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Abstract 

 

Conversion and storage of the solar radiation into applicable forms of energy, using 

ubiquitous materials is of central importance that quests several disciplinary fields in both 

applied technology and fundamental science. Harnessing the solar energy received by the 

earth has the potential to replace the current sources of energy and it is imperative for 

sustainable development.  

Since the early development of modern photovoltaics (PVs), based on silicon wafers, a 

rational step was the substantial development of the new generation PV technologies that 

can provide lower-cost and higher efficiency than their predecessors. Deliberate solutions 

involved employing different semiconducting materials that are indispensable, non-toxic 

and compatible with large-scale fabricating technologies.   

Exploiting metal oxide (MOx) semiconductors, a broad class of non-toxic, cheap and 

abundant materials, is already promoted as a key component for high-performance 

optoelectronic devices and can be an ideal solution for inexpensive harnessing of 

sustainable energy resources like Sun light. The favorable band gap and high absorption 

cross-section of some MOx semiconductors permit utilizing different spectral region of 

the solar spectrum. However, at this present, the implication of MOx in high-throughput 

optoelectronic devices remained on the low side. Some of the main drawbacks that attain 

to poor performance of the MOx are associated with their poor intrinsic carrier mobility 

especially in p-type light absorbers and insufficient visible light absorption notably in n-

type semiconductors.    

The main aim of this thesis is to further contribute to the development and exploitation of 

this class of materials with the main focus on their role in optoelectronic devices and 

energy storage systems.  

The content of this thesis considers two main aspect of the research.  

Substantially, this work analyses the vital role of the interface engineering using 

nanostructured MOx, where we exploit unique phenomena such as intense electric field 



VI 

 

confinement in 1dimensional (1D) structures resulting in ample light trapping in the 

fabricated heterojunctions. Unfortunately, this fact comes at the cost of introducing space 

charge region (SCR) limits in the fabricated devices attaining for poor derived currents.  

Here I would probably spend couple of words for introducing the Co3O4 NR as the basis 

for p-n inverted nanorod junction… 

Plasmonic metal nanoparticles (NPs) were conventionally used to extend the spectral 

response of the wide-bandgap semiconductors. Within the scheme of this thesis, we 

employ the silver plasmonic NPs in a 1D light harvesting structure of zinc oxide (ZnO), 

where we mediate hot-carrier collection of the charges via controlled illuminations.  

Even further, we provide a comprehensive analysis on the hot-carrier redistribution 

mechanisms of the plasmonic NPs to semiconductor, providing direct experimental proof 

using transient pump-probe spectroscopy and time-resolved photoluminescence analysis. 

Our work resulted in a distinct understanding of the radiative and non-radiative carrier 

transfer between the active constituents of the system, which have not been corroborated 

previously. 

In a parallel approach, the research activities in this work, take a few steps ahead and 

investigates the issues related to the disparities in the PV plants. A common prerequisite 

after conversion of the solar light using PV devices is the electrochemical storage of the 

energy where it can answer the needs for far-reaching energy requirements. Fostered by 

the intrinsic capacitance characteristic of the MOx, we interplay the role of the interfacial 

engineering in Co3O4 porous films and investigate the effect of their lateral architecture 

on Li+ ion adsorption and desorption properties. 

Finally, our findings resulted in the fabrication of a hybrid device with dual functionality 

as an all-oxide PV system that can directly store the converted Sunlight as in a 

supercapacitor device. The prospect of this device can provide the over-potential required 

for direct storage of the converted solar energy into larger high storage systems. 

In summary, the results presented in this thesis highlights the potential of the MOx 

semiconductors for photovoltaic and storage applications. We identify the various step-

forward routes, which can provide the possibility of large-scale deployment of this novel 

class of materials.  
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1: Introduction 

The ever-increasing concerns regarding energy shortage, greenhouse related 

environmental deterioration, are some of the driving forces leading to a dramatic reshape 

in our society’s energy policy. Up to day, the world’s energy supply is largely based on 

exploitation of fossil fuels. However, the use of fossil fuels, a finite and un-sustainable 

source of energy, is resulting in distinctive environmental impacts. Specifically, 

consumption of the fossil fuels in its bases, can create several concerning aspects, from 

climate change, uneven economical allocations and limited availability, which severely 

increases due to the increments of the energy demands. 

Reasonably, in the quest to reduce our reliance on fossil fuels and prevent their 

consequent environmental impacts, exploring the renewable and sustainable sources of 

energy is both necessary and imperative. Part of the industrial and scientific work has 

turned its attention to the exploitation of renewable sources of energy like Solar 

irradiation, that are now providing more than 19% of the global energy consumption[1,2].  

Sunlight among renewable energy sources, is one of the most abundant and attainable. 

The average solar energy, received on earth in an hour is somewhat more than the world’s 

population consumption guideline for over a year, a quantity exceeding our energy 

demands[3]. In that respect, different attempts were made for efficiently convert and store 

solar radiation, in the applicable forms of energy using various devices, which in turn, 

resulted in growth of different scientific scopes and considerable fields of research.     

One of the promising technologies which can exploit the solar radiation for direct 

conversion into electricity, a widely applicable form of energy, is the photovoltaic (PV) 

systems. The word photovoltaic is a combination of the Greek word origin, ‘photo’ 

meaning light and the ‘voltaic’ that is the dimension to measure electric potential at given 

time point. PV system on its basis, is extremely interconnected to the development of the 
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quantum mechanics[4]. In this framework, the initial responses of the photovoltaics were 

required to be explained by the definition of the light particles (quanta), however the wave 

particle duality of solar illumination was also turned to be an explicit parameter.  

 
Figure 1: Schematic illustration of the solar energy, absorption, reflection and radiation.    

The PV cells are conventionally fabricated using semiconductor materials, which act as 

insulators in dark due to lack of input energy (temperature, excitation, etc…) but as 

moderate conductors when energy is available[5]. In that regard, it was observed that 

certain semiconductors when excited by light can mobilize their carriers and generate 

electric current (Edmond Becquerel 1839)[6]. The basic principle of the PV system will be 

explained further in details in the next sections.  

Silicon is the most dominant material for PV industry fulfilling the demands of the 

abundance and efficiency for the large scale fabrication. In that sense, commercial PV 

modules, which denote the first modern PVs fabricated in 1954, are based on silicon 

wafers, categorized as first generation solar cells. Parallel to the main dominance of the 

wafer based solar cells, the seek for the devices with the better photoconversion efficiency 

and subsequently cheaper manufacturing costs resulted in second and third generation 

PV devices, creating a boost in the alternative PV research.   
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Figure 2: The criteria for the cost-efficiency evaluation of the different generation of 
photovoltaics[7]. Updated from Solar cell efficiency tables (Version 58) June 2021, Green 
et al. https://doi.org/10.1002/pip.3444 . 

 

The ultimate goal of the third generation photovoltaics is to significantly increase device 

efficiencies whilst still using industrially scalable processes, abundant, cheap and non-

toxic materials. In specific, the overview of the third generation PVs dictates a threefold 

landscape for large scale deployment. The overall foundation of the devices should 

consider the 25-years of life-time for the device design (stability) and rely on abundant 

and cheap manufacturing technologies such as roll-to-roll process and non-vacuum 

processing techniques (scalability). Crucially, the fabricated PV devices should be able 

to fulfil the terawatt challenge relative to their production cost (efficiency). Accordingly 

for renewable technologies covering 100% of the global energy demand in 2050, it is 

required for PV industry to adhere 25 TWp of the demand[8].  

In this view, nanotechnology examines the practical point for the state-of-the-art 

development in the third generation PV devices. Low-dimensional geometries such as 

https://doi.org/10.1002/pip.3444
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nanostructured and thin film devices are the best candidate to decrease material usage, 

enhance light-matter interaction, and allow more efficient charge collection. As a key 

solution, nanotechnology can provide research approaches within the proper physical 

context related to PV performance enhancement and diversity of the energy harvesting 

technology.  

In this thesis we approach to consider the three aforementioned important requirements 

for the bottom-up design of the investigated energy harvesting systems. An important 

focus of the conducted research will be drawn towards the fabrication and design of the 

metal-oxide (MOx) based heterojunction PVs, which forth fit the promising devices in the 

solar conversion technologies. MOx semiconductors, the main component of the MOx 

heterojunctions, on their basic nature are indispensable, low cost and stable material, 

which occasionally pose appropriate energy band-gap for active solar absorption. 

Consequently, MOx semiconductors drive an interesting framework for further research 

as a promising building blocks of future light harvesting systems. The explicit details on 

the fundamentals of MOx heterojunctions and the conducted research on them will be 

later discussed in this thesis.   

 STORAGE OF THE ENERGY; AN UNDENIABLE REQUIREMENT    

 

Moving on to the realistic scenario of the sustainable energy resolution, the so far 

presented solar conversion technologies are concerned with the production of heat or 

electricity but, as considered as another important focus of the current work, a realistic 

energy transition without implementing innovative approaches for storage of the 

converted solar irradiation is rather impossible. 

Electrochemical storage of the converted solar energy is one of the areas in which the PV 

systems can stabilize their output produced energy. Furthermore, they also find important 

applications where the solar grid in not present such as logistic, electrical vehicles, power 

electronics, etc.   

It is rather a known fact that the solar PV systems are directly dependant to the received 

radiations in order to produce the reliable energy outputs. However, it is accounted for 

that solar radiation is rather intermittent phenomena and may inevitably vary depending 
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on the weather condition and day/night transition hours. In that sense, solar energy 

storage is the easiest method for dealing with the issues of discontinuity in PV systems. 

Consequently, it is fundamental to find the most appropriate energy storage device for 

particular applications and operational conditions.  

Accordingly, the nature of the storage devices coupled with the PV systems can vary due 

to the criterion that the system is utilized and is operational. For instance the small power 

storage devices such as super-capacitors (SCs) are readily suitable for stabilizing the 

current output of the interconnected PVs, and provide fast-charge and discharge ability, 

although they are limited in providing high power densities. In contrary, the coupled PV 

systems with electrochemical energy storage devices such as batteries, is a common 

solution for large-scale PV facilities, providing high capacity of stored energy. However, it 

also results in some major charge-discharge losses and operational complexity. 

 DRIVES FOR RESEARCH IN THE ENERGY STORAGE SYSTEMS 

 

The main requirement for nowadays energy storage systems, exerts to two major 

phenomena. (i) Fast charging and discharging of the energy storage systems whilst 

providing an efficient (ii) power density for long term use. In that sense, super 

capacitors (SCs) are an ideal solution for an intense charge and discharge operational 

condition, yet their unattainable short term power output hinders their major 

deployment. Unlike ordinary capacitors, of which minimizing the charge separation 

distance (dielectric thickness) and increasing the electrode area can correspond to higher 

capacitance values, in SCs charge separation is in order of nanometer scale at each 

electrodes interface (the solid-electrolyte interphase). Additionally, the central essence of 

SC design is based on physical adsorption and desorption of the ions, for fast charge and 

discharge processes, as opposed to battery cells that rely on chemical intercalation 

processes and Faradic reactions for charge storage. Certainly, such fundamentals, dictates 

the proper engineering of the employed electrodes used in SCs. 

Correspondingly, nanotechnology provides an undeniable guideline to engineer the 

electrodes interface, designing appropriate surface area (porous structure, active 

crystalline facet selection, etc.), inherent permeable separating layers and even the 
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characteristic of the ionic medium. In the presented work we demonstrate the possibility 

of employing MOx semiconductors, which pose suitable capacitance values for ion 

adsorption processes through nanoscale interfacial engineering. Our work partially 

includes the design and analysis of the MOx based electrodes with 1dimensional (1D) 

nanostructures, their electrochemical characterization and their innovative optimal 

implications.   
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2: Outline and approaches 

The framework of this PhD thesis is to investigate two aspect of energy conversion and 

energy storage using innovative approaches and nanomaterials solely based on MOx 

semiconductors. The conducted research is mainly devoted to develop and optimize the 

photophysics of MOx semiconductors via different scientific methods, with scopes of 

fabricating new class of optoelectronic devices. In particular, we aim at answering next 

vivid questions with focus to improve the intrinsic shortcomings of MOx semiconductors 

in the areas of photovoltaics, photodetection and energy storage systems: 

Solar light mediated energy conversion: light-energy conversion through 

environmentally friendly material and with facile processing technologies is of central 

importance for sustainable development. Can optoelectronic PV devices, based on MOx 

semiconductors, which pose environmental friendly and ambient stability, be designed so 

as to exploit the solar irradiation efficiently?  

Nanostructuring an approach for light harvesting: the urge for development of 

the efficient light harvesting devices is normally quenched with intrinsic shortcomings of 

MOx light absorbers in carrier transport depth. Could it be possible to tailor the carrier 

transport properties of p-type light absorber MOx through their optimized 

nanostructuring?    

Hot electron injection Yield: plasmonics have been widely used to passively increase 

the carrier transport in semiconductors and making devices more efficient by injecting the 

electrons that are not in thermal equilibrium into the system. However, the main hurdles 

in lack of efficiency of plasmonic devices are associated with the compatibility of the device 

architecture. Till what extend it is possible to optimize hot-electron harvesting 

architectures to significantly improve this process? 

Extending the spectral range of MOx: the lack of sufficient light interaction in some 

common n-type MOx, such as zinc oxide (ZnO) and titanium dioxide (TiO2) is a major 

drawback in their visible light driven applications. Plasmonics promote the possibility to 
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geometrically tune the spectral response of such semiconductors. Is it possible to design a 

scalable plasmonic device while catering for efficient and tunable photo-absorption?  

Increasing the carrier penetration depth: a distinct issue in MOx light absorber 

materials is their low photoexcited carrier penetration depth. This fact corresponds to a 

competing trade-off in their light absorption cross-section versus the derived electrical 

current, making it difficult to design light harvesting MOx devices with considerable 

thicknesses exceeding tens of nanometer. Can we extend the carrier penetration depth of 

MOx semiconductors by designing hybrid systems using optically active functional 

materials? 

Engineering the surface texture of MOx for energy storage: the functional MOx 

semiconductors can be applied in the energy storage systems such as SCs. The aspect of 

energy storage is highly related to the use of intrinsically high-capacitance materials and 

their nanoscale surface area morphology[9–11]. Can we alter the MOx electrodes surface 

area in order to optimize their ion adsorption and consequently their capacitive behavior? 

Energy conversion and storage all at once: MOx semiconductors are some of the 

main building blocks of both energy conversion and energy storage systems. Is it possible 

to design a device with dual functionality that can directly convert and store the directed 

solar illumination? 

Following the above mentioned research premises in the conducted work, the content of 

this thesis falls into the next categories: 

 In chapter 3 we thoroughly introduce and explain some of the fundamental physical 

concepts behind the semiconducting materials in general and PV devices and SCs 

in particular. The conventional models for electrical properties of the PV systems 

and the SC devices will be explained briefly.  

 In chapter 4 we introduce an all-oxide based heterojunction device which denotes 

the prospects of a promising PV device, based on thin-film architectures of 

ubiquitous n-type and p-type MOx semiconductors as active constituents of p-n 

junction. 

 In Chapter 5 we delve into surface modification of MOx semiconductors using 

plasmonic nanoparticles (NPs) for solid-state visible light harvesting. We identify 
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some of the previously neglected radiative and non-radiative carrier transfer 

phenomena via implementing a thin passivating layer and advanced pump-probe 

spectroscopy. 

 In chapter 6 we discuss the ample performance of the graphene and semiconductor 

junction. The role of the vertically aligned graphene scaffold in conjunction with 

the iron oxide (Fe3O4) light absorber for assisted in-depth photo-excited carrier 

transfer is comprehensively investigated. 

 In chapter 7 we investigate the significance of employing nanostructured Co3O4 

semiconductor with high intrinsic capacitance for energy storage SC applications. 

In addition, the prospect of storing converted solar illumination using a hybrid 

solar-SC device is thoroughly demonstrated by fabricating an innovative integrated 

device. 

 In chapter 8 we discuss the potential road-map for MOx based optoelectronic 

devices, presenting the main opportunities and the most promising directions in 

the field.  
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3: Background  

This chapter is mainly devoted to explain some of the general concepts in the context of 

this thesis. It begins with an introduction to some of the already known relevant scientific 

backgrounds to the conducted work and concludes with some of the figures of merit for 

investigated optoelectronic devices of this thesis. 

 Semiconductors 

Nowadays, PV research is heavily co-dependent to the semiconductor materials which are 

the main constituents of the PV devices and responsible for the conversion operations. 

The electronic structure of semiconductors are normally categorized as an intermediate 

state in between insulators and metals. If the material poses completely filled electronic 

bands and/or completely empty bands it will not contribute to electrical conductivity and 

such material is therefore an insulator. If the distance between the highest edge of the 

upper filled band (valence band) and the lower extreme of the empty allowed acceptor 

band (conduction band) is not too significant (e.g. 3.2 eV in ZnO) the material is called 

semiconductor. Such material is able to convey the carriers in its structure as a result of 

input energy such as light. In that sense, a small fraction of the electrons are available in 

the vicinity of the conduction band, leaving unoccupied states (holes) in the upper limits 

of their valence band. Metals are normally defined as materials with an overlap between 

their conduction and valence band making transport of the electrons in their bulk rather 

easy[12,13]. In Figure 3 the differences between metal, semiconductor and insulator band 

structure is shown schematically.  
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Figure 3: Energy band diagram for metal, semiconductor and insulator. For 
semiconductors and insulators the Fermi level lies between occupied valence band and 
unoccupied conduction band.  

 Photovoltaic effect  

The early stage development of the modern PVs in 1950s (also known as the black cell), is 

vividly associated with a phenomena based on inhomogeneities in electronic band 

structure of the constituent semiconductors[14]. The main approach was based on 

introducing the electron donor (e.g. P, As, Sb) or acceptor (e.g. B, Al, Ga) elements to each 

stack of semiconductors, creating an n-type semiconductor (higher concentration of 

donor carriers) and p-type semiconductor (higher concentration of carrier acceptors). 

Interfacial junction of p-type and n-type semiconductors, also called p-n junction would 

give a rise to a rectified electronic transition from one side to another, called band 

bending[14]. The bending of the bands in the transition region has the effect that the 

acceptors (holes) in the p region are pushed below the Fermi level, i.e. the conduction 

band are occupied by the donors (electrons), whereas in n region donors are lifted above 
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Fermi level , i.e. valence band are unoccupied and thus positively charged (Error! R

eference source not found.).  

 

 

Figure 4: The energy band diagram of the electron-hole separation process in a 
conventional PV system.  

Far outside of the depletion region, the electrons and holes are compensated by equally 

large electron and holes present in the bulk of semiconductors. These carriers are 

corresponded to the type of doping in the respective regions and they are denoted as 

majority carriers. Since the electrons and holes are able to mobilize freely, electrons can 

diffuse into p-type region and contrary holes into n-type region, where they are called 

minority carriers.  In a thermal equilibrium and by considering the law of the mass action, 

the concentration of the majority carriers (electrons nn and holes pp) can be derived by: 

𝑛𝑛 = 𝑁𝑒𝑓𝑓
𝐶 exp (−

𝐸𝐶
𝑛−𝐸𝐹

𝑘𝑇
),      (1) 

𝑃𝑃 = 𝑁𝑒𝑓𝑓
𝑣 exp (−

𝐸𝐹−𝐸𝑉
𝑃

𝑘𝑇
),      (2) 

Here, 𝐸𝐶
𝑛 and 𝐸𝑉

𝑃 are the energy levels for conduction and valence band edges of n-type 

and p-type semiconductor respectively. EF is the Fermi level of materials and 𝑁𝑒𝑓𝑓
𝐶  and 

𝑁𝑒𝑓𝑓
𝑣  are the effective density of states in Boltzmann statistics. The state of the carrier 

diffusion in a p-n junction as in Figure 4 (electrons diffusing from right to left and opposite 

direction for holes) is finally correspondent with an electric field E(x) and therefore a drift 
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current can be estimated for the junction. This electric current is the foundation of derived 

current in PVs, however different sources of loss should also be taken into account. In 

general, the ideal formulation for the output current (I) of the conventional PV devices is 

expressed as: 

𝐼 = 𝐼𝐿 − 𝐼0(𝑒𝑞𝑣 𝑁𝑘𝑇⁄ − 1)      (3) 

Where 𝐼𝐿 equals to the collected current in the absence of recombination in the bulk of 

semiconductor. 𝐼0 is the reverse saturation current, N is the voltage dependent ideality 

factor and q is the effective carrier charge (4.78×10-21 c).  

Such formulation can be used to determine the PV performance when non-radiative 

processes dominate the recombination. However, most of the approaches involve several 

different routes of radiative recombinations such as stimulated emissions when qV is close 

to band gap (Eg), or re-absorption or recycling of the trapped light[15] (The sources of 

recombination is quite diverse and severe in the PV field, here we avoid expressing 

different routes of recombinations based on cell design and semiconductor choice). These 

diverse choice of recombination routes can create several controversy on correctly 

determining the most robust PV design. However, it is rather liable to consider that most 

of the recombination approaches can be tackled using proper geometrical architectures 

and the material choice.   

An interesting approach to solve the issues of predicting the derived current and the 

efficiency of the cell is to consider the behaviour of the PV devices by switching the 

attention on how the constituent active semiconductors behave with terrestrial light.   

 Shockley Queisser limit 

The Shockley Queisser limit considers the fact that an efficient PV device would have to 

be an efficient absorber of solar flux and hence follow the similar radiation profile of the 

of the black-body emissions with compatible energy traits with semiconductor’s band-

gap[16]. By attributing the black-body radiation for energies level in line with 

semiconductor’s bandgap and considering the possible band-to-band recombination, they 

were able to very simply calculate the net rate of recombination events occurring in the 

cell. Considering the ideality factor equal to 1 this limit leads instantly to the behaviour of 

ideal PV device: 
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𝐼0 = 𝑞𝐴 (
2𝜋𝑘𝑇

ℎ3𝐶2) [𝐸𝑔
2 + 2(𝑘𝑇)𝐸𝑔 + 2(𝑘𝑇)2]𝑒−𝐸𝑔 𝑘𝑇⁄     (4) 

Where μ is the mobility of minority carriers of concentration, n and J is the current density 

perpendicular to the surface. Eg denotes the band gap of the material and corresponds to 

the Plank constant.  

 

Figure 5: Spectral intensity distribution of solar flux spectrum as a function of 
wavelength at 6000 K[17].  

The work of Shockley and Queisser represented a major conceptual advance and provided 

a new set of tools for analysing solar cell performance. However, a major drawback 

involves the fact that the model only considers the single absorber conventional devices 

and neglects some other type of conversion devices such as hot-carrier, tandem, etc[18].  

The next section discusses the figures of merit in the energy storage systems with the main 

focus on the SCs devices. The inherent fast charge and discharging characteristics of SCs, 

and their remarkable capacitance values makes them a liable candidate for future road 

ahead of energy storage systems. 

 Supercapacitors 

The basic operation nature of SCs present some major differences compared to 

conventional capacitors due to their fast charge–discharge rates, longer life cycle, higher 

output power, and enhanced energy density[19]. Generally SCs are categorized into two 

different groups. (i) The first group is based on double-layer electrical capacitor that stores 
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electrical energy as a result of electrostatic adhesions at the polarized electrode–

electrolyte interface forming the double layer of charges. The charges are physically 

deposited by electrostatic attraction (physical adsorption), resulting in rapid charge–

discharge kinetics, and longer life span (no chemical reaction is involved)[11]. Carbon 

materials such graphene, carbon nanotubes, graphite and activated carbon are mostly 

used as electrode materials for double-layer capacitors. (ii) The second group of SCs 

commonly referred to as a pseudocapacitor uses faradaic reactions to store electric energy 

where electronic transfer takes place without formation or breaking of any chemical 

bonding. RuO, Co3O4 and MnO are well-known pseudocapacitive materials with specific 

capacitance closer to their theoretical limit[20,21]. The electrochemical signature of 

pseudocapacitor materials is rather similar to the double-layer SCs, however they present 

higher energy densities as a result of drastically thicker ionic layer generated on their 

electrodes[22,23].  

 

Figure 6: Schematic representation of the electrode and electrolyte interface in a 
supercapacitor device. 

The storage abilities of supercapacitor devices are mainly governed by their capacitive 

performance and by operating potential window. The potential window normally depends 

on the type of electrolyte (aqueous, organic, room temperature ionic liquids or solid state 
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electrolytes), whereas the capacitance behaviour of the device is an intrinsic property of 

electrode active material. Transition MOx based electrode materials have been commonly 

exploited in SCs due to their active properties in high specific capacitance, excellent 

reversibility, and high energy densities[24]. In addition, their abundance and enhanced 

operating potential window makes MOx a future prospect in commercial outlook which 

needs further research and investigations. 

It turns out that a hybrid energy storage device as a combination between double layer 

electrodes and pseudocapacitive electrodes can deliver high energy and power density 

compared to each type of SCs alone (asymmetric SCs). Overall, supercapacitors present 

the prospect of future energy storage systems with fast charge and discharge abilities, 

however it is genuinely required to increase their energy density for future applications. 
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Chapter 4: Metal oxide Thin-film Photovoltaics 

One of the recently emerged modules in the field of PVs is based on thin-film architectures 

of ubiquitous MOx semiconductors. The remarkable optoelectronic properties and the 

versatility of fabrication methods by simple, low-cost and scalable processes confers MOx 

a pivotable role in next generation PVs. Moreover, the high chemical stability and 

durability of MOx can provide the requirement for a marketable PV device. So far, a wide 

range of known n-type or p-type MOx semiconductors (either intrinsically or doped) have 

been employed in fabricating all-oxide photovoltaics[25–28]. The favorable band gap of 

MOx permits utilizing the different spectral region of solar light ranging from UV, by 

employing wide-band gap semiconductors like ZnO (3.2 eV)[29], TiO2 (3.2 eV)[28] and SnO2 

(3.8 eV)[30], to visible range and near infrared region (p-type light absorbers like CuO (1.4 

eV)[29], Cu2O (2.1eV)[30] and Co3O4 (0.7, 1.5, 2.1 & 4.4 eV)[31] semiconductors). The 

photoconversion mechanism in all-oxide PV modules (heterojunction or homojunction), 

is conventionally based on traditional p-n junctions in which the potentially built-up 

electron-hole pairs at the junction interface are collected by different contact electrodes.  

Later to their compelling advantages in stability and low cost, all-MOx PV modules exhibit 

rather low conversion efficacies. So far, the highest PCE recorded in these devices is 6% 

and based on heterojunction of n-type aluminium–gallium–oxide and sodium doped 

Cu2O[26]. One of the primary shortcomings in the MOx PVs, is the lack of p-type absorbers 

combining two characteristic of (i) suitable band gap, in accordance with ideal emission 

in 1.34 eV, and (ii) good carrier mobilities. For example cupric oxide (CuO), an 

intrinsically p-type MOx, is one of the promising candidates for photovoltaic absorber 

layer application. High optical absorption and the band gap of 1.4 eV can attain to 

predicted theoretical efficiency of 31%[32]. However, the low carrier mobility and high 

series resistance limits the PCE of fabricated PVs using CuO layer to 1%[29]. Co3O4 (Eg=1.5 
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eV) is another interesting candidate for efficient absorber layer, although the merits of its 

application in MOx PVs, did not result in high PCE values[28].  

One of the partial aims of this thesis work is to resolve some of the major shortcomings of 

all-oxide PVs using nanostructuring and interface engineering of the designed cells. The 

two following strategies includes (i) increasing the carrier mobility versus incident light 

penetration depth of p-type light absorbers by using single crystalline epitaxial 1D 

nanorods (NRs) forest. Parallel to this aim it is required to adjust the thickness of the p-

type absorber to find the optimal points necessary for both adequate light absorption and 

sufficient carrier generations. This is also an important fact in the thin-film 

heterojunctions which pose lattice mis-matching in the junction with two dissimilar (as 

in crystal structure) semiconductors. The second strategy aims at increasing the 

photoexcited carrier generation in the device, exploiting the effect of (ii) internal light 

trapping. The scientific efforts which are explained in this section resulted in publication 

of the work ‘’Vertically aligned Co3O4 nanorods as a platform for inverted all‐

oxide heterojunctions’’ (appendix I). The context of this chapter tends to describe a 

summary of the results and the underlying proof of concepts which exploited for tackling 

the efficiency hurdles in all-oxide PVs.  

 Light absorption and carrier diffusion tradeoff  

The limited photo-excited charge collection in depth of the MOx semiconductor 

significantly reduces the possibility of exploiting thicker semiconductor layers. This 

phenomena is particularly evident/present in p-type light absorber MOx due to their 

intrinsic low mobility of minority carriers. In other words, the high electronegativity of 

the O atoms in the p-type MOx, causes highly localized O 2p orbitals as in their electronic 

structure, which prohibits the formation of the shallow acceptors[33].  

Consequently, the designed heterojunctions based on p-type light absorbers, normally 

encounter severe light loss. Similarly, a rational solution is followed to designate the 

maximum photoconversion efficiency (PCE) of the planar all-oxide heterojunction devices 

by altering the thickness of the absorber material and determining the threshold between 

optimized light absorption and PCE values. A similar approached has been employed in 

our fabricated PV device based on Co3O4 NRs absorber layer[34]. One of the main 

parameters of investigation was to alter the thickness of Co3O4 NRs absorber layer to find 
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the optimal PCE values. Figure 7 (C) and (D) present a cross-section overview of the two 

fabricated heterojunctions based on Co3O4 NRs and TiO2 n-type overlayer. The obtained 

photovoltaic parameters of the fabricated Co3O4 NRs/TiO2 heterojunctions can be 

observed in Figure 7 (b). Our result indicated the highest open circuit voltage (Voc) and 

short circuit current (Jsc) for the junction with 30 nm nominal length of the Co3O4 NRs 

Figure 8 (c) (thickness of the layers were experimentally determined using Rutherford 

backscattering technique explained in Materials and methods section). It is noted that, in 

all the fabricated nanostructures heterojunctions, the Jsc increases with the decrease of 

the Co3O4 NRs length. This fact can be attributed to the limited carrier mobility in the 

depth of Co3O4 layer, which induces charge recombination by increasing the length 

traveled by the holes inside the NRs absorber.  

 Lattice mis-matching in heterojunctions 

The dictated need for variation of the thickness in heterojunctions is in its essence related 

to interfacing two semiconductor with dissimilar crystal structure. Conventionally, 

underlying physics of the p-n junctions anticipated interfacing two semiconductors which 

pose similar lattice constants. This was considered an essential requirement for defining 

the atomic level impurities in each n and p semiconductors. Since severe lattice miss-

matching would cause interfacial dislocations and electronic defects such as interface 

traps. However, it was appeared that a good quality of heterojunctions, with dissimilar 

semiconductors, could still be achieved guaranteed that the employed layers are relatively 

thin[35]. This fact is schematically illustrated in Figure 7 (a) using imaginary cubic crystals 

with different lattice constants. In general, for a relaxed heterojunction with dissimilar 

semiconductors the lattice dislocations at the interface is a major drawback. However, if 

the layer is thin enough (generally grown by epitaxial methods which result in rather clean 

interface), the first few layers lattice constants are strained to the semiconductor substrate 

beneath and normally presents similar features. In that sense, normally the dislocations 

are eliminated and it is even possible to exploit wider range of semiconductors which 

naturally do not have similar lattice constants[36,37].     
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Figure 7: (a) Two materials with mis-matched lattice constant ae and as. If the layer 
grown on material ‘’s’’ is thin enough, the lattice constant of the ‘’e’’ layer normally is 
strained to interface of the substrate material.  

 Light trapping 

Another solution for the detrimental decrease of the light-loss while prevailing an efficient 

rate of photoexcited carrier generation is to use nanostructured platforms. 1D geometries 

such as nanowires and nanorods (NRs) are a useful alternative for employing efficient 

charge transport and at the same time enhanced decoupling processes for light 

absorption[38]. In addition, NRs geometry can remarkably increase the active depletion 

region for carrier generation in a relatively smaller area compared to thin film planar 

geometries[39,40]. Similarly, in the corresponding project work (Appendix I), we have 

exploited vertically aligned forest of Co3O4 as a 1D platform of p-type light absorber 
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(Figure 9, 8). The plasma assisted vapor-solid deposition technique of the Co3O4 NR arrays 

promoted the possibility of easily modulating the thickness of the p-type layer via altering 

the deposition durations. In our work three nominal thicknesses of the Co3O4 NR arrays 

of 30,105 and 380 nm were employed for PV analysing the subsequent fabricated 

heterojunctions. Conformally deposited TiO2 (290 nm thickness) is also exploited as the 

overlaid n-type layer. We have later compared the optoelectronic performance of this 

structure with a planar thin-film counterpart. The single crystalline structure provided a 

clean platform, which is rather crucial for the reduced interfacial recombination in 

efficient performing PVs.   

 

 

Figure 8: (a) Schematic illustration of the Co3O4/TiO2 heterojunction architecture 
consisting of Co3O4 NRs platform and the overlaid TiO2 layer. (b) The nanostructure 
morphology of the samples results in enhanced internal light trapping. (c) RBS spectra 
of the Co3O4 films deposited on silicon substrates. Total transmittance spectra of the 
Co3O4/TiO2 NRs heterojunction compared with a planar thin-film heterojunction.  

In addition, we have provided direct evidence that the vertically aligned configuration of 

1D nanostructures in our heterojunction can create multiple internal scattering/reflection 

of the incoming light and increase the probability of light absorption and charge collection 

in significantly enlarged active depletion region of heterojunctions[41,42] as schematically 
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shown in Figure 8 (b). Our total transmittance results indicated that the 1D geometries of 

the Co3O4 provided higher light absorption even with lower nominal thickness compared 

to the polycrystalline thin-film counterparts, mainly thanks to increased light scattering 

induced by the 1D geometry (Figure 8 (d)). In this case our 380 nm Co3O4 NRs/TiO2 

heterojunction presents nearly 82% light absorption in the mid-visible range.   

 

Figure 9: Showcasing the vapor-solid deposited 1D structures of Co3O4 NRs employed as 
p-type absorber semiconductor. The surface topology of the samples is characterized 
using atomic force microscopy and presented a rough and wavy nature of the 

heterojunctions with average roughness of 253 nm.     

This feature can promote the possibility of using thin absorber layers, which impairs 

higher light absorption. In as similar fashion, the obtained AFM results demonstrates the 

rough morphology of heterojunctions with nanoscale surface roughness of 25 nm with 

premises of high internal light diffusion. In agreement with the obtained J-V results, we 

have later demonstrated the effect of the Co3O4 NRs length on the carrier generation of 

the heterojunction samples. The photocurrent responses of the samples denoted the faster 

rise-time of the Co3O4 30nm/TiO2 (1.06 sec) as opposed to the NRs junction with 380 nm 

400n
m 
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thick Co3O4 (1.6 sec), which demonstrated the faster carrier transport in shorter Co3O4 

NRs. Our results significantly highlighted limited carrier mobility in the depth of Co3O4 

layer, which induces charge recombination by increasing the length travelled by the holes 

inside the NRs absorber. 
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Chapter 5: Plasmonic Light Harvesting 

 

In this chapter we introduce the photophysics and the figures of merit offered by 

plasmonic light-matter interactions, with emphasis in solid-state optoelectronic devices 

where plasmonic structures have been employed to augment the spectral absorption in 

semiconducting materials. 

The study of the generically designed active plasmonic devices, requires a deep insight 

into interaction of light with free-electrons, typically in metals or highly-doped 

semiconductors. Plasmonic interactions are normally classified corresponding to the 

nature of their resonant behavior. Surface plasmons dephasing is generally attributed to 

the coherent electron oscillations, which are normally taking place in noble metal 

nanostructures, if an additional optical momentum is provided to their vicinity (i.e. due 

to external excitation on their plasmonic absorption profile). These oscillations are 

typically bound to the noble metal interface and delocalized along its surface[43][44][45].  

 

Figure 10: Localized surface plasmon resonance dephasing in a metal nanoparticle due 
to applied electromagnetic force generating electron cloud and positive cores.  
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 Plasmonic devices 

The optoelectronic properties of plasmonics has provided a great number of advances in 

a panorama of the fields, in the overview of light-matter interactions such as biology[46,47], 

photocatalytic chemistry[48][49], quantum processing[49] and energy harvesting[44,50]. 

Conventionally, the optoelectronic devices aim at three frameworks for employing 

plasmonic architectures. (i) Hot carrier energy conversion, through exploiting the non-

thermal equilibrium electrons from surface plasmon dephasing of metal NPs. (ii) 

increasing the hot-electron injection yield of semiconductors which corresponds to the 

higher derived current in devices, i.e. conversion systems, and finally (iii) increasing the 

spectral absorption range of the optoelectronics by tunable light absorption of the 

plasmonic NPs. Overall, in all the allocated plasmonic devices the main challenge involves 

harvesting highly energetic electrons photogenerated in the metals, before their fast 

thermalized recombination, an effect that poses intrinsic limitation for large-scale 

applications of plasmonic waveguides[51,52].   

 

Figure 11: The hot-electron injection mechanism in a plasmonic metal/semiconductor 
junction. 

To harvest the hot-electron population, one must collect the excited electrons before 

thermalization, meaning that the photogenerated carriers, need to reach the metal 

interface in a fast time-scale and retain high enough kinetic energy so they can be 

extracted. The hot-electron transfer phenomenon from metal to semiconductor is 

schematically shown in Figure 9. 
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Some of the early investigations of plasmonic hot-electron injection were reported in the 

fields of photocatalysis to extend the visible light spectral responses of TiO2 due to its wide 

band gap of 3.2 eV. Within this approach, illuminated metal NPs that were adsorbed onto 

the TiO2, inject hot-electrons in the anode and get replenished by a liquid electrolyte[53,54]. 

The early application of the plasmonic light harvesting systems in PVs where firstly 

reported in dye-sensitized solar cells employing gold and silver NPs on ZnO and TiO2 

electrodes[55,56]. It was only till Reineck et al reported the first investigations on solid-state 

plasmonic solar cells, where a hole-transport organic layer of Spiro-OMeTAD was used to 

collect the positive ionic hot-carriers subsequent to injection of the hot-electrons in TiO2 

semiconductor layer[57].  

 Hot-carrier harvesting architecture  

One of the simplest architectures to harvest plasmonic hot electrons is the metal-

semiconductor (MS) Schottky junction (Figure 11). In this approach, energetic electrons 

can be collected from the metal electrode provided they arrive to the interface with enough 

kinetic energy to overcome the existing barrier (ΦSBH). The built-in field that exists in the 

semiconductor aids the injected electron to recirculate and recombine with a hole in the 

counter electrode thus generating a plasmonic-induced photocurrent. Due to its 

conceptual simplicity, several works made use of this structure to report hot-carrier 

collecting devices with reported implications as PVs or photodetectors[44,50].  

 

Figure 12: (a) SEM image of the grown ZnO NRs decorated with the silver NPs. (b) The 
external quantum efficiency (EQE) of the Ag decorated samples correlates well with the 
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plasmonic absorption profile of the silver nanoparticles and demonstrates the hot-
carrier injection from silver NPs to ZnO NRs.   

 Device architecture:  

In this research work we have employed a light harvesting 1D structure of the ZnO 

semiconductors and plasmonic silver (Ag) NPs, where we explore a deep insight into the 

hot-carrier collection mechanisms mediated by light. The attributed research article 

corresponding to this chapter, is appended further in this thesis (Appendix II) as 

“Optical Field Coupling in ZnO Nanorods Decorated with Silver Plasmonic 

Nanoparticles’’. The 1D architecture of the samples were considered so that, it can 

provoke an extended absorption of visible light through internal light trapping whilst 

promoting the fast collection of the photogenerated plasmonic hot-carriers of Ag NPs as a 

result of fast intrinsic carrier transfer abilities of the epitaxial NRs structure. An overview 

of the prepared samples morphology is shown in Figure 12 (a). Our results indicated that, 

the hydrothermally grown ZnO NRs decorated with electrodeposited plasmonic Ag NPs, 

resemble a simple and yet superior plasmonic Schottky metal/semiconductor properties 

with prospects of higher carrier collections.  

 Photocurrent generation: 

Hot-carriers are generated in the Ag NPs, corresponding to their geometry and interface 

assembly of Ag NPs on ZnO NRs, a fraction of separated electron-hole pairs are injected 

to the ZnO substrate until they reach the FTO glass for collection. The derived external 

quantum efficiency (EQE) measurements of the Ag decorated samples (Figure 12 (b)) 

presented features corresponding to plasmonic absorption of the Ag NPs which translated 

in to photogenerated current in the composite samples. Our result shows that the ZnO 

NRs platform serves as an efficient substrate that yields a hot electron photocurrent of 

about 75% compared to bare ZnO, with a maximum EQE of 0.5% at the plasmonic 

absorption of Ag NPs. This showcases the feasibility of our composite system for active 

plasmonic sensing, yet still not sufficient for energy conversion.   

In this section we have successfully demonstrated that the ZnO NRs/Ag NPs junction can 

be an interesting device for hot-carrier photodetection. On the other hand, an energy 

conversion device requires a simultaneous supply of current and voltage. Yet we identify 

the metal/semiconductor interfacial design in this system requires a correct architecture 
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suitable for collecting the seperated positive and negative charges (circuit permission), to 

originate Voc values. This fact will be discussed further in the next sections.    

 The plasmonic induced hot-carrier injection  

Previously in this chapter we have discussed the mechanisms of the hot-carrier 

generations in plasmonic NPs. The term hot-carrier in plasmonics indicates the electrons 

that are not in thermodynamic equilibrium. As mentioned before, these hot-carriers can 

generate photocurrents in an optimally designed system of semiconductor and plasmonic 

NPs. Here, in this section we discuss the main carrier transfer mechanism inherent to the 

plasmonic NPs and we provide direct evidence of the obtained transfer data in the present 

research. 

Preliminary, the dephasing transfer in plasmonics are categorized into two competitive 

ways of radiative emissions and non-radiative relaxations. The non-radiative relaxation, 

normally quenches in the environmental medium through electron-electron, electron-

phonon, electron interface interaction or scattering[58,59]. The hot-carriers which are 

generated through non-radiative relaxation processes, can result in intra- and/or 

interband excitation in the vicinity of an adjacent semiconductor and be transferred to its 

conduction band. Of course, it should be noted that the intra- or interband transitions 

requires an energy band overlap between the particles localized surface plasmon 

resonance (LSPR), and the semiconductor. The non-radiative charge injection from 

plasmonic NPs towards semiconductor is normally described by two competitive 

mechanisms as (i) direct electron transfer and (ii) plasma induced resonance energy 

transfer (PIRET) processes. Below we describe each of these two processes individually 

with indications into our own research project, and showcasing our sample design in order 

to comprehensively distinguish these two phenomena.    

 Direct electron transfer (DET):  

The energies of the hot-carriers have a wide distribution range corresponding to the type 

of the noble metals and their nanoscale morphology. Typically, the approximate LSPR 

energy of the Au or Ag, two of the most common plasmonic materials are ranged between 

1eV to 4eV. In a normal Schottky junction such energetic carriers can overcome the barrier 

height (SBH) and may migrate to the semiconductor CB, a transfer which is opposite to 
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the defined transfer direction in a Schottky system (from semiconductor conduction band 

towards Fermi level of the metal). A preview of this transfer process is illustrated in Figure 

13 (a).  

 Plasmonic induced resonance energy transfer (PIRET):    

Second picture in plasmonic non-radiative carrier transfer is derived from Fermi’s golden 

rule in electric dipole approximations[60,61].  

 𝑘
 0 = (

2𝜋𝑒2

ℎ
) 𝐸0

2|𝑝𝑚𝑘|2 𝛿(𝐸𝑚 − 𝐸𝑘 − ℎ𝑤)      (5) 

Where k is the total transition rate of the vector k, E0 corresponds to the intensity of the 

electric field of incident light and pmk is defined as momentum matrix element. The Em 

and Ek components represent the initial and the final energy states of the electron 

transitions.   

In that perspective, the large dipole moments formed in plasmonic NPs, due to 

photoexcitations, can induce the dipole moments in the neighboring semiconductors. 

Clearly, this form of carrier transfer, does not necessarily require the direct contact 

between the metal NPs and the semiconductor, yet a detrimental distance for dipole 

moment transfer is essential. Here we refer to detrimental distance as the optimized 

distance between plasmonic NPs and the semiconductor, which permits a satisfactory 

dipole-dipole interactions.  

In our dedicated research, we have exploited a simple design solution, in order to 

systematically investigate the PIRET mechanism. The solution involved preparing two 

sets of samples of which (i) plasmonic Ag NPs are in direct contact with a semiconductor 

and (ii) second set of sample with a passivating 4 nm Al2O3 layer in between ZnO and the 

Ag NPs. Study of the photoexcited carrier transfer in the former system with conformal 

deposition of Al2O3 intermediate layer, permits a distinct separation of PIRET carrier 

transfer mechanism from DET processes. To further understand the mechanism of 

photoinduced carrier transfer in details, characterization methods such as transient 

absorption spectroscopy in the femtosecond and picosecond time regimes are of great use.     
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Figure 13: (a) Schematic view of the possible transfer routes in a plasmonic Schottky 
system (The grey arrow corresponds to the Schottky carrier transfer phenomena from 
Ag NPs to semiconductor). (b),(c) Differential transmission spectra of the ZnO NRs and 
the Ag decorated samples in different time intervals. The samples are pumped with the 
266 nm laser corresponding to the interband absorption edge of Ag NPs.    

Due to very fast transitions of the photoinduced carrier transfer in the Schottky plasmonic 

systems (picoseconds or hundreds of femto seconds), we have studied the details of the 

carrier redistribution mechanisms in our samples using transient pump-probe 

spectroscopy (Figure 13 (b), (c)). The samples were excited with the 266 nm laser which 

tend to target the plasmonic excitation of the Ag NPs via interband transitions. The 

differential transmittance (T/T) spectra of the ZnO NRs presented a sharp photoinduced 

absorption (PA) at around 380 nm corresponding to band filling of the ZnO near band-

edge states. The recorded spectra rapidly evolves to the positive direction in a decay form 

after 1 ps reviving a photobleaching (PB) signal in the TT spectra. We assign this behavior 

to the band filling of the ZnO NRs band edge (BE) filling. Thus in longer probing times, 

more than 1 ps, we recognize the TT behaviour of the bare ZnO NRs with two PB signatures 

of (i) between 389-420 nm and a (ii) broad tail centred at 610 nm corresponding to BE 

filling and the defect state emissions of the ZnO NRs respectively. We have observed a 

similar trend for the Ag decorated sample in the first 300 fs a negative PA emission 

centred at 389 nm corresponding to BE of ZnO and a second broad PB ascribed to defect 

states centred at 620 nm (Figure 13 (C)). On the other hand, in the longer life-times 2 ps 
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the TT evolution of the ZnO/Ag BE differs significantly from that of bare ZnO. Our 

recorded spectra indicated that the PA emission of the ZnO/Ag NPs at 389 nm, will never 

evolve to the positive PB signal, similar to what was observed in bare ZnO NRs, even after 

50 ps of the probing delay time. In our result, we indicated this behaviour of the ZnO NRs/ 

Ag sample to the band gap renormalization (BGR) processes due to plasmonic excitation 

of the Ag NPs. BGR in a transient form in normally manifested due to modification of the 

electronic band structure and the excitonic binding energy of the materials (in our case 

ZnO), as a result of the populated carrier injection of the Ag NPs. We determined that the 

time-scale of BGR in our TT spectra is rather cohesive with the plasmonic time-scale of 

the Ag NPs. In that sense, we have further highlighted the TT evolution of the samples in 

the critical time-scales between PA and PB transitions (Figure 14 (a)).  

 Carrier transfer mechanisms and injection yield  

This section describes recent research progress into plasmonic hot-carrier current yield of 

the synergic system. In general, one of the main challenges in plasmonic hot-carrier 

devices, such as photodetectors or PVs is to convert the photogenerated carriers into 

deliverable current. This leads to the collection of very fast decoupled plasmonic carriers 

in the adjacent semiconductor and converting them into usable current. In another word, 

optimizing the trade-of between carrier generation and the carrier injection in the 

composite system. In that sense it is rather important to fully comprehend the carrier 

transfer mechanism in a hot-carrier system and to distinguish which transfer processes 

result in output non-radiative photocurrent generation in the device (it should be noted 

that the desired non-radiative photocurrent is rather suitable for the direction of our work 

(PVs, Photodetectors) and the other hot-carrier radiative transfer processes such as 

Förster resonance energy transfer might be applicable in different fields).  

Figure 14 (a) and (b) demonstrates the transient dynamics of the ZnO NRs at the bottom 

of the initial ZnO negative BE emission at 389 nm and around the central region of the 

defect states (575 nm) corresponding to the maximum of the PB shoulder. Looking to the 

recorded spectra, contributions of the PB in the BE region of the ZnO and ZnO/Ag sample 

are vividly modified due to presence of the plasmonic Ag mainly in initial delay times 

below 300 fs. We have observed a very small PB in the delay times near 200 fs (Figure 14 

(a)inset) for both samples. However, the Ag decorated sample presented an exponent 
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decay as opposed to the bare ZnO NRs indicating a longer carrier redistribution 

mechanism in accordance with the LSPR decay time of the Ag NPs (Appendix II transient 

spectra of bare Ag NPs). In addition, the PA dynamics of the Ag decorated ZnO sample at 

around 2 ps presents a smaller amplitude decay compared to bare ZnO which further 

approves our hypothesis on the BGR effect due to LSPR dephasing of Ag NPs increasing 

the excitonic density of ZnO conduction band. Moreover, the TT signal of the Ag decorated 

sample after PA band filling never reaches the positive sign (no significant PB is 

observable), which again verified the BGR effect as a result of fast electron recirculation 

favoured by the small energy difference between the conduction band of ZnO and the 

Fermi level of Ag. 

 PIRET or DET? 

As mentioned before in order to distinguish the DET and PIRET processes we have 

exploited a 4 nm Al2O3 intermediate layer in between ZnO NRs and Ag NPs. The recorded 

photoresponse of the composite samples under controlled illumination, via low pass 

optical filters, targeting the different region of the plasmonic absorption of the Ag NPs is 

presented in Figure 14 (c-d). It is evident that the alumina layer, responsible for surface 

passivation, is also modifying hot-carrier injection as can be observed by the amplitude of 

the obtained photocurrents. We previously verified the reduced EQE of Al2O3 integrated 

devices compared with the one obtained in the absence of Al2O3. The EQE of the Ag 

integrated sample without Al2O3 spacer layer, presented 75% higher deliverable 

photocurrent and 0.5 % EQE in the region of Ag NPs plasmonic absorption (Figure 12 (b)). 

We have assigned the increase in the EQE of the samples to the combination of the DET 

and the PIRET dipole-dipole hot-carrier transfer mechanism of Ag NPs to ZnO NRs.  
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Figure 14: (a) Differential transmittance spectra of the bare ZnO NRs and the ZnO NRs/ 
Ag samples at probe wavelengths corresponding to band-edge emission of ZnO (389 nm) 
and the defect states (around 575 nm). (b) Light-responses of the samples with and 
without Al2O3 intermediate layer, under selective illumination using low pass filters, 
indicates the role of interfacial design on plasmonic carrier injection.     

Our photoresponse results indicated a nearly 13% higher current yield in ZnO/Ag NPs 

compared with the bare sample. Notably, in both EQE results (Figure 12 (b)) and 

photoresponses of the Al2O3 integrated samples (Figure 14 (d)) we still observe a 

reasonable current response even without a direct contact between Ag NPs and ZnO NRs. 

In this case we have considered the hot-carrier transfer mechanism of Ag NPs apart from 

DET mechanism and solely to dipole-dipole transfer processes or Fowler-Nordheim 

tunneling of energetic electrons. Since both dipole-dipole PIRET transfer and Fowler-

Nordheim tunneling, present the same energy profile and the temporal evolution, the 

subjects of their essence is still under intense debate in the community, and full 

quantitative descriptions of hot-electron injection are still not within reach.
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     6: Graphene/metal oxide junction (a remedy?) 

 

Research findings in this chapter, describes the photophysics and the optoelectronic 

properties of the graphene and semiconductor (specifically MOx semiconductors) 

junctions. Initially we explain the electronic properties of the constituent hybrid junctions 

and later we highlight the corresponding research direction in this thesis by showcasing 

the dedicated research carried out. The denoted research article corresponding to this 

chapter “In-depth Carrier Transport In Barrier Variable Iron-oxide And 

Vertically Aligned Reduced-Graphene oxide Composite’’ is further attached as 

Appendix III.   

The contact between basal plane of graphene and the MOx semiconductors, enables the 

origin of a surface junction with intrinsic driving potential to transfer the charges across 

the bulk of consequent layer[62]. This phenomenon can clearly provide a guideline for 

improving the optoelectronic performance of the MOx based devices, specifically the 

photexcited carrier transport properties. As mentioned in the previous chapters, despite 

prominent advantages of all-oxide optoelectronics, fulfilling two important criteria of 

stability and low cost, the efficiency of the produced PV modules is rather low. In this 

framework, the main shortcoming compromising the efficiency of the fabricated MOx 

light harvesting systems, is believed to be associated with the limited mobility of minority 

carriers in absorber layers. We have exploited the vertically aligned flakes of graphene 

scaffold, a photo conductive 2D material, as platform for reviving thereof. Below we briefly 
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discuss the theory and the properties of the hybrid-composite system and subsequently 

we move on to the associated results. 

 

Figure 15: (a) The band diagram of the ZnO semiconductor in contact with pristine 
graphene. The carrier transfer from ZnO to graphene, creates a downward band-
bending in graphene and alters the population density of the junction. (b) Graphene 
sheet interfaced with semiconductor creating an active surface.   

Graphene, a single layer atomically thin allotrope of carbon has demonstrated an immense 

potential for next-generation high performance electronic and optoelectronic devices. The 

distinctive band structure and intrinsic driving potential to transfer carries has enabled 

different architectures of graphene/GDs such as single layer graphene, few layers stacked 

graphene and bilayers of GDs to be interfaced with various structures of 

semiconductors[63–65]. Typically few main pathways are ensued by implementing 

graphene in optoelectronic devices. Therefore, understanding the over-ruling 

mechanisms of graphene/semiconductor interactions in these pathways, can promote the 

performance of the future devices.  

 The role of graphene in energy-band engineering 

One of the appealing properties of graphene/semiconductor junctions is the effect of 

carrier transport phenomena in interfacial band engineering of the devices. Interfacing 

graphene with semiconductors can give rise to unique properties which venues to an 

atomically thin light-responsive active surface below the graphene.  

Conventionally, the junctions of graphene and bulk semiconductors were considered as 

typical metal/semiconductor Schottky junction of which the high position of Fermi level 
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in metals caused the over potential for directional charge extraction. Moreover, due to 

high density of states, the Fermi level height of metals remain unchanged through charge 

transfer phenomenon (Figure 16 (a)). 

 

Figure 16 : Band energy diagram of the n-type and p-type semiconductors interfaced 
with (a) metal and (b,c) graphene. 

However, carrier transport in graphene/semiconductor junction is rather different 

compared to traditional Schottky junctions. Defect free single layer graphene can present 

a Fermi level and maximum density of states that are exactly leveled with Dirac points (so 

called zero band gap semiconductor). The transfer of charges from semiconductor to 
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graphene will result in shift of Fermi level in graphene and reduction of Schottky barrier 

heights (SBH) for both adjacent n-type and p-type semiconductors. Correspondingly, 

graphene energy level will shift contradictory to the direction of charge transfer (for 

instance graphene behaves as a hole-doped semiconductor in a junction with n-type 

silicon) resulting in formation of a rectifying Schottky junction[62,66]. Essentially 

graphene/semiconductor junction can be beneficial for directional charge extraction, 

reducing the Schottky barrier heights, and increasing the electron-hole separation by 

increasing active depletion surface.  

In general, the Schottky barrier height in graphene/semiconductor junction can be 

calculated experimentally (using Schottky diode relations) by determining the voltage (V)-

current (I) characteristic of the junction: 

𝐼 = 𝐴𝐴∗𝑇2exp (−
𝑞𝑆𝐵𝐻

𝐾𝑇
) [𝑒𝑥𝑝 (

𝑞𝑉

𝜂𝑘𝑇
) − 1]     (6) 

Where A, A*, T, q, k, and η are the Schottky contact area, the Richardson constant at room 

temperature (300 K), electron charge, Boltzmann constant, and the ideality factor, 

respectively.  

A more relativistic approach can also be asserted by considering the thermal equilibrium 

in the depletion region[67]. In that sense, graphene is treated as hole-doped due to charge 

transfer from n-type semiconductor. Hence, transferred charges (qg), necessary for Fermi 

level shift (∆g) in graphene can be obtained by; 

𝑞𝑔 = −𝑞. 𝑠𝑖𝑔𝑛(∆𝑔) ∫ 𝜌(𝐸)𝑑𝐸 = −
1

2
𝑠𝑖𝑔𝑛(∆𝑔). 𝑞3𝐷0 ∆𝑔

2  
𝑞∆𝑞

0
   (7) 

In which D0 is the density of the state in graphene before Fermi energy level shift. q and 

g represent charge of the electrons and work function shift of graphene corresponding to 

charge transfer. Furthermore, the space charge (qs) in the depletion layer is determined 

by:  

𝑞𝑠 = 𝑠𝑖𝑔𝑛 (
𝑆𝐵𝐻

− 
𝑛

−
𝑘𝑇

𝑞
) √2𝑛𝑞휀𝑟휀0 |

𝑆𝐵𝐻
− 

𝑛
−

𝑘𝑇

𝑞
|     (8) 

n represents the energy difference between conduction band of semiconductor and its 

Fermi level as depicted in Figure 16. Where, r and 0 are the dielectric constant of 
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semiconductor and graphene, respectively. Considering the ideal state of materials, with 

no surface states and recombination, the total charge is equal to zero. The corresponding 

relation can determine the SBH of the junction as a function of charge transfer.  

𝑞𝑔 + 𝑞𝑠 = 0        (9) 

 The origin of photoconductivity in graphene 

The origin of the photoresponse in graphene junctions has been studied extensively and 

is attributed to either thermoelectric or photovoltaic effects. Thus far, two relaxation 

mechanisms of electron-phonon and electron-electron scattering are assigned as the main 

cooling channels for photoexcited graphene[68–70]. On the other hand, electron–electron 

scattering, is denoted as the dominant mechanism of photocarrier energy relaxation, 

where the photoexcited carriers multiply while decaying towards an elevated electronic 

temperature. Up to now, several optoelectronic devices have been fabricated exploiting 

unique features of graphene such as zero energy gap, efficient transport and optical 

properties[71–73]. One appealing direction in use of graphene derivatives lies in light 

harvesting devices such as photonics and optoelectronics, where the combination of its 

unique optical and electronic properties can be fully exploited. Up to now, the GD have 

been employed in several PV devices including; (i) transparent conducting film[74], (ii) 

active light harvesting material for heterojunction[75], (iii) counter cathode electrode for 

dye sensitized PVs[76] and (iv) hole-transporting material for hybrid perovskite PVs[77]. 

However the main purpose of exploiting GD in the aforementioned devices, are normally 

corresponding to either energy band engineering of the adjacent semiconductors and/or 

conductive illumination platform, which normally re quires GD in planar architecture.   

Despite the literature focus on the planar junction, in our dedicated work we have 

intended to employ the photoexcited carrier-carrier scattering relaxation mechanism of 

graphene, in order to promote the carrier transport in a less optically active MOx 

semiconductor light absorber. In that sense, we have fabricated a crisscross network of 

reduced graphene oxide (rGO), vertically aligned toward the illumination direction, and 

embedded in the thin-film structure of Fe3O4 semiconductor. A schematic illustration of 

the samples structure is presented in Figure 17. The amount of the crisscross in rGO 

scaffold underneath the Fe3O4 is rather detrimental to find the threshold for optimized 

mediated carrier transfer in photoexcited semiconductor. In that sense, we have arranged 
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to alter the amount of rGO by varying the number of cycles required for electrodeposition 

of the rGO network.   

 

Figure 17: (a) Schematic view of the vertically aligned rGO scaffold embedded in the 
semiconductor film. (b) Planar view of the rGO integrated Fe3O4/Cu2O heterojunction. 
(Inset) cross-section of the bare Fe3O4/Cu2O sample identifying the nominal thickness of 
100 nm for each layer. 

    Photoexcited carrier transfer 

The efficiency of the light conversion process in graphene/semiconductor junctions is 

directly related to the fact that graphene structure dominates the carrier-carrier relaxation 

pathways as oppose to competing pathway dynamics of electron-phonon scattering 

and/or thermalization losses. In order to investigate whether the photoexcited carrier-

carrier scattering process in graphene is actually contributing to the carrier transfer of the 

hybrid junction, we studied the current output of the system. We have provided the local 

current maps of the VA rGO/Fe3O4 surface, using intermodulation conductive force 

microscopy (ImCFM) where non-linear current-voltage maps of the samples can be 

collected with high spatial resolution over an extended area. The obtained results 

indicated a significant enhancement of the retrieved current in the areas attributed to the 

ripples and curls created by the rGO scaffold beneath as shown in Figure 18. Our 

measurements pointed out that the transfer of the charges in rGO scaffold, can mediate 

the carrier transport in-depth of the adjacent semiconductor interface as a result of carrier 

redistribution and/or carrier multiplication in rGO flakes. We noted the uneven current 

output of the samples on the areas with rGO scaffold and we have assigned this behavior 

to the (i) irregular geometries of the rGO network and (ii) the anomalous surface potential 
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effect as result of inhomogeneous carrier transport in-depth of the Fe3O4 semiconductor 

layer.          

 

Figure 18: (a) The local J-V curves of the sample corresponding to the different region 
on the VA rGO/Fe3O4 surface (the considered points are marked on the right side maps). 
(b)-(e) The ImCFM current maps of the VA rGO/Fe3O4 in different forward and reverse 
bias. The brighter regions are corresponding to the VA rGO scaffold underneath the 
surface with significant increase in derived current.  

 Optical absorption in the graphene junctions 

Electronic coupling of graphene atop of semiconductor can result in interfacial energy-

band reorganization which can create a light-sensitive device. The high carrier-carrier 

scattering momentum in graphene can mediate energy transport which dominates the 

photoresponse in graphene integrated devices and manifests itself as increased quantum 

efficiencies. The surface photovoltage (SPV) spectra of the VA rGO integrated samples 

were compared with the bare semiconducting films in Figure 19.   

 

Figure 19: (a) SPV spectra of the VA rGO Fe3O4 of the sample presents drastically higher 
light-mediated potential in a wide range of excitation compared to bare Fe3O4. (b) The 
SPV results of the VA rGO integrated heterojunction as oppose to the bare 
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heterojunction. The black remarks in the SPV curves of the samples correspond to the 
energy-band transitions of the semiconductors (further explained in the text).    

 

Our obtained data indicated a drastically higher photovoltage over a wide range of visible 

excitation which nearly extends over the entire visible region for VA rGO integrated 

sample. We have assigned the wide range of optoelectronic response in the samples to the 

increase in potential relaxation cascade beyond the optical band-gap of the VA rGO 

integrated Fe3O4 films to two possible mechanisms of (i) carrier-carrier scattering of 

graphene contributing to carrier generation/transport in Fe3O4 and (ii) charge trapping in 

the VA rGO network. Similar behavior is observed on the hybrid heterojunction sample, 

VA rGO (30 cycle)/Fe3O4/Cu2O, where an enhanced SPV values are observed in the visible 

range. We have attributed the SPV increase in both VA rGO (30 cycle)/Fe3O4 and VA rGO 

(30 cycle)/Fe3O4/Cu2O sample to the non-uniform photoexcited carrier transport in-

depth of the films also known as anomalous surface photovoltaic effect. We exemplify that 

the intervention of the VA rGO network underneath the samples can cause the anomalous 

carrier transport in-depth of the system as a result of inhomogeneity in graphene sheets 

geometry and the non-uniform carrier redistribution in the bulk of the films. 
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7:MOx for electrochemical energy storage 

To achieve a sustainable society with an energy mix primarily based on solar energy, we 

need methods of storing energy from sunlight as chemical fuels. Photoelectrochemical 

storage devices offer the promise of energy proliferation which can be used to the extent 

of demand in any desired applications. Further in this section we present two research 

articles which provide the prospect of MOx materials as electrodes with significant Li ion 

storage ability which can provide pathways for a new concepts of direct solar storage. The 

research articles corresponding to this chapter, ‘’Plasma assisted vapor solid 

deposition of Co3O4 tapered nanorods for energy applications’’ further 

attached as Appendices (IV) and ‘’Direct solar conversion to energy storage; 

integrated solar supercapacitor’’ is an ongoing manuscript draft with attached 

results in this chapter. This section of the thesis focuses on two main determining 

roadmaps concerning the application of the MOx as capacitive electrodes for Li+ ion 

storage systems. (i) We study the effect of design and different structural parameters on 

the storage ability of the electrodes and their optoelectronic behavior. (ii) Later we offer a 

design solution for a hybrid system for direct photo-carrier storage, by inspecting the 

origin of the MOx photo-spectral response and their dual functionality as light-absorbers 

and capacitive electrodes.  

In both of the research articles, Co3O4 nanostructures have been a prominent focus due to 

it’s versatile applications as high capacitance electrode materials with long cyclability[19] 

and more importantly as a suitable p-type light-absorber semiconductor[78,79] (previously 

exploited as p-type light absorber appendix I). 
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  The effect of structural engineering in capacitive 

behavior 

Unlike batteries and fuel cells that harvest energy stored in chemical bonds, 

supercapacitors exploit the electrostatic separation between electrolyte ions and high 

surface area electrodes. The amount of energy stored in supercapacitors is linearly 

proportional to the capacitance of the electrodes, which is rather interconnected to the 

specific surface area of the electrodes, making material optimization rather crucial. 

𝐶 = 휀𝐴
𝑑⁄         (10) 

Where A is the electrode surface area accessible to electrolyte ions, is the electrolyte 

dielectric constant and d is the diffusion separation length. Since surface area is explicitly 

important, understanding its effect on specific capacitance is rather crucial and has been 

a subject of study in our research.  
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Figure 20: Different architectures synthesized via tuning the deposition pressure using 
PA-VS method.  

In our work we have managed to synthesize different nanostructured architectures of 

Co3O4 electrodes using a newly developed method based on plasma assisted vapour solid 

(PA-VS) deposition technique. The PA-VS method implemented in our work provides a 

facile one-step solution to deposit various single-crystalline nanostructures of functional 
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materials with a higher deposition rate compared to several techniques. The 

morphological properties of some of the fabricated Co3O4 nanostructure electrodes, 

designed via simply tuning the deposition pressure are shown in Figure 20. We have 

selected the 1D NRs structures of the Co3O4 as the promising structure for their 

application as negative electrode for supercapacitors. The nominal length of the NRs 

structure, determining the active surface area for Li+ adsorption and desorption process, 

were considered as the main subject of study. In that sense, we have investigated the trade-

off between the length-dependent (thickness of the electrode) conductivity of the NRs and 

the increase of the capacitance due to enhanced porosity of the electrodes.   

 

Figure 21: (a) Schematic illustration of the fabricated Co3O4 NRs performing as negative 
electrode as in electrochemical setup. (b)-(d) The morphological structure of the 700 nm 
Co3O4 NRs deposited on a Si substrate.    

The obtained result indicated that the NRs with the highest thickness of the Co3O4 (Figure 

21), corresponding to the highest surface area compared with the other nanostructured 

counterparts demonstrate the best Li+ ion cyclability. The electrochemical 

characterization of the sample presented high stability of the electrode with no chemical 

or Faradic reactions noted on the sample in the considered potential window (Figure 22). 

The galvanostatic charge–discharge curves of the 700 nm Co3O4 NR electrode, as a prime 

candidate for the best electrode performance, under different current densities presented 

nonlinear pseudo-capacitance behavior with relatively high discharge rate. The features 

of the curves and the time cycles of the discharge and charge trends verified a high rate of 

Columbic reversibility in the electrodes, approving the limited current-voltage loss in the 

system. We have attributed the overall capacitance of the designated NR electrodes in this 
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work to the formation of solid electrolyte interface (SEI) layer, and as a result of diffusion 

of ions to the electrodes.  

 

 

Figure 22: (a) Charge-discharge profile of the nanostructured samples. (b) Recorded 
cyclic voltammetry spectra of the fabricated NRs at different scanning rates indicated 
the high stability and the notable capacitance of the electrodes.  

Electrochemical storage devices that can directly convert the solar radiation to the stored 

energy would offer a new approach for balancing the unpredictable energy surpluses and 

deficits associated with solar energy. In the next section of this chapter we present the 

efforts dedicated for designing a hybrid system, which simultaneously features a PV device 

and at the same time elucidates the prospect of direct solar storage. The design of the 

system is nurtured from exploiting MOx semiconductors which grant several remarkable 

functionalities in different electronic fields such as energy storage and solar conversion.  

 MOx for solar-supercapacitor application 

Typically a key solution to the intermittence issues of the solar conversion systems is 

addressed by the direct coupling of the system to the energy storage devices such as 

rechargeable batteries and the supercapacitors. This approach often requires additional 

power electronics to meet the conversion necessities from the PV cell to the storage device 

which, normally encompass sever ohmic losses and maintenance. In the attributed 

research (not included in the thesis due to patenting confidentiality), we have exploited a 

simple design solution based on multifunctional implication of the Co3O4 semiconductors, 

which delve into as a thermodynamically suitable (energy band-gap 1.5 eV) p-type light 
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absorber layer in a PV system and simultaneously presents viable intrinsic capacitance 

properties for storage devices. In our dedicated hybrid device, we were required to put 

front a suitable design solution which permits the Co3O4 function as photo-absorber layer 

and also provides the kinetics for ion absorption and desorption process with enough 

active surface area for capacitance retention. In that sense, we have fabricated a direct p-

n heterojunction solely based on MOx semiconductors, of which the p-type absorber layer, 

is composed of NRs geometry of Co3O4 (Figure 23). Subsequently, the heterojunction 

structure was interfaced with ionic electrolyte which couples the structure to a counter 

electrode with comparable ion storage intrinsic capacitance and conductivity for carrier 

collection.    

 

Figure 23: (a)-(c) SEM images of the fabricated nanostructured MOx heterojunction. 
The NRs geometry of the Co3O4 was grown on n-type electron donor layer of Fe2O3. (d) 
The schematic illustration of the designed solar-supercapacitor hybrid device.    

The morphological details of the fabricated solar supercapacitor (SSC) device are shown 

in Figure 23 (d). The illumination direction of the operating device is held from the 

conductive fluorinated doped tin oxide (FTO) glass substrate towards the heterojunction. 

Further we have characterized the PV performance of the heterojunction, probing the J-V 

curves of the cell in dark conditions and under 1.5 AM Sun illumination. The bare 

nanostructured heterojunctions delivered a moderate Voc values of 0.24±0.03 V and Jsc of 

(5.1±0.2)×10-3 mA under illumination. We have assigned the relatively low PV values to 

the possible space chare regions effect created in the NRs geometry and the difficulties in 

retiring the current from the high surface area of the samples. On the other hand, the PV 

performance of the hybrid devices, after integration as a SSC, were drastically increased 
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(Figure 24 (c)). We have reported the average Voc values of 0.6±0.2 V for the device in the 

full-charge state and the beginning of illuminations. Here, the increase in the open circuit 

potential and the derived current can be assigned to the two simultaneous processes of PV 

effect in the heterojunction device and the excess delivered charges to the electrodes from 

the accumulated Li+ ions on the electrodes.     

 

 

 

Figure 24: The J-V characteristic of the fabricated sample before (a) and after (c) 
intervention of the carrier storage abilities to the device. (b) Charge- discharge curves of 
the sample in dark and under 1.5 AM illuminations. (d) Photo-charging the SSC device 
only with Sun illumination and no applied bias potential. 

The charge and discharge characteristics of the SSC devices shown in Figure 24(b),(d) 

demonstrated the pseudo-capacitive behavior of the samples in the dark conditions. Two 

clear plateaus were observed in the charge and discharge curves of the SSC under 

illumination, one where the charging potential of the samples surpasses the Voc of the 

constituent heterojunctions (around -0.81 V) and another one where the discharge curve 

inclines toward the positive potential. We have assigned the first plateau to the tendency 
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of the SSC devices to uphold the Voc values of the original PV cell. Subsequently, increasing 

the potential after -0.82 V is proceeded with a much slower rate (from -0.82 to -1 V). The 

second plateau where the discharging potential tends toward the positive region, presents 

a broad shoulder and a slower decay of the curve. This phenomenon is attributed to the 

tendency of the SSC device to be in the negative potential under illumination. We have 

probed the storage capacity of the SSC devices only with 1.5 AM irradiation, and no applied 

bias. Remarkably, the device architecture permits the ion storage kinetic transitions from 

the complete discharge state (0.8 V) to complete charging state (-1 V) via solar excitation. 

Correspondingly, the plateau of the photo-charging in the devices presents a slower trend 

for potential rise-time above the open circuit potential limit of the constituent PV cell. 

Overall we have estimated the photo-charge time frame of around 98 minutes for the 

system to reach 90% of its total charging capacity. 
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  8: Conclusions 

The MOx based optoelectronic devices have seen tremendous advances during the last 

years. The enticing light-matter interaction and the prospect of their ion storage abilities 

of their consequent systems enables for a new and high performance class of devices. 

The combination of wide and facile spectral tunability, remarkable absorption cross-

section, abundance, and intrinsic capacitance is especially appealing for photovoltaic, 

sensing and energy storage applications. The results presented in this thesis aim at 

representing an advance in the knowledge and performance of the MOx in variety of 

technologies.  

Significant challenges existed nevertheless prior to this work, which posed severe 

restrictions to the potential of this optoelectronic platform, both from performance and 

implementation perspectives. In this thesis, we have addressed the aforementioned issues 

and aimed for resolving the prospect of challenges with our research findings.  

 

Demonstration of light-trapping in MOx based heterojunction solar cell 

Prior to this thesis, one of the major roadblocks to make MOx based heterojunction PV 

devices deployable, was the lack of a p-type MOx platform that, while being compatible 

with large-scale manufacturing processes, would give access to sufficient photogenerated 

current, and at the same time preventing significant light loss. In the first part of this thesis 

the light harvesting 1D structures of Co3O4 NRs forest have been discussed, suggesting an 

original approach to successfully increase the light absorption properties of the 

subsequent heterojunctions through internal light-scattering. Moreover, the PV 

properties of these material have been studied, in order to give deeper insight on the 

photoexcited carrier generation/transport, of the consequent PV devices.  
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Spectral response and carrier transfer dynamics in plasmonic Schottky 

systems 

The most straightforward approach to harvest plasmonic hot-electrons is the Schottky 

metal-semiconductor junction. In this thesis we identified the crucial role of the interface 

engineering and the hot-carrier plasmonic transfer processes of the noble metals to 

semiconductors due to coupling with electromagnetic optical field. In chapter 4 we 

pinpointed different mechanism of hot-carrier injection in the plasmonic silver and ZnO 

NRs junction. In doing so, we successfully distinguished the two competing hot-carrier 

transfer mechanism of Ag NPs and ZnO NRs, using a thin intermediate insulating layer of 

Al2O3 which enabled for tuning the injection mechanism. Using ultrafast transient pump-

probe spectroscopy and targeted photoresponse of the system we monitored the role of 

dipole-dipole hot carrier transfer mechanism and Fawler-Nordheim tunneling process in 

the spectral response of the ZnO NRs. 

In-depth photoexcited carrier transfer in MOx semiconductor 

In chapter 5 we introduced a first time reported use of vertically aligned scaffold of 

graphene in order to mediate the photoexcited carrier transfer in MOx semiconductors. 

We relied on several facile manufacturing techniques for fabrication of the devices which 

can ultimately be applicable for the future studies of these junctions. Using 

intermodulation conductive force microscopy, we managed to monitor the carrier-carrier 

scattering mechanism of rGO network mediating the in-depth photoexcited carrier 

transfer in adjacent MOx semiconductor. Within this context, we have fabricated an all-

oxide heterojunction device, based on the rGO integrated MOx composite, providing the 

first proof of concept in which the carrier-carrier relaxation pathways of integrated rGO 

can facilitate the conversion process of the consequent PV device.  

Direct solar energy storage  

The final part of this thesis focused on the fabrication of a first time reported energy 

storage device, providing the possibilities to harvest and store the photo-converted 

carriers. We thoroughly investigate the operating mechanisms of the hybrid device, and 

determined the suitable operating conditions. Catering the novel design of the SSC device 

we have provided a guideline for ample carrier collection of the MOx heterojunction PVs, 

and simultaneously stabilized the output power of the system. We believe that the 
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reported device will play an important role in the development of new systems for a more 

efficient and widespread exploitation of renewable energies. 

To conclude, we expect the dedicated work presented here to mean a significant milestone 

towards a new generation of devices with enhanced functionalities beyond classical 

semiconductor limits and can be considered as a paved way for optoelectronic 

applications.  
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