a variety of substrates and can also be tuned to produce patterned films. 

The process is high throughput, non-toxic, energy saving, and can be adapted to various 

applications beyond photovoltaics, like sensors, and thin film lithium-ion batteries.  An 

electromagnetic model is developed to both study the film growth process and develop 

experimental guidelines so that this new film growth technique can be extended beyond 

metal oxides to grow thin films of other materials. Schottky photodetectors incorporating 
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these microwave-deposited nanostructured TiO2 networks are demonstrated, along with 

phase and morphology characterization of the TiO2 films. 

 

8.2 EXPERIMENTAL 

8.2.1 Materials 

Tetrabutyl titanate (TBT) [Ti(OC4H9)4], 2,4-pentanedione, and tetraethylene 

glycol (TEG) were purchased from Alfa Aesar. Indium-doped tin oxide (ITO) coated 

glass substrates (sheet resistance = 10 Ω/□) and polyethylene terephthalate (PET) 

substrates (sheet resistance = 30 Ω/□) were purchased from Nanocs (New York, NY) and 

cut into 1 cm by 1 cm square pieces. High purity (99.999 %) Al wires used for thermal 

evaporation were purchased from Alfa Aesar.  

8.2.2 Substrate preparation 

Prior to being introduced into the microwave reaction vessel, the with ITO coated 

top surface of glass substrates were patterned by slow chemical etching in a mixture of 

75 % de-ionized water, 20 % HCl, and 5 % HNO3. Etching (insets in Figure 8.2a) helps 

to avoid cracking of the microwave grown films. The substrates were then rinsed with de-

ionized water and cleaned by successive sonication in aqueous detergent, de-ionized 

water, acetone, and isopropyl alcohol, and finally dried in flowing nitrogen. Deposition of 

Al films on cleaned glass substrates was achieved by a thermal evaporation process, 

carried out under a vacuum of approximately 10
-7

 Torr using high purity aluminum wires 

(99.999 %) hung on tungsten wire basket. Thickness of the Al film was controlled to 150 

nm by controlling the deposition current and time. Al films were not patterned. 

8.2.3 Microwave-assisted TiO2 film growth  

A sol-gel derived precursor for TiO2 growth was first synthesized from TBT, as 

discussed in Chapter 2 [14].  In a typical process shown in Figure 8.2a, around 5 mL of 



 140 

this sol-gel (aged for a week) was combined with 20 mL of TEG in a 80 mL quartz vessel 

designed for a Anton Paar Synthos 3000 microwave reactor operating at 2.45 GHz. This 

allows reproducible control and monitoring of process variables like temperature, 

pressure, and power. The substrates were placed inside the custom designed glass 

baskets, which were suspended from the top of the vessels, as depicted in Figure 8.2b and 

c. Most experiments were performed with the slides aligned vertically, but a few 

experiments were also performed with the slides aligned horizontally. Stir bars were 

added to ensure efficient mixing, and the vessels were sealed to allow pressure to build 

under solvothermal reaction conditions, such that temperatures of the solution 

components could be elevated above their boiling points.  

 

 

 

 

 

 

 

 

 

 

 

Figure 8.2: (a) Microwave-assisted synthesis schematic. Insets show etched ITO coated 

glass substrate before (ITO region highlighted by blue square surrounded by 

transparent glass) and after (white region shows TiO2 film selectively grown 

on ITO region) microwave reaction, (b) custom designed glass basket for 

substrate, and (c) quartz reaction vessel with loaded basket in solution. 

a c b 
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The vessels were then positioned on a rotor (up to 4 vessels at a time), which were 

spun on a turntable such that the microwave irradiation would be uniform. The ramp rate, 

temperature, and time were all varied to optimize the film growth. The temperature was 

measured with infrared sensors on each vessel. Optimum film growth was found to be 

also dependent on the use of a polyol like TEG as an additive. The walls of the quartz 

vessels are transparent to microwave radiation, allowing the solutions to be heated 

directly by volumetric heating
 
[15]. Nevertheless, the ITO surface absorbs microwaves 

more efficiently than the solution and, therefore, the precipitation of TiO2 takes place 

preferentially on the ITO surface during this solvothermal process. Glass substrates seen 

in the insets of Figure 8.2a show a patterned ITO layer, highlighted by a blue square 

region surrounded by transparent glass, as etching away the edges of the ITO films was 

found to avoid cracking of the microwave-grown TiO2 films. ITO interacts with the 

microwaves and heats much faster than the glass, causing a whitish TiO2 film to grow on 

the (blue-colored) ITO coated portion of the glass substrate, as seen in Figure 8.2a. After 

the reaction, the solutions were cooled to room temperature, and the resulting TiO2 films 

were washed and sonicated in de-ionized water, acetone, and ethanol to remove 

impurities like TEG. Some samples were cleaned under oxygen plasma for 2 - 3 min in a 

Harrick PDC-32G plasma cleaner.  

8.2.4 Characterization techniques 

Glancing incidence X-ray diffraction (GIXRD) experiments were performed with 

a Rigaku Ultima IV diffractometer operating in parallel beam (PB) mode at 40 kV and 44 

mA using CuK radiation ( = 1.54 Å) in the 2 range of 20 to 80° at a step of 0.02° and 

a glancing angle of 0.5
o
. Scanning electron micrographs were recorded using an FEI 

Quanta 650 SEM. The film thicknesses were obtained by cross-sectional SEM imaging. 
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Atomic force microscopy (AFM) images were taken on an Agilent 5500 AFM. 

Conductive AFM (C-AFM) imaging was carried out in contact mode using a conductive 

tip and a 3 V applied electrical bias to the sample surface. C-AFM is a form of contact 

mode AFM, in which a conductive (aluminum coated silicon) AFM tip is used and an 

electrical bias voltage is applied to the surface of the sample being analyzed. Circuitry 

inside the AFM can thus measure the current that flows when the tip comes in contact 

with the surface of the sample. Plan view transmission electron microscopy (TEM) 

images were obtained on a JEOL 2010F high resolution transmission electron 

microscope, operating at 200 keV. For TEM analysis, a 5 mm x 5 mm section of the TiO2 

film was scraped off the ITO slides, and then dispersed in isopropyl alcohol by sonication 

for 5 min. It must be noted that the sample could be crushed during this preparation step. 

Small aliquots of this suspension were collected on a lacy carbon grid and dried overnight 

under vacuum. 

8.2.5 Electromagnetic model of microwave-assisted film growth  

Simulations of the microwave-assisted film growth process were carried out using 

an advanced frequency-domain integro-differential equation solver that models the glass 

substrate as an ideal lossless dielectric, the ITO layer as a thin impedance sheet, and the 

liquid solution as a lossy dielectric. Since the vessel and rotor are microwave transparent 

at the simulation frequency, they are not included in the models. A hybrid volume-

surface integral equation formulation was employed to compute the microwave fields 

in/on the structure [16-18]. 
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8.3 RESULTS AND DISCUSSION 

8.3.1 Microwave grown TiO2 films  

The microwave-assisted film growth on ITO-coated glass substrates was conducted 

under a wide range of reaction temperatures, growth times, and power ramp rates to 

optimize film uniformity and crystallinity. A summary of the key conditions, shown in 

Figure 8.3, reveals that the best film growth occurs at the convergence of optimum 

temperature and reaction time. The power ramp rate did not have a significant effect on 

the results. The films grown at 150 
o
C followed by 60 min reaction time appear most 

uniform. The film is thin at low temperatures and short reaction times; while, chunks of 

film peel off if the film grows too thick as temperature or reaction time increases. At 

higher reaction temperatures, shorter reaction times could be used to obtain thinner, more 

uniform films.  

 

 

 

 

 

 

 

 

 

 

 

Figure 8.3: Summary of microwave-assisted film growth optimization conditions. 
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More details on the effects of reaction time, temperature, and sol-gel composition 

are discussed in [19]. Films grown under optimized conditions are strongly adhered to the 

ITO likely owing to strong oxide-oxide bonding between TiO2 and ITO. Sonicating for 

10 min in various solvents did not damage the films.  The images in Figure 8.4 show 

microwave-deposited TiO2 films on ITO coated glass, metal (aluminum)-coated glass, 

and ITO-coated plastic or polyethylene terephthalate (PET) substrates, which clearly 

demonstrate how the microwave-assisted film growth process can be adapted to various 

substrates. As seen in Figure 8.4, the films deposited are uniform and do not show 

cracking. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.4: Microwave-grown TiO2 film on (a) ITO coated glass, (b) Al coated glass, and 

(c) ITO coated PET. 

8.3.2 Microwave-grown TiO2 film characterization  

8.3.2.1 GIXRD  

The crystallinity of the microwave grown TiO2 films on ITO-coated glass 

substrates were first studied with GIXRD. Figure 8.5a compares GIXRD patterns for the 

microwave-grown films at 150 
o
C to conventionally-grown films deposited by 

spincoating TiO2 sol-gel onto ITO-coated glass followed by heating the substrate in a 

a b c 
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furnace at 450 
o
C for 2 h. Both GIXRD patterns show the appearance of a strong anatase 

(101) peak at 25
o
. Hence, under the optimum condition, the microwave-assisted process 

can grow crystalline, anatase TiO2 films at a considerably lower temperature (150 
o
C) 

compared to conventional growth techniques (450 
o
C). The anatase peak at 25

o
 is broader 

for the microwave-synthesized samples, indicating smaller crystallite size as explained 

later. Figure 8.5b compares GIXRD patterns for films grown for a small sampling of 

temperatures. Microwave interaction yields crystalline films starting at temperatures as 

low as 140 
o
C, and the films get more crystalline with an increase in temperature, as 

suggested by sharper GIXRD peaks. Rutile TiO2 forms at temperatures above 170 
o
C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.5: GIXRD patterns for (a) conventional (450 
o
C) and microwave grown (150 

o
C) 

TiO2 films and (b) films grown at various microwave reaction temperatures. 

b 

a 
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Addition of TEG to the sol-gel is a key step without which the process yields 

amorphous and in some cases cracked TiO2 films. Initial tests were performed using 

ethanol as an additive, but anatase formation was found to be favored on using TEG as an 

additive, as indicated by the GIXRD patterns in Figure 8.6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.6: GIXRD patterns for TiO2 films grown with varying amounts of TEG additive. 

Insets show film samples. 

Orientation of the ITO-coated glass substrate inside the microwave reaction vessel 

had a dramatic effect on both the crystallinity and thickness of the TiO2 film grown. 

GIXRD patterns for films grown in the vertical and horizontal substrate orientation are 

shown in Figure 8.7, along with pictures of the TiO2 films. Clearly the anatase peaks are 

significantly stronger for the films grown in the vertical orientation. This is in agreement 

with visual inspection of the films, which suggests very thin films form in the horizontal 

orientation.  
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Figure 8.7: GIXRD patterns for TiO2 films grown on ITO-coated glass substrates placed 

in different orientations. Insets show film samples. 

Cross-sectional SEM images in Figure 8.8 indicate that films grown in the 

horizontal orientation are considerably thinner (100nm) compared to those grown in the 

vertical orientation (2000 nm). The electromagnetic waves inside the microwave reactor 

are in TE (Transverse Electric) mode, in which the electric field ( E ) is parallel to the 

plane of the substrate. This suggests stronger interaction between the microwaves and the 

film growth substrate when the latter is placed in a vertical orientation as opposed to 

horizontal. 
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Figure 8.8: Cross-sectional SEM of TiO2 films grown on ITO-coated glass slides in (a) 

vertical and (b) horizontal orientations. 

8.3.2.2 Microscopy  

GIXRD analysis shows that microwave-assisted synthesis can grow uniform, 

crystalline anatase TiO2 films at temperatures as low as 150 
o
C on ITO-coated glass 

substrates. High resolution transmission electron microscopy (TEM) images in Figure 

8.9a confirms crystalline fringes with a d-spacing of 0.35 nm, corresponding to the (101) 

plane of anatase TiO2. As in the case of conventionally grown films (Chapter 4), 

microwave grown TiO2 films also do not exhibit preferred orientation or texture. On 

examining the anatase films under scanning electron microscope (SEM) (Figure 8.9b and 

c), a smooth morphology was observed, and no rough features were seen. The films are 

dense and continuous unlike the loosely bound particles, which have been shown in 

previous studies
 
[2,3]. The thickness of the optimized film was approximately 2000 nm 

(thinnest in the middle and thicker at the edges), as shown in Figure 8.8a. The samples 

heated at lower temperatures or shorter times were found to be thinner, and the samples 

heated at higher temperatures and longer times were thicker as discussed in section 

8.3.2.5.  
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Figure 8.9: TiO2 film grown at 150 
o
C and 60 min: (a) high resolution TEM, (b) large 

area SEM image, (c) magnified region, (d) AFM image revealing 100 - 200 

nm self-sintered TiO2 grains, (e) topography map, and (f) C-AFM current 

map. 

Further characterization using AFM imaging reveals that microwave-deposited 

TiO2 film comprises of 100 - 200 nm self-sintered grains, which are aggregates of smaller 

crystallites (Figure 8.9d). Here, we use conductive AFM (C-AFM) imaging to 

simultaneously map the topography of the microwave-deposited TiO2 films along with 

areas of varying conductivity. The current map (Figure 8.9e) tracks the topography map 

(Figure 8.9f). These images reveal that the microwave deposited TiO2 films are uniformly 

insulating, but the central part of the film shows some current leakage.  

8.3.2.3 Spectroscopy 

The formation of anatase phase cannot be confirmed by GIXRD for TiO2 films 

grown on plastic (PET) substrates because PET presents a peak that overlaps the 

strongest anatase (101) peak at 25
o
. Accordingly, Raman spectroscopy and XPS analysis 

a b c 

d e f 
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were used to compare TiO2 films grown on ITO-coated PET substrates to the films grown 

on ITO-coated glass. As indicated in Figure 8.10, Raman analysis of both films show six 

Raman active modes attributed to anatase TiO2. The peaks seen at 280 and 630 cm
-1

 in 

Figure 8.10b can be attributed to the PET substrate. Absence of additional peaks suggests 

there are no significant impurities leftover from the microwave reaction at 150 
o
C.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.10: Raman spectra for TiO2 films grown on (a) ITO-coated glass substrate and 

(b) ITO-coated plastic (PET) substrate. 

These tests once again confirm that the microwave-assisted technique can grow 

uniform, crystalline anatase films on plastic substrates at temperatures as low as 150 
o
C, a 

a 

b 
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temperature that is three considerably lower than that in conventional film growth 

techniques. It is worth noting that this technique is significantly different from earlier 

reports in the literature that demonstrated solid state sintering of TiO2 films in a 

commercially available microwave oven, which offers no control over the reaction 

temperature
 
[20]. Additionally, the two tasks of coating and sintering the TiO2 film are 

accomplished in-situ in a single, temperature-controlled, short-duration (30 - 60 min) 

step. This is highly repeatable through use of a programmable microwave reactor with 

sol-gel based precursors, TEG as an additive, and a microwave absorbing layer like ITO 

on the substrate, which catalyzes thin film growth.  

As surface composition of a thin film is critical for various applications, a 

comparison of the XPS spectra of microwave-grown TiO2 films on ITO-coated glass 

substrates (at 150 
o
C) and conventional films grown at 450 

o
C is shown in Figure 8.11. 

The XPS spectra of the films indicate that the Ti 2p region is composed of two peaks, 

namely 2p3/2 and 2p1/2. The Ti 2p spectra for these two cases appear similar in shape, 

except that the Ti 2p3/2 for the conventionally grown samples occur at a higher binding 

energy compared to the Ti 2p3/2 for the microwave grown samples. The shape of O 1s 

spectra are similar and both cases show a large peak at around 530 eV and a weaker peak 

at a higher binding energy (~ 531.5 eV) . TiO2 films were analyzed both with and without 

a neutralizer (charge compensation). There was no change in signal or peak position seen 

under these two conditions. Accordingly, all data discussed here will be without charge 

compensation so shifting of peaks for the glass, plastic and metal samples is likely not 

because of charge compensation. 
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Figure 8.11: Comparison of Ti 2p and O 1s XPS spectra of conventional (450 
o
C) and 

microwave (150 
o
C) grown TiO2 films. 

There is a noticeable shift in the Ti peaks between the films grown on glass, 

plastic and metal substrates (Figure 8.12). As no charge compensation was used, the 

shifting of peaks could indicate changes in synthesis conditions, which in turn can 

suggest changes in Ti oxidation state. The Ti 2p3/2 binding energy for ITO-coated 

substrates (plastic and glass) are very close (~ 457.7 eV), but that for the metal-coated 

substrate is at a slightly higher binding energy (~ 458 eV), both confirming Ti
4+

. Ti
3+

 

peaks are not seen in any of our data, but such peaks usually only occur if the TiO2 

sample is annealed in inert atmosphere for a long time. Overall, the peak shifts suggest 

that the Ti in ITO-glass and ITO-plastic samples tend to be slightly reduced when 

compared to metal samples [9]. This raises questions about how a metal film interacts 
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with microwave. Perhaps there is strong interaction, and TiO2 can initially nucleate, but 

the film can easily peel off in the absence of a strong oxide-oxide bonding that exists 

between metal and TiO2. Regardless of peak shifts, XPS does not provide information 

about sample crystallinity.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.12: Ti 2p and O 1s XPS spectra of microwave-grown TiO2 films on various 

substrates. 

The O 1s peak appears at 530.4 to 530. 6 eV in TiO2. In the O 1s spectra in Figure 

8.12, we see a large peak at ~ 529 eV and a smaller peak at ~ 532 eV.  When sputtered 

with an Ar
+
 ion beam inside the XPS analysis chamber, we see that the peaks at higher 

binding energy almost disappear, while the main O 1S peak shifts to the correct binding 

energy value of around 530.6 eV (Figure 8.13). The additional peak may imply that the 

TiO2 film surface is partially covered with hydroxide (OH) groups or could perhaps be 

due to solvents used like TEG. Since the films appear white and the growth solution is 
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yellow, the amount of TEG remaining on these films could be small, and hence easily 

removed by such surface sputtering.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.13: O 1s spectra of microwave deposited TiO2 films grown on various substrates 

after 2 min Ar
+
 sputter inside XPS.  

Another indication of leftover TEG is that the peak goes away on heating at 330 

o
C in air, which is a temperature above the TEG boiling point (Figure 8.14). As seen from 

Table 8.1, the stoichiometry of the film approached TiO2 for the case where the film was 

annealed in air at 330 
o
C. Since TEG decomposes around this temperature, it is likely that 

as the TEG leaves the film, the film becomes stoichiometric (O/Ti=2.1) [21]. However, it 

was found that treating the films in the plasma cleaner for 3 min leads to a similar result 

(O/Ti=2.2) at room temperature. Table 8.1 also lists O/Ti ratios for a conventionally (450 

o
C) grown TiO2 film, in both pristine condition and after Ar

+
 sputtering. 
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Figure 8.14: O 1s spectra of microwave-deposited TiO2 films on ITO-coated glass after 

Ar
+
 sputter and 330 

o
C post-annealing surface treatments. 

Table 8.1: XPS quantification of Ti and O 

Microwave (150 
o
C) grown film  O (at. %) Ti (at. %) O/Ti ratio 

As prepared in microwave 72.3 27.7 2.61 

Ar
+
 sputter 2 min inside XPS 70.67 29.33 2.41 

Annealed in air at 330 
o
C for > 2 h 68.15 31.85 2.14 

Plasma cleaned in O2 for 3 min 70.43 29.57 2.38 

Plasma cleaned in O2 for 5 min 70.77 29.23 2.42 

Plasma cleaned in O2 for 10 min 69.81 30.19 2.31 

Plasma cleaned in O2 for 20 min 69.30 30.70 2.26 

    

Conventional (450 
o
C)  grown film  O (at. %) Ti (at. %) O/Ti ratio 

As prepared at 450 
o
C 69.34 30.66 2.26 

Ar
+
 sputter 2 min inside XPS 68.18 31.82 2.14 
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8.3.2.4 Electromagnetic model of microwave-assisted film growth 

Although “thermal effects” like volumetric heating caused by microwave 

interactions with solutions are well understood, “specific effects” like the selective 

heating of ITO are still considered speculative as these effects have been difficult to 

prove. Reviews on microwave-assisted synthesis point out conflicting theories currently 

exist and call for detailed investigations in order to explain these mechanisms [4]. The 

microwave deposited TiO2 films are thicker at the edges compared to the center, giving 

them a clover or X like appearance, as seen in Figure 8.2a (inset). This pattern can 

change depending on the size, conductivity of ITO or type of microwave equipment used. 

Such edge patterns are surprising, because 2.45 GHz microwaves comprise of waves with 

wavelength of ~ 12 cm, which are simply too large to cause any distinguishable electric 

field distribution on the small (1 cm x 1 cm) substrates used here.  To better understand 

the microwave-assisted film growth process, and explain selective heating of microwave 

absorbing (ITO) layers by microwaves, an electromagnetic model of the experimental 

setup was constructed. The model was analyzed by using an advanced simulator that 

solves surface and volume integro-differential equations for electromagnetic fields 

subject to appropriate boundary conditions [16-18]. Details of the equations and 

algorithms used are presented in [22]. 

According to the model, thermal energy is generated when microwaves are 

absorbed by the ITO layer on the substrate.  The edges of the ITO tend to heat up faster 

and these regions with elevated temperatures catalyze nucleation leading to thicker film 

growth. The heat then diffuses or radiates inward towards the center, leading to film grow 

all over the substrate, albeit slightly thinner. The higher the conductivity of the 

microwave absorbing layer, stronger the interaction with the microwaves resulting in 

localized heating of the surface. This can also explain why the ITO layer gets heated 
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more compared to glass, causing the TiO2 film to nucleate, grow, and sinter in a single 

step inside the microwave reactor. 

An important advantage of the microwave-assisted film growth process is the 

ability to pattern the deposited TiO2 films in-situ as opposed to conventionally grown 

films which have to be patterned after synthesis. As seen in Figure 8.15, patterning the 

catalyst ITO layer prior to synthesis (Figure 8.15a-d) patterns the microwave deposited 

TiO2 film due to selective microwave interaction with and subsequent heating of the ITO 

layer. The edge heating effect is prominent and the experimental results (Figure 8.15e-h) 

show strong correlation with those predicted from the electromagnetic model  (Figure 

8.15i-l):  The computed time-average absorbed power density in the ITO coating, which 

is a point-wise function that quantifies the rate at which the incident electromagnetic 

energy is converted to thermal energy at each point, is visualized in the scale bars seen in 

Figure 8.5i-l. The figure shows that the absorbed power (
2

E ) is null (dark blue) on the 

glass portion of the substrate, which is modeled as a perfect lossless dielectric (the ITO 

layer in this portion was chemically removed in the experiments), and that it obtains the 

highest values (yellow to red color) on the edges and intermediate values (light blue) at 

the center of the ITO coated portions of the glass substrate. The simulated data shows that 

in the microwave absorbing layer, the electric field ( E ), the conduction current ( E ), 

and the absorbed power (
2

E ) are all concentrated at the edges of the ITO resulting in 

thicker film in these regions, irrespective of the ITO pattern shape. 
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Figure 8.15: (a-d) ITO layer patterned in various geometries (highlighted by blue 

regions), (e-h) experimental results for patterned TiO2 film grown on ITO 

by selective heating, and (i-l) results from electromagnetic model which 

match experimental results. Scale bars indicate computed time-average 

absorbed power density in the ITO layer. 

 

The edge heating effect is confirmed by both visual inspection of the grown films 

and cross-sectional SEM images in Figure 8.16, which indicate 2300 nm thick film on the 

edge compared to a thinner 2000 nm film at the center of the substrate. These 

observations support the hypothesis that the thermal energy is concentrated at the edges 

of the substrate and these regions with elevated temperatures catalyze nucleation leading 
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to thicker film growth. Although temperature is not explicitly calculated in the 

simulations, the results strongly suggest that it is indeed the variations in the electric field 

strength/ohmic heating that cause the “specific” selective microwave heating effect [23]. 

 

 

Figure 8.16: Cross sectional SEM of TiO2 films grown on (a) center and (b) edge of ITO-

coated glass substrates. 

From a practical standpoint, films being thicker at the edges present an obstacle 

for growing large areas of uniform TiO2 films by the microwave-assisted process. 

Fortunately, the electromagnetic model predicts that uniform films can be grown by 

either decreasing the microwave frequency or by decreasing the conductivity of the ITO 

layer. It is difficult to experimentally test the effects of frequency on film growth as 

variable frequency microwave reactors are relatively uncommon. Our electromagnetic 

model, however, can be used to predict the effects of varying the microwave frequency. 

As shown in Fig. 8.17a-c, reducing the microwave frequency improves uniformity of the 

deposited films. Variation of frequency changes wavelength (), which in turn affects the 

periodicity of the electric field distribution patterns on the ITO layer. One practical 
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implication of this effect is the ability to design suitable microwave reactors for scaled-up 

processing of smaller size film features simply by choosing a lower microwave 

frequency, e.g., 1 GHz.   

 

 

 

 

 

Figure 8.17: Effect of microwave frequency on the electric field pattern: (a) 2.45 GHz, 

(b) 1 GHz, and (c) 0.5 GHz. Scale bars indicate absorbed power density. 

Conductivity () of the microwave absorbing (ITO) layer also plays an important 

role in determining how the microwaves interact [24]. Conductivity is inversely related to 

sheet resistance of the ITO layer. As seen in Figure 8.18a, the average power absorbed by 

the ITO layer increases as the conductivity of the ITO layer increases, until a point is 

reached where the trend reverses.  As  increases, the transverse electric field ( E ) pattern 

does not change but the field magnitude decreases (due to field reflections at the 

interfaces) and hence overall absorbed power (
2

E ) decreases. This means there exist a 

range of  values where the microwave absorption is maximized and, therefore, would be 

ideal for film growth. Experimentally, we found that while films did not grow on an 

insulator like glass, they grew well on ITO, which has a reasonably high conductivity of 

~ 10
5
 S/m. However, if conductivity was too high as in the case of a metal (aluminum) 

substrate, the microwave-grown films were weakly adhered and generally difficult to 

grow. The electromagnetic model further indicates an effect of ITO sheet resistance on 

film uniformity, as seen in Figure 8.18b-d. At lower ITO conductivity, the films tend to 
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be more uniform (Figure 8.18d) compared to those at higher conductivity (Figure 8.18b). 

Overall, tuning conductivity of the microwave absorbing layer offers a more practical 

approach to control uniformity of the microwave grown films.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

Figure 8.18: (a) Variation of microwave power absorption with ITO conductivity, and 

effect of ITO conductivity on the electric field pattern: (b) 7.5 x 10
5
 S/m, (c) 

7.5 x 10
3
 S/m, and (d) 7.5 x 10 S/m. Scale bars indicate absorbed power 

density. 
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Decreasing the size of the microwave absorbing ITO layer can also improve film 

uniformity. The microwave-assisted film growth process was optimized for ITO patterns 

with feature size ~ 1 cm (Figure 8.15a-c). Attempts to reduce these dimensions by half 

resulted in no film growth even when the total ITO area was kept constant by patterning 

four features onto the slide (Figure 8.15d,h). The microwave input power had to be 

significantly increased (which equates to a higher temperature) in order to obtain films on 

smaller ITO regions. If the dimension of the ITO pattern is comparable to the wavelength 

(λ) in the microwave reaction medium, large area films of TiO2 are selectively deposited 

on the ITO (Figure 8.19a) Conversely, as the dimensions of the ITO patterns become 

smaller compared to , the microwaves cannot interact as effectively with the microwave 

absorbing layer. This results in lowering the overall electric field and subsequent heating, 

thereby requiring higher microwave power for the films to form. This trend is confirmed 

by simulations which show that a weaker electric field is generated on smaller features 

(Figure 8.19b,c). Finally, such dependence of the film growth conditions on the 

dimensions of the ITO features is yet another indicator of a “specific” microwave effect. 

  

 

 

 

 

 

Figure 8.19: Effect of ITO feature size on the microwave interaction: (a) 0.8 cm x 0.8 cm, 

(b) 0.4 cm x 0.4 cm, and (c) 0.2 cm x 0.2 cm. Scale bars indicate computed 

time-average  
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It is also interesting to note that as the dimensions of the ITO patterns shrinks to 

length scales significantly smaller than λ, the microwave deposited films grow all over 

the substrate and bridge over the region between ITO patterns. This bridging effect is 

comparable to the welding effect reported when microwave irradiation produced fusion 

of Ag nanowires in ethylene glycol into nanowire networks
 
[25]. It was theorized that 

microwave assisted “superheating” creates “hot-spots” at the tips of these nanowires, 

selectively increasing the local temperatures resulting in “welding” of the nanowires. A 

practical application of this effect would be to design micropatterned electrodes to 

concentrate the microwave energy into hot spots. These controlled hot spots can function 

as microwave tweezers, to assemble films directly on glass, without a continuous ITO 

layer. Future experiments would then target using such electric field gradients to 

eliminate the need of a continuous microwave absorbing layer to catalyze film growth. 

Growing such tailored films also promises future directions in plasmonics and biomedical 

applications. 

8.3.2.5 Nucleation and growth phenomena 

It is useful to understand the mechanism by which the TiO2 films nucleate and 

grow inside the microwave field
 
[26-28]. Microwave grown films generally develop 

through a series of nucleation and growth stages, which are heavily influenced by the flux 

of atoms arriving at the substrate surface and the affinity of the atoms to stick to the 

substrate relative to the affinity to form clusters. The selectively heated ITO layer 

increases the probability for nuclei to stick to the ITO.  It is possible that the films grow 

by a process in which a compact layer nucleates first, over which a rough thicker layer 

grows. Experimental results from varying the microwave reaction temperature and time 

corroborate this. 
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Figure 8.20: Cross sectional SEM images of TiO2 films grown at (a) 140 
o
C for 60 min, 

(b) 150 
o
C for 60 min, (c) 160 

o
C for 60 min, (d) 150 

o
C for 30 min, (e) 150 

o
C for 60 min, (f) 150 

o
C for 90 min. Left panel shows increasing 

temperature, right panel shows increasing growth time.  

Low temperatures and/or short reaction times lead to thin compact, and 

amorphous films. As temperature and/or time is increased, the white colored films 

characteristic of anatase TiO2 form, in what can be considered a “secondary” film growth 

over the compact layer that is first nucleated. The thickness variation of the films at 

different temperatures and times are shown in Figure 8.20. Clearly as temperature and 

time increase, the thicknesses of the films also increase. A movie of the film growth 

(e) 

(f) 

(d) (a) 

(b) 

(c) 



 165 

process is available in [29], which clearly shows that a film appears on the ITO layer 

before precipitate appears in solution. This supports our theory that the film nucleates on 

the ITO layer first because it acts as a local hot spot due to selective microwave 

absorption. 

Reports in the literature
 
have previously studied microwave-assisted secondary 

growth over spincoated or Langmuir Blodgett (LB) coated seed monolayers [28]. These 

seed layers can sometimes fall out during the secondary growth, and as a result there is 

no net film growth. However, in our case, the presence of the microwave absorbing ITO 

layer and its strong interaction with the microwave ensures a strong adhesion of the 

initially nucleated TiO2 layer, thereby resulting in well adhered, mechanically strong 

films. In addition to the single step film growth and sintering method that we have thus 

far described, we can also use the microwave to grow films in a way suitable to be used 

in conjunction with many of the conventional liquid and gas phase film deposition 

techniques. Accordingly, we can spincoat Ti sol-gel precursor films and subsequently 

carry out the microwave reaction in solution on the coated substrates to crystallize the 

films. ITO coated glass slides were spincoated using a Chemat KW4A spincoater before 

suspending the slides in the microwave vessels. At present, it appears that this two-step 

process offers broader control over film thickness. As indicated in Figure 8.21, increasing 

spincoat speed results in the growth of films with reduced thicknesses. These results for 

the spincoated films should be extendable to films deposited from gas phase techniques 

like sputtering. 
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Figure 8.21: Cross sectional SEM images of TiO2 films on ITO grown at 150 
o
C for 60 

min after being spincoated with sol gel at speeds of (a) 1000 rpm, (b) 3000 

rpm, and (c) 6000 rpm.  

8.3.2.6 Device applications 

8.3.2.6.1 Schottky photodetector  

All devices based on microwave-synthesized TiO2 films were based on films 

grown at 150 
o
C for 60 min with a 10 W/min ramp rate in 20 mL TEG and 5 mL sol-gel. 

The TiO2-coated substrates were heated or plasma cleaned to remove the residual water 

and other impurities. All subsequent fabrication steps were carried out in air. The 

ITO/TiO2/Au type photodetector devices were completed by depositing a 1×3 matrix of 

150 nm thick Au electrodes at vacuum levels better than 10
-7

 Torr at a deposition rate of 

1 - 2 Å/s inside a JEOL thermal evaporator. The active area of the hybrid solar cells was 

1 mm x 1 mm. Current-voltage (I-V) characteristics were measured in air using a 

Keithley 2400 source measurement unit. The devices were illuminated using an Oriel 

91160 300 W solar simulator as the excitation source (100 mW/cm
2
 white light 

illumination under AM 1.5G conditions). These tests were repeated for a series of cells 

and the values were found to be reproducible. Prior to testing, completed devices were 

stabilized by storing in air for several days in the dark. 
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The ability to produce crystalline thin films of oxide materials like anatase TiO2 at 

low temperatures has tremendous commercial advantage for thin film electronics. We 

demonstrate one such application by incorporating microwave-grown TiO2 films into a 

Schottky photodetector with the architecture ITO/TiO2/Au. A comparison of devices of 

the type ITO/TiO2/Au with TiO2 films made by microwave at 150 
o
C and by conventional 

route (sintering at 450 
o
C) is shown in Figure 8.22. The results show that the microwave 

grown TiO2 films can be used to make TiO2/Au Schottky photodetector type devices that 

(a) show rectification in dark, (b) respond to white light illumination, and (c) have lower 

dark current compared to the conventional films grown at 450 
o
C. The ratio of 

photocurrent to dark current is almost three times, for the case of devices incorporating 

the 150 
o
C microwave-grown TiO2 films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.22: Comparison of devices of the type ITO/TiO2/Au using microwave-grown 

TiO2 films (at 150 
o
C) and conventional films grown at 450 

o
C. 

As seen in Figure 8.22, the ITO/TiO2/Au type photodetector device responds to 

white light (AM 1.5G) illumination. One possibility is that the device is only responding 
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to the 5 - 10 % UV present in the lamp spectrum. However, the UV-Vis absorption 

spectrum in Figure 8.23 is red-shifted, indicating absorption at visible wavelengths 

between 400 and 700 nm, in addition to the 300 - 400 nm TiO2 band edge absorption. 

This red-shift suggests the presence of trap or defect states within the TiO2 band gap, 

which can contribute to absorption of longer wavelengths beyond the TiO2 band edge. 

Overall, the UV absorption originates from interband transition of electrons and the 

visible absorption could be attributed to transition of electrons from shallow trap states 

like oxygen vacancies which naturally exist within TiO2. Electrons within the valence 

band of TiO2 are excited to the conduction band, generating holes in the valence band. 

The photogenerated electrons and holes are then collected at the ITO and Au Schottky 

contacts, respectively. 

 

 

Figure 8.23: UV-Vis absorption spectrum of microwave-grown TiO2 films at 150 
o
C. 
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8.3.2.6.2 Hybrid solar cell  

Finally, we incorporate microwave-grown TiO2 films into a hybrid solar cell with 

the architecture ITO/TiO2/P3HT/Au. Device fabrication steps described in Chapter 2 

were followed, except that the TiO2 layer was deposited by the microwave-assisted 

process.  A comparison of devices with TiO2 films grown by microwave at 150 
o
C and by 

conventional route (sintering at 450 
o
C) is shown in Figure 8.24. Although devices using 

microwave-grown TiO2 films generate large Voc values, they produce very small 

photocurrents. This can be attributed to (a) thickness of the TiO2 films (> 2 μm) which 

results in a lower electric field at the junction and (b) existence of defects or amorphous 

domains that remain even after microwave heating. Although these prototypes are not 

optimized, they demonstrate the utility of microwave-grown films in thin film devices. 

Optimizing the microwave film growth process using inputs from the electromagnetic 

model described earlier can help address these issues and improve device performance. 

 

 

 

 

 

 

 

 

 

Figure 8.24: Comparison of TiO2-P3HT hybrid solar cells fabricated with the microwave-

grown (at 150 
o
C) TiO2 films and conventional films grown at 450 

o
C.  
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8.4 CONCLUSIONS 

This Chapter demonstrates a novel sol-gel based microwave-assisted solvothermal 

process for growth of a nanostructured layer of crystalline (anatase) TiO2 at temperatures 

as low as 150 
o
C. Although, common wisdom advises against using metals or electrical 

conductors inside a microwave, experimental results and electromagnetic simulations 

show that a conducting (ITO or metal) layer can serve as a catalyst to deposit crystalline 

TiO2 thin films, which typically require temperatures above 450 
o
C. Strong interaction 

between the microwaves and the conductive layer results in localized heating of the 

conductive surface, causing the TiO2 film to nucleate, grow, and sinter in a single step 

inside the microwave reactor. Thermal energy generated by microwave absorption is 

concentrated at the edges of the substrate and these regions with elevated temperatures 

catalyze nucleation, leading to thicker film growth. This facile solution-based process can 

be adapted to a variety of substrates, including flexible plastic or polymer based ones. 

The integration of these microwave-grown films into devices is further aided by the 

ability to deposit patterned TiO2 films, simply by patterning the conductive layer (ITO or 

metal) on the substrate. The electromagnetic model further predicts that uniformity of the 

deposited films can be controlled by varying the pattern size, ITO conductivity, or 

microwave frequency, thereby enabling this process to be adapted to a variety of devices 

like photodetectors, solar cells, and chemical sensors, which require crystalline layers of 

various metal-oxide thin films. 
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Chapter 9: Summary 

The objective of this dissertation was to study how modifying the organic-

inorganic P3HT-TiO2 interface both morphologically and chemically can result in stable, 

and efficient organic-inorganic hybrid solar cells.  In this regard, bilayer interfacial 

prototypes were developed which demonstrate tunable efficiency values ranging from 

around 0.01 to 1.6 % (Figure 9.1). The simple bilayer design and stability of these 

devices are beneficial to investigate the various device optimization techniques adopted 

throughout this dissertation, using a host of characterization techniques done directly on a 

working device. Examples introduced in this dissertation include XPS depth profiling 

analysis of metal-P3HT and P3HT-TiO2 interfaces and Raman analysis of bonding 

between interface modifiers like Sb2S3 and P3HT.  

 

 

 

 

 

 

 

 

 

 

 

Figure 9.1: Summary of bilayer hybrid solar cell efficiencies obtained in this dissertation. 

Efficiency scale is logarithmic. 
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The use of Cu as the top hole-collecting electrode was shown to improve the 

stability of P3HT-TiO2 hybrid solar cells in the absence of oxygen. Data from 

photovoltaic device performance tests and XPS analysis attribute this improvement to the 

tendency of Cu to form strong sulfide-like complexes with the S atoms on P3HT, thereby 

inducing a chemically driven vertical segregation of P3HT towards the hole-collecting 

metal electrode. Additionally, XPS depth profiling analysis shows that Cu atoms can 

diffuse up to the TiO2 layer and fill up oxygen vacancies on the TiO2 surface, thus 

eliminating defects that can act as donors of free electrons and degrade photovoltaic 

performance in the absence of oxygen.  

The role played by the morphology of the TiO2 layer on hybrid solar cell 

efficiency and stability was studied by fabricating P3HT-TiO2 devices with highly porous 

columnar TiO2 nanostructures. This increased the efficiency of P3HT-TiO2 hybrid solar 

cells to 0.3 %, significantly higher than that obtained with nanoporous TiO2 (0.03 %) and 

non-porous sol-gel derived TiO2 (0.13 %) layers. Nevertheless, tuning TiO2 morphology 

alone was found to be insufficient to extend hybrid solar cell efficiency beyond the 0.3 % 

limit. 

Modifying the TiO2 surface with Sb2S3 was shown to be a highly promising 

approach to optimize interfacial charge transfer in bilayer organic-inorganic hybrid solar 

cells. The role of metal-sulfide bond ionicity in In, Sn, and Sb based sulfides was studied 

by photovoltaic characterization of simple bilayer P3HT-TiO2 devices in combination 

with Raman analysis carried out directly on the devices. Sb being more electronegative 

than In and Sn, the ionicity of the metal-sulfur bond decreases in the order In2S3 (15 %) > 

SnS (9 %) > Sb2S3 (7 %). Raman spectra indicate that the highly covalent character of the 

Sb-S bond makes it favorable for Sb to bond to the S atoms of the organic P3HT hole 

transporter with relative ease compared to In, or Sn. The strong interfacial interactions 
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between Sb2S3 and P3HT optimizes interfacial change transfer, making the Sb2S3-based 

devices orders of magnitude more efficient than the In2S3- and SnS-based devices.  

Carboxylated P3HT (P3HT-COOH) based devices exhibit higher efficiency than 

P3HT in bilayer P3HT-TiO2 hybrid solar cells. AFM imaging indicates P3HT-COOH 

better wets the TiO2 surface, and fluorescence spectra of P3HT-COOH show sharper 

vibronic peaks, suggesting that P3HT-COOH films exhibit greater degree of short range 

order compared to P3HT films. Fluorescence intensity modulations measured under an 

applied bias suggest differences in the amount and rate of fluorescence quenching 

behavior for P3HT and P3HT-COOH based devices, further suggesting that carboxyl 

groups could enhance interaction between the organic and inorganic components, 

ultimately improving efficiency and stability. In combination with photovoltaic 

characterization, such fluorescence modulation behavior can be developed as a tool to 

study charge separation phenomena taking place at the P3HT-TiO2 interface.  

The high temperature processing steps necessary to grow inorganic TiO2 films 

hamper the commercial viability of hybrid solar cells. This dissertation demonstrates a 

novel sol-gel based microwave-assisted solvothermal process that grows crystalline 

anatase TiO2 films at temperatures as low as 150 
o
C, which is considerably lower than the 

temperature required in conventional techniques. Film growth is catalyzed by the electric 

field gradients and subsequent heating caused by strong microwave interaction with a 

microwave absorbing (ITO or metal) layer present on a substrate surface. Thermal energy 

generated by microwave absorption is concentrated at the edges of the substrate and these 

regions with elevated temperatures catalyze nucleation leading to thicker film growth. 

This solution-based process can be adapted to a variety of substrates and can also be 

tuned to produce patterned films of a variety of crystalline inorganic materials.  
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