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Abstract  

The research interest in hydrogen generation via photoelectrochemical (PEC) water 

splitting is ever growing owing to its potential to generate clean and portable form of energy. 

In PEC water splitting, semiconductor harvests sunlight and splits water into hydrogen and 

oxygen to produce hydrogen fuel. However, the lack of a single robust and low energy band 

gap semiconductor material that can straddle both water redox potentials is the main barrier to 

achieve efficient water splitting. III-V semiconductors can make ideal photocatalytic materials 

for PEC water splitting due to their outstanding optoelectronic properties including tunable 

band gaps to cover the entire solar spectrum, band edges straddling water redox potentials, high 

absorption coefficients and high crystalline quality. Among the III-V semiconductors, GaN  

and InP based materials have been shown to have great potential as efficient photoelectrodes 

for water splitting and can also form an effective combination for high efficiency tandem PEC 

cells with complementary band gaps. In addition, photoelectrodes based on one-dimensional 

nanostructures are shown to greatly enhance the PEC performance from improved light 

absorption, increased semiconductor/electrolyte interface area and reduced carrier diffusion 

length over their planar counterparts. This thesis presents an investigation of GaN, InGaN 

quantum wells and InP nanopillars (NPs), fabricated using top-down methods, as 

photoelectrodes for PEC water splitting applications.  

Fabrication of GaN and InP NPs were carried out using inductively coupled plasma 

(ICP) etching of pre-masked epitaxial wafers, towards investigation of their PEC performance. 

Electron beam lithography (EBL) and self-assembled random mask techniques were employed 

to produce etch masks for ICP fabrication of ordered and random NPs, respectively. Ordered 

GaN NPs, fabricated using ICP etching of an EBL-patterned GaN epilayer, showed that the 

morphology and optical properties of the NPs are influenced by the NP dimensions. The 

photoluminescence (PL) intensity of the NP array increased with decreasing pitch while the 

side wall angle of the NPs decreased with decreasing pitch. Four-fold enhancement in PL 

intensity was observed for NP arrays with 400 nm pitch and 100 nm diameter compared to their 

planar counterpart. Finite-difference time-domain (FDTD) simulations revealed that the 

antireflection and enhanced emission properties of NPs compared to the epilayer contribute to 
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the enhanced PL intensity of GaN NP arrays. Further, quantum efficiency of the NPs, evaluated 

using power dependent PL and FDTD simulations, was found to be comparable to that of the 

epilayer. 

The cost-effective and scalable fabrication of high density random GaN and InP NPs 

with controlled dimensions was demonstrated using ICP etching and self-assembled random 

mask techniques for PEC water splitting. GaN and InP NPs exhibited drastic enhancement in 

absorption properties below their band gap compared to the respective planar structures, mainly 

due to reduced reflection losses.  The PEC performance of random GaN NPs photoanodes was 

tested in 1 M NaOH under simulated one sun illumination. NPs generated the highest ever 

reported photocurrent density for GaN photoanodes due to exceptional absorption by the NPs, 

and increased depletion layer area and semiconductor/electrolyte interface area. Moreover, the 

PEC performance of NPs was found to be strongly influenced by carrier concentration and NP 

dimensions. While NP diameter resulted in an anodic shift of the onset potential, increasing the 

carrier concentration led to an increase in onset potential and overpotential of GaN 

photoanodes. We further engineered the band gap of GaN NPs by incorporating InGaN/GaN 

multiple quantum wells (MQWs) to further improve the PEC performance of GaN NPs. PL 

and diffuse reflectance measurements confirmed that the introduction of InGaN/GaN MQWs 

into GaN extended the optical absorption by the NPs into the visible part of the solar spectrum, 

thereby contributing to the substantial improvement in photocurrent density for InGaN/GaN 

MQW NPs. Furthermore, GaN NP photoanodes were found to exhibit improved photostability 

after being decorated with co-catalysts such as NiO and Co3O4. The accumulation of 

photogenerated charge carriers at semiconductor surface trigger the self-oxidation of GaN 

photoanode during water oxidation reaction and results in photocorossion of GaN photoanodes. 

Deposition of co-catalyst significantly reduced the self-oxidation of GaN photoanode by 

extracting the photogenerated carriers out of photoanode and participate in water oxidation 

reaction.  

InP NP photocathodes were fabricated by developing a Au-based random mask and 

were investigated for their PEC performance in 1 M HCl electrolyte. It was found that the PEC 

performance of as-fabricated InP NPs was adversely affected by the plasma damage caused by 

the top-down fabrication process. After removing the plasma damaged surface with controlled 

wet etching in sulfur contained oleylamine (S-OA) solution, InP NP photocathodes exhibited 

exceptional PEC performance, with photocurrents of NPs reaching close to the theoretical 

maximum achievable limit for InP. Time-resolved photoluminescence (TRPL) measurements 

revealed that the S-OA treatment not only removed the plasma damage but also passivated the 
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NP surface through the formation of a sulfide layer around the NPs. Moreover, in addition to 

the improved PEC performance, S-OA improved the stability of the InP NP photocathodes 

against photocorrosion.  

In summary, cost-effective and scalable fabrication of GaN and InP NP photoelectrodes 

using top-down fabrication is demonstrated in this dissertation for efficient PEC water splitting. 

The highest ever reported current density is achieved for both the photoelectrodes owing to 

enhanced light absorption and semiconductor/electrolyte interface area. Co-catalyst deposition 

and S-OA treatment were investigated to improve the photostability of GaN and InP 

photoelectrodes, respectively. The simple and scalable top-down fabrication of NPs developed 

in this work can be adapted for a wide variety of materials with a broad range of applications. 
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Chapter 1                                                                                              

Introduction 

1.1. Background and motivation 

 The development of renewable energy technologies is of utmost importance to sustain 

the civilization of human kind, with major environmental concerns arising from fossil fuel 

usage for energy generation. According to the International Energy Outlook 2017, the U.S. 

Energy Information Administration (EIA) predicts that global energy consumption is expected 

to rise by 28% from the year 2015 to 2040 (Figure 1.1(a)) [1]. The escalating energy demands 

emerge from countries outside of the Organization for Economic Cooperation and 

Development (OECD) to meet their strong and long-term economic growth and fast-growing 

populations. Although renewable energy is the fastest growing form of energy, fossil fuels such 

as coal, natural gas and petroleum are still expected to continue as the dominant energy 

resources to meet the global energy demands (Figure 1.1(b)). Fossil fuels are predicted to be 

exhausted in the next 50 to 100 years if they are consumed at the present rate. Moreover, the 

increased combustion of fossil fuels over the next few decades is expected to raise the carbon 

dioxide (CO2) levels in the atmosphere by 16% from the year 2015 to 2040 (Figure 1.1(c)). 

Non-OECD nations will become the main sources of increased CO2 emissions as they continue 

to rely heavily on fossil fuels to meet the growth in energy demand. In the case of non-OECD 

nations, CO2 emissions will increase by 25% in 2040 compared to the 2015 level, while the 

emissions from OECD nations will remain at the same level for the projected period of time. 

The fast-growing CO2 emissions into the atmosphere can become a serious threat to the global 

environment and ecological systems due to global warming, which causes the rise of sea levels, 

frequent and intense heat waves, severe droughts, increased floods due to heavy rainfall and 

powerful hurricanes.  

 To prevent global warming threats, 197 countries agreed to take the initiative to keep 

this century’s global temperature rise below 2 ᴼC above pre-industrial levels in the 2015 Paris 

Agreement that came into effect on 4 November 2016. Nuclear technology has proven to be 

one of the most successful commercial carbon free technologies for generating electricity. At 

present, several countries rely on nuclear technology for energy generation, which is expected 
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to grow at an average rate of 1.5% per year from 2015 to 2040 as shown in Figure 1.1(b). 

However, the safety, storage and maintenance of radioactive waste is always a cause of concern 

for nuclear power generation. Severe disasters such as massive death tolls and long-lasting 

diseases have taken place in history due to system faults and natural disasters. Moreover, 

nuclear fuel is a non-renewable energy resource like fossil fuels. 

 

Figure 1.1: History and prediction of (a) the global energy consumption in quad units, (b) the 

consumption pattern of resources for producing energy and (c) the energy related carbon 

dioxide emissions. 

 Therefore, the development of renewable energy technologies is crucial for generating 

carbon free electricity to meet sustainable global energy needs. At present, renewable energy 
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contributes 17% of the total electricity generated by all the available energy resources and is 

expected to reach 27% by 2040 at an average annual growth rate of 2.8%. Solar energy has 

great potential to become the leading renewable energy resource among all the existing 

renewable sources such as hydropower, wind, tidal, biomass and geothermal in terms of 

extractable energy and may even overcome the predicted renewable electricity generation [2]. 

Earth receives three orders of magnitude higher solar energy than the present global energy 

requirement (18.3 terawatt-year per annum in 2014). Therefore, the development of efficient 

and cost-effective solar energy technologies to harness solar energy could position solar energy 

as the mainstream energy resource for surplus carbon free electricity generation. Solar cells, 

which convert sunlight directly into electricity, are leading the renewable energy technologies 

at present [3]. However, the intermittent nature of the output energy and transportation losses 

are the biggest hurdle for solar cells to meet the future goals of fully renewable energy sources 

[4-6]. Unpredictable weather and seasonal changes result in huge fluctuations in energy 

production that can result in frequent breakdowns of power grids connected to solar cell plants, 

which supply electricity to the consumers. Solar cells also require ultra-high capacity energy 

storage devices for storing electricity generated during the day to meet the night time needs.  

 The conversion of sunlight to chemical energy can be a promising alternative approach 

to meet the energy demands of future generations because chemical fuels can be stored either 

in gaseous or liquid form and used when required. Further, the transport of chemical fuels using 

pipelines or freight reduces the energy transportation losses significantly compared to the 

electricity losses generated by other resources. The solar-to-chemical energy conversion can 

be best achieved by artificial photosynthesis using artificial materials. Research interest in 

photocatalytic water splitting is growing strong compared to other artificial photosynthesis 

processes as this technique produces clean, storable and high energy density hydrogen as a fuel. 

This technique uses sunlight to generate hydrogen by splitting water into hydrogen and oxygen. 

The hydrogen can be used as a fuel to generate electricity using fuel cells and to drive motor 

vehicles by burning hydrogen in internal combustion engines [7]. The combustion of hydrogen, 

in turn, produces environmentally friendly water as a reaction by-product. In order to capture 

these advantages, the development of cost effective, highly efficient and stable renewable 

technologies should be realised to produce hydrogen in a sustainable and economic manner. 

The US Department of Energy (DoE) estimates that hydrogen will be cost competitive with 

fossil fuels when the production cost for hydrogen reaches to $2 to $4 kg-1, including 

production, delivery and dispensing [8]. However, at present, the cost of any hydrogen 

production technology is far away from this target. Although photocatalytic hydrogen 
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generation is still at research stage, it is a green technology and has the potential to become 

cost competitive among the existing technologies to produce hydrogen.  In this context, this 

dissertation is an extensive study on robust and highly efficient photocatalytic water splitting 

for the production of hydrogen using sunlight using semiconductor photoelectrodes.  

1.2. Renewable hydrogen production methods 

 Hydrogen can be produced via water splitting using three main processes such as 

thermolysis, electrolysis and photolysis by harvesting solar energy in either a direct or an 

indirect way. The hydrogen production cost should be reduced to  

1.2.1. Solar thermal water splitting 

Water is a stable substance and it is an abundant source of hydrogen. The generation of 

hydrogen fuel using solar thermal water splitting involves a series of thermochemical reactions 

at very high temperatures. Such high temperatures can be realized using solar energy 

concentrators to achieve solar thermal splitting of water into its constituent elements. Very high 

temperatures, greater than 2500 K, are mandatory for direct thermal decomposition of water 

into hydrogen and oxygen. Further, the production of oxygen and hydrogen in a single step 

may lead to the explosive accidents. Recently, multi-step chemical reactions were developed 

to avoid these risks by generating hydrogen and oxygen at different stages of the reaction. 

Moreover, reaction temperatures are reduced by developing suitable chemical reactions and 

catalysts after numerous studies. Currently, thermochemical water decomposition can be 

achieved at around 1000 ᴼC, which can easily be achieved using solar light concentrators. In a 

typical two-step solar thermal water splitting (Figure 1.2), the first step involves the production 

of oxygen via metal oxide reduction at elevated temperature, generated using concentrated 

sunlight. In the second step, the metal oxide is recovered to the original oxidation state through 

an oxidation process under water exposure, releasing hydrogen. Generally, the oxidation of 

metal oxides takes place at a relatively lower temperature compared to the reduction process. 

Only a few metal oxides operate in two-step solar thermal water splitting, while the majority 

of metal oxides operate in three or more steps. The commonly used two-step thermochemical 

redox cycles for thermal water splitting are shown in Table 1.1. In general, two-step 

thermochemical redox cycles can be subdivided into two categories; volatile and non-volatile. 

Metal oxides used in volatile cycles undergo solid to gas phase transitions, whereas the metal 

oxides used in non-volatile redox cycles remain in the solid phase during thermodynamic 

chemical reactions. The non-volatile redox cycles can be further divided into stoichiometric 
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and non-stoichiometric cycles. Stoichiometric metal oxides form solid solutions during the 

reduction cycle and the metal oxide is partially reduced. In contrast, metal oxides used in non-

stoichiometric cycles remain crystallographically stable while the lattice accommodates 

changes in anion or cation vacancy concentrations.  

 
Figure 1.2: Schematic of two-step thermal water splitting 

Table 1.1: Commonly used metal oxide redox cycles in a two-step thermal water splitting for 

hydrogen generation[9]. 

Category Cycle name Simplified reduction reactions 

Volatile Zinc oxide 

Tin oxide 

ZnO(s) → Zn(g)  

SnO2 → SnO(g)  

Non-volatile 

(Stoichiometric) 

Iron Oxide 

Ferrite 

Hercynite 

Fe2O3 → FeO  

MxFe3-xO4 → xMO + (3-x)FeO  

Fe3O4 + 3Al2O3 → 3FeAl2O4   

MxFe3-xO4 + 3Al2O3 → (3-x) FeAl2O4-x + 

xMAl2O4 

Non-volatile (non-

stoichiometric) 

Ceria 

Doped ceria 

Perovskite 

CeO2 → CeO2-δ  

MxCe1-xO2 → MxCe1-xO2-δ  

ABO3 → ABO3-δ  
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Volatile and non-volatile stoichiometric redox cycles are proven to have high hydrogen 

production capacity. However, handling issues are the main hindrance for use in practical 

applications. Volatile metal oxides require a rapid thermal quenching step to prevent material 

loss due to the gas phase deposition of material on the reactor surfaces. Non-volatile 

stoichiometric redox cycles have the possibility to sinter or slag phase after the reduction step. 

Among the thermochemical redox pairs in Table 1.1, perovskites are promising candidates as 

the reduction process takes place at lower temperature and can produce significant quantities 

of hydrogen at relatively high reaction rates. The lack of optimum metal oxides and suitable 

reactor designs are preventing solar thermal water splitting from becoming commercially 

viable technology for hydrogen generation, although significant efforts have been made. 

1.2.2. Electrolysis 

 In electrolytic processes, electricity is passed through water to split it into hydrogen and 

oxygen. A device used for water electrolysis is called an electrolyzer and the schematic of a 

typical electrolyzer is shown in Figure 1.3. The use of electricity generated from fossil fuels 

for electrolytic processes again produces greenhouse gases. The use of renewable technologies 

to supply the electricity for running the electrolyzer makes it a renewable and clean energy 

technology for generating hydrogen fuel. The combination of renewable energy and 

electrolyzer is an industrially developed technology and it has potential to be a major hydrogen 

producer. The electricity generated from solar cells and wind mills is used for the electrolysis 

of water (Figure 1.4). The oxidation reaction occurs at the anode and produces oxygen, while 

the reduction reaction occurs at the cathode and generates hydrogen. The chemical reactions 

involved in electrolysis are as follows 

          At anode         2H2O(l) → O2(g) + 4H+(aq.) + 4e-      …………….1.1 

At cathode            4H+(aq.) + 4e- → 2H2(g)         …………………1.2 

Overall reaction              2H2O (l) → O2(g)+ 2H2 (g)   ………… 1.3 
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Figure 1.3: Schematic illustration of electrolyzer for electrolytic water splitting.  

 The gas generation rate in electrolysis is proportional to the current passed through the 

electrodes and the quantity of hydrogen is ideally twice that of oxygen. In an ideal case, a 

potential difference of at least 1.23 eV between the cathode and anode is required to split water 

into hydrogen and oxygen in electrolysis. However, in practice, a potential energy of 1.6 – 2.0 

eV is needed for the electrolysis of water due to resistive voltage drops and other electrolyzer 

losses. The difference between the potential energy for practical and ideal water splitting is 

called the overpotential. Overpotentials can be minimized by loading oxygen and hydrogen 

evaluation catalysts onto their respective anode and cathode, which in turn improve the 

efficiency of the electrolysis process. At present, electrolyzers with a conversion efficiency of 

56-73% are commercially available in the market depending on the electrolysis technology [10, 

11] . Various studies are still in progress to further improve electrolyzer efficiencies to 85% 

[11, 12]. Despite highly efficient electrolyzers, high costs are involved in the generation of 

hydrogen using the renewable sources and electrolyzer combination. The high cost of 

electricity from renewable resources and energy losses including current conversions (DC-AC) 

and grid transmissions contribute to the high prices of hydrogen fuel (Figure 1.4). The cost 

reduction of electricity using renewables is critical to reach the targeted DOE cost goals of $2 

- $4 kg-1 of hydrogen for renewable electrolysis of water.   
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Figure 1.4: Schematic of hydrogen production through electrolysis of water using electricity 

generated by renewable technologies [13].  

1.3. Photocatalytic water splitting   

 Photocatalytic water splitting is an alternative approach for renewable electrolysis for 

hydrogen generation. Unlike renewable electrolysis, sunlight is harvested by the electrodes 

themselves and used directly for water splitting in photocatalysis. The direct use of sunlight in 

photocatalysis eliminates energy losses due to multiple energy conversions and transmission 

losses, thereby have the potential to reduce the cost of hydrogen fuel. Further, the 

photocatalysis of water is a simple process unlike other solar hydrogen generation technologies 

that involve much complexity.  

1.3.1. Working principle  

  
Figure 1.5: Schematic of the energy band diagram for photocatalytic water splitting for 

hydrogen generation. 
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 The photocatalysis of water has attained enormous research interest for generating 

hydrogen since the first report on water splitting using TiO2 by Fujishima and Honda [14]. 

Photocatalytic water splitting is a three-step process and its principle mechanism is shown in 

Figure 1.5. The illumination of a semiconductor with photons of greater energy than the 

semiconductor band gap excites electrons into the conduction band and generates electron and 

hole pairs in the material. The excited electrons in the conduction band and holes in the valence 

band migrate to the electrode surface. Holes in the valence band cause water oxidation at 

semiconductor surface to generate oxygen while electrons in the conduction band result in 

water reduction to produce hydrogen. The reduction and oxidation potentials of water lie at 0 

and 1.23 V versus Normal Hydrogen Electrode (NHE), respectively. Notably, additional 

energies are required to overcome the energy barriers of the oxygen evolution reaction (OER) 

and hydrogen evolution reaction (HER), and to improve the charge transfer kinetics at the solid-

liquid interface. Consequently, the ideal semiconductor band gap for photocatalytic water 

splitting lies between 1.6 to 2.0 eV [15]. Moreover, the conduction band must be more negative 

than the water reduction potential and the valence band must be more positive than the water 

oxidation potential for photocatalysts to split the water into its constituent elements. The overall 

water splitting reaction of photocatalytic water splitting is as follows:  

2H2O (l) → O2(g)+ 2H2(g)           ΔG = +237.178 kJ mol-1
    …………   1.4 

 Figure 1.6 shows a schematic of photogenerated carriers that undergo different 

processes. After photoexcitation, in an ideal case, photogenerated carriers migrate to surface 

reaction sites and participate in water redox reactions. However, in reality, some of the 

photogenerated carriers are lost due to bulk and surface recombination. Defects in the materials 

act as traps for photogenerated carriers and become deactivation centers for water splitting. 

These deactivation centers are detrimental to solar-to-hydrogen (STH) conversion efficiency. 

A reduction in photocatalyst size can mitigate bulk recombination due to the reduced carrier 

transfer length to the surface. Further, a reduction in photocatalyst size enhances the catalytic 

sites for water splitting due to the increased surface area of the photocatalyst. However, 

photocatalyst size should not fall into the regime of surface recombination domination regime. 

These two factors can help to improve the STH conversion efficiency of the photocatalyst. 

Photocatalysis can be classified into two types: photochemical water splitting and 

photoelectrochemical water splitting [16-18]. 
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Figure 1.6: Schematic illustration of the photocatalytic water splitting principle [19] 

1.3.2. Photochemical water splitting 

 In photochemical water splitting, the water redox reactions take place at the same 

semiconductor surface. An example of a photochemical water splitting system is illustrated in 

Figure 1.7. The semiconductor photocatalysts are suspended as nanoparticles in the electrolyte. 

In order to generate hydrogen using photochemical reactions, the band edges of the 

semiconductor materials must straddle the water redox potentials. A wide variety of oxide and 

sulfide materials have been developed for photochemical water splitting applications under UV 

and visible illumination since the first demonstration on TiO2 by Fujishima and Honda in 1972. 

Nitrides and oxynitrides such as Ta3N5, TaON and LaTiO2N have also been demonstrated for 

photochemical hydrogen fuel generation [20]. However, photochemical water splitting suffers 

due to the lack of robust materials with optimum band gaps for efficient water splitting. The 

loss of photogenerated carriers due to recombination is another challenging issue in 

photochemical systems. The loading of co-catalysts can minimize the recombination of 

photogenerated carriers at the surface by facilitating charge transfer, thereby enhancing the 

conversion efficiency (Figure 1.8). K. Maed et al. demonstrated an improvement in water 

splitting efficiency using co-catalysts by decorating GaN:ZnO solid solution with Mn3O4 and 

Rh/Cr2O3 as O2 and H2 evolution promoters, respectively [21]. Recently, a solar -to-hydrogen 

(STH) conversion efficiency of 1.8% under concentrated sunlight was reported by M. G. Kibria 

et al. for a Rh/Cr2O3 co-catalyst deposited on double band GaN/InGaN nanowires [22] for 

visible light driven water splitting. Over 130 inorganic semiconductors including oxides, 

sulfides, phosphides, nitrides and oxynitrides are known to catalyze the photochemical water 

splitting reaction or either water oxidation or reduction in the presence of sacrificial agents 
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[23]. Although a wide variety of photocatalysts have been developed, the detailed mechanisms 

of water reduction and oxidation on semiconductor surfaces are not yet well understood at the 

molecular level. Many questions about charge transfer between semiconductors and co-

catalysts, and its dependence on the structural and electronic features of the interface are still 

open [23].  

 

Figure 1.7: Schematic of a photochemical system for water splitting [24, 25]. 

 

Figure 1.8: Schematic illustration of photocatalytic water splitting [15]. 

1.3.3. Photoelectrochemical water splitting 

A schematic illustration of a typical photoelectrochemical (PEC) water splitting system 

is shown in Figure 1.9. The PEC system comprises a working electrode and a counter electrode 

dipped in electrolyte. The working electrode can work either as a photoanode or photocathode 

depending on the type of photoactive material. The minority carriers drift to the photoelectrode 

surface after sunlight illumination and participate in the half water redox reaction at the surface. 

Photocatalyst 
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The majority carriers are transferred to the counter electrode through the external circuit/bias 

and perform the remaining half water redox reaction at the counter electrode. In PEC water 

splitting, hydrogen and oxygen are generated separately. This facilitates the collection of 

ultrapure hydrogen after vapor removal. Contrary to the photochemical process, this system 

does not require an external gas unit to separate the hydrogen and oxygen. Analogous to the 

photochemical system, catalyst loading and nanostructuring of the photoelectrode play a 

crucial role in improving the water splitting efficiency of the PEC system [26]. Over 18% STH 

conversion efficiency was reported for photoelectrode consisting GaInP and GaInAs subcells 

on a GaAs by W. H. Cheng et. al. using PEC water splitting [27]. However, these photoanodes 

suffer from high materials cost and photodegradation [27, 28]. The economic viability and 

stability of the photoelectrodes are crucial while achieving the targeted 10% STH conversion 

efficiency for the commercialization of this technology [29, 30]. 

 

Figure 1.9: Schematic illustration of a photoelectrochemical system for solar water splitting 

[18].   

1.4. Photocatalytic semiconductor materials 

 A broad range of semiconductors have been investigated extensively for the 

photocatalysis of water, since the first demonstration of the photocatalytic performance of TiO2 

in the 1970s [14, 16, 31, 32]. The photocatalysts are composed of the chemical elements which 

are listed in Figure 1.10 [24]. Oxides, nitrides and sulfides are widely studied materials among 

the various photoelectrode materials for water splitting applications. The valence band of the 

photoelectrode is typically composed of the 2p orbitals of oxygen, 2p of nitrogen or 3p of sulfur 
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elements. The conduction band of the material is formed either by the d or sp orbitals of the 

metal cation, having a typical electronic configuration of d0 or d10. 

 

Figure 1.10: Chemical elements that are involved in the formation of photocatalysts [24]. 

 
Figure 1.11: The calculated oxidation (red bars) and reduction potentials (black bars) relative 

to the NHE and vacuum level for a series of semiconductors in solution at pH=0, the ambient 

temperature 298.15 K, and pressure 1 bar. Also plotted are the water reduction (H+/H2) and 

oxidation (O2/H2O) potentials (dashed lines), and valence (green columns) and conduction 

(blue columns) band edge positions at pH=0 [33]. 
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Figure 1.12: Band edge positions of various semiconductors against the water redox potentials 

[24]. 

 Figure 1.11 and Figure 1.12 presents the conduction and valence band positions of 

various photocatalytic materials against the water redox potential at pH=0 calculated using ab 

initio simulations [33]. There is a considerably limited number of photocatalytic materials such 

as ZrO2, KTaO3, SrTiO3, TiO2, Cu2O, Ta2O5, TaON, ZnS, CdSe, ZnSe, GaN and SiC that can 

perform overall water splitting without external energy as their energy band edges straddle both 

the water reduction and oxidation potentials. However, due to the wide band gaps of these 

materials, the STH conversion is limited to low values. The STH conversion efficiency, in 

theory, is highly dependent on the band gap of the material. Therefore, several band gap 

engineering approaches are proposed to minimize the band gap of the photoelectrode material. 

The introduction of foreign elements into conventional materials is the most commonly used 

strategy for band gap engineering of the materials. The incorporation of impurities introduces 

either donor or acceptor levels depending on the impurity type. As a result, low energy photons 

can be absorbed through donor level-CB or VB-acceptor level transitions and then contribute 

to the improved STH conversion efficiency. T. Umebayashi et al. showed the formation of 

localized occupied levels within the band gap or valence band with 3d transition metal doping 

of TiO2 using ab initio band calculations, with a shift to lower energies with increasing dopant 

atomic number [34]. 

 The nitridation of some metal oxides can engineer the band gap of the photoelectrode 

material. The relatively low positive orbital potential of the N 2p orbital compared to the O 3p 

can lead to a lower band gap after nitridation. The valence bands of these photoelectrodes are 

modified after the compound formation which is formed by the hybridization of the O 3p and 

N 2p orbitals and become less positive. TaON [20] and LaTiO2N are a few examples of band 
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gap engineering through the nitridation of metal oxides. The formation of solid solutions from 

materials having similar valence band potentials is one more approach to engineer the band 

gap of the photoelectrodes. GaN:ZnO is one of the most successful compounds with this 

strategy. The solid solution has a smaller band gap than that of its separate components, GaN 

(3.4 eV) and ZnO (3.2 eV), and exhibits a similar wurtzite crystal structure like that of its 

individual components. The repulsion between the Zn 3d and N 2p orbitals raises the valence 

band to more negative values which results in the reduced band gap of the solid solution. By 

following this approach, a GaN:ZnO solid solution with a band gap of 2.38 eV has been 

experimentally demonstrated with the composition Ga0.38N0.33Zn0.13O0.16 [35, 36]. 

Semiconductors, which cannot meet the energy criteria, can still be used for self-driven 

photocatalysis once a heterostructure is formed with materials of appropriate band gaps. 

1.5. Aim of this thesis 

   

 
Figure 1.13: (a) Schematic of a PEC set up under tandem illumination and (b) band edge 

potentials of various nitride materials against water redox potentials (green dotted lines) and 

band edge positions of InxGa1-xN (red-dotted lines) with increasing x from left to right (0 to1) 

[40]. 

The development of efficient and economically viable photocatalytic materials is 

essential for hydrogen generation at the price of $2-3 kg-1 set by the U.S. Department of Energy 

to compete with conventional energy resources [8]. A wide variety of materials such as metal 

oxides, sulphides, nitrides and many other semiconductor materials have been investigated for 

photocatalytic water splitting over four decades [37, 38]. However, to date, the reported STH 

conversion of photocatalytic materials is low due to poor carrier mobility, inefficient absorption 

and insufficient redox potentials. Inefficient absorption due to large band gaps in excess of 3 

eV and poor hole mobility are the main drawbacks preventing oxides from being efficient 
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photoelectrodes [38, 39]. On the other hand, sulphides and oxynitrides require sacrificial 

reagents for hydrogen generation, although they have optimum band gaps and favourable 

energy band positions against water redox potentials, which is not ideal for hydrogen 

generation. There is a lack of single robust materials that can meet the ideal photocatalytic 

material requirements such as suitable band gap, high carrier mobility, stability and band edge 

positions for efficient photocatalytic water splitting. 

The PEC tandem cell (Z scheme), consisting of photoactive- anode and cathode 

components with complementary energy band gaps, has been perceived to be an ideal and 

alternative approach for unassisted water splitting. A schematic of a PEC tandem cell for 

overall water splitting is shown in Figure 1.13(a). The simultaneous excitation of the 

photoelectrodes eliminates the basic requirement of favourable band edge potentials for a 

single material for overall water splitting as the reduction and oxidation reactions occur at 

different semiconductor surfaces. Moreover, the two semiconductors can have smaller band 

gaps because each needs to support only half reactions. Consequently, light absorption by the 

photoelectrodes can be extended into the visible region of the solar spectrum. However, for 

overall water splitting using PEC tandem cells to occur, the band edge potentials of the 

photocathode and photoanode must straddle the water reduction and oxidation potentials, 

respectively. Also, part of the sunlight should be transmitted from the front to the rear 

photoelectrode. Most importantly, the photoexcited photoanode and photocathode must 

provide sufficient photovoltage to oxidize and reduce water at the semiconductor/electrolyte 

interfaces without electrical energy from an external source. The combination of InGaN as a 

larger band gap front electrode and InP as a small band gap rear electrode as the photoanode 

and photocathode, respectively, can make an excellent PEC tandem cell to achieve outstanding 

STH conversion efficiency. The band gap of InGaN can be tuned by changing the In content 

in such a way that it can make an ideal tandem device with InP. The efficiency of a PEC tandem 

cell depends on the performances of the individual photoelectrodes and their half-cell 

conversion efficiencies. Therefore, the development of efficient GaN-based and InP 

photoelectrodes could enable high efficiency PEC tandem systems for overall water splitting.   

The GaN-based ternary alloy InGaN is a promising material for photoelectrodes owing 

to its variable band gap, band edges that straddle the H2 and O2 redox potentials, larger carrier 

mobility and high chemical stability [41]. The band gap of InGaN can be varied from 0.7 (InN) 

to 3.4 eV (GaN) by varying the In concentration, which allows its light absorption to be tuned 

from the UV to far IR regions [42]. Moreover, up to an In content of 50%, the valence and 

conduction band edges of InGaN straddle both the hydrogen and oxygen evolution reaction 
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(HER and OER) potentials, which means that it can drive unassisted water splitting (Figure 

1.13(b)) and also be used either as a photoanode or photocathode [22, 40, 43]. Due to its highly 

crystalline nature and strong ionic bonds, InGaN exhibits high carrier transport and chemical 

stability. On the other hand, InP possesses several attractive attributes such as a well-matched 

band gap of 1.35 eV to the solar spectrum, a favourably aligned conduction band for the water 

reduction reaction and low surface recombination velocity. The conduction band of InP lies 

above the water reduction potential to facilitate electron transfer for hydrogen generation, 

which makes it an optimum material for photocathodes. Further, the low surface recombination 

velocity of InP is an important characteristic for non-planar materials, specifically, 

nanostructured materials for photocatalytic water splitting to raise the photoconversion 

efficiency.  

Further, nanostructures offer great potential for solar water splitting over their planar 

counterparts. Nanostructures possess several essential attributes towards achieving efficient 

water splitting such as enhanced light absorption, reduced carrier transfer lengths, large surface 

area to facilitate efficient charge transfer at the semiconductor/electrolyte interface and 

enlarged depletion area at the nanostructured surface that drives charge separation efficiently. 

In the case of GaN alloys, nanostructures have the potential to accommodate higher In 

concentrations while maintaining good quality InGaN layers given that nanostructures can be 

made stress-free [22, 44]. Nanostructures can be synthesized either using bottom-up or top-

down approaches. Out of these two approaches, the top-down method is an ideal approach for 

the formation of nanostructures with controlled morphology and uniform doping as it allows 

for the use of high quality GaN epilayers grown using well-matured planar growth technology 

wherein the doping concentration can be precisely controlled. The morphology of the 

nanostructures can be controlled by well-established lithography techniques or random 

masking techniques. On the other hand, bottom-up approaches suffer from a lack of control 

over the morphology of nanostructures and doping of NPs [45, 46]. Therefore, a top-down 

approach provides the opportunity to analyse the influence of nanostructure parameters on their 

PEC performance. 

This thesis is devoted to developing highly stable and efficient GaN-based and InP 

nanopillar (NP) photoelectrodes using a top-down approach for PEC water splitting 

applications by making use of the outstanding photocatalytic properties of GaN-based alloys 

and InP and the advantages of a top-down approach. We investigated the influence of carrier 

concentration, NP dimensions and band gap engineering of the nanostructures on the PEC 

performance to achieve optimum photoconversion efficiency. Several characterization 
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techniques were employed to elucidate the PEC results of NP photoelectrodes. We also carried 

out photostability tests for these photoelectrodes.   

1.6. Literature Review 

1.6.1. GaN-based ternary alloys 

 GaN-based alloys have attracted considerable research interest over the past decade for 

solar water splitting applications. The advancement of epitaxial techniques in the growth of 

high crystalline quality GaN epilayers in the early 90’s, to meet the requirements of high 

performance LEDs, [47] opened the opportunity for GaN in solar water splitting applications 

[48-52]. An early demonstration of GaN as a viable photoelectrode material for PEC water 

splitting was reported in the year 1995 by Kocha et al. [53]. Following this first report, several 

investigations on the PEC properties of GaN photoelectrodes revealed that the band edges not 

only straddle both the water oxidation and reduction potentials but also overcome the 

overpotentials, which makes it an ideal material for photocatalysis without any external bias 

[53-57]. Lin et al. investigated the influence of Ga- and N-polar surfaces of n-GaN systems on 

their PEC properties [58]. They demonstrated that the onset potentials of Ga-polar surfaces are 

more negative than N-polar surfaces. However, N-polar surfaces yielded much higher 

photocurrents compared to Ga-polar surfaces at higher positive applied voltages. Ono et al. 

studied the dependence of the PEC properties of n-GaN photoanodes on the carrier 

concentration and found that the optimum carrier concentration to obtain the maximum 

photocurrent was 1.7x1017 cm-3 [59]. In another study, Maeda et al. found that the 

photocatalytic performance of GaN is strongly dependent on crystalline quality and the type of 

co-catalyst employed [60]. They revealed that the GaN surface on its own acts as an inherent 

OER catalyst for water oxidation reaction, while HER co-catalyst is critical for the water 

reduction reaction. They achieved stable and stoichiometric evolution of hydrogen and oxygen 

by coating GaN with a Rh2-yCryO3 HER co-catalyst.  

The large band gap of GaN limits its STH conversion efficiency as it can only capture 

about 5% of the solar spectrum. Therefore, engineering the band gap of GaN is essential to 

improve the STH conversion efficiency of GaN photoelectrodes. Several strategies have been 

employed to engineer the band gap of GaN to extend the absorption of GaN into visible region 

of the solar spectrum. Fuji et al. reported that the presence of alcohol in NaOH improved the 

hydrogen evolution rate by nearly two times and reduced the photocorrosion of the GaN caused 

by self-oxidation [61]. The enhanced hydrogen generation activity was attributed to the 
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relatively easier oxidation of alcohol compared to water. Arai et al. reported that doping with 

divalent-metal-ions (Zn2+ or Mg2+) improved the efficiency of GaN photoelectrodes coated 

with RuO2 as a HER promoter [62]. Researchers also employed the elimination of current 

crowding and surface area enhancement techniques to boost the efficiency of GaN 

photoelectrodes. Waki et al. employed photolithographically patterned metal strips and n-GaN 

ridges to achieve higher photocurrents for n-GaN photoelectrodes [63] as they eradicate current 

crowding and increase the effective surface area due to ridges. In another study, immersed 

finger-type indium tin oxide ohmic contacts were used on top of p-GaN and n-GaN to minimize 

current crowding at the semiconductor surface and improve the photoresponse and hydrogen 

generation rate of the GaN photoelectrodes [64, 65]. Nakamura et al. achieved a remarkably 

stable and relatively high photocathode current using polarization engineered photoelectrodes 

compared to p-GaN [66]. The proposed photoelectrode of u-GaN/AlN/n-GaN as a 

photocathode without p-GaN exhibited several times improvements in photocathode currents 

compared to that of p-GaN.  

The extension of photocatalytic activity into the visible part of the solar spectrum is key 

to improving the GaN photoelectrode performance drastically. Liu et al. adopted defect-

engineering strategy to demonstrate the visible region PEC activity of GaN photoelectrodes 

[67]. The introduction of Mn impurities into GaN reduced the band gap of GaN due to the 

formation of an intermediate band within the band gap of GaN, related to the Mn impurity. As 

a result, Mn-doped GaN photoelectrodes exhibited photoresponse characteristics in visible 

spectrum (400 to 600 nm) with an incident photon-to-current conversion efficiency (IPCE) of 

61% at 450 nm. However, these photoelectrodes are prone to photocorrosion due to the 

presence of structural defects in GaN, formed by the introduction of Mn.  

GaN can form a low band gap ternary alloy (InGaN) with the incorporation of In into 

GaN and the band gap of InGaN can be tuned from the UV to near infrared regions by varying 

the In content. Further, as discussed in Section 1.5 (Figure 1.13 (b)), the InGaN band edges can 

straddle both water redox potentials up to 50% In content in InGaN, which indicates that the 

photocatalysis of water can be possibly realized up to red and even near infrared spectral 

regions of the solar spectrum. Therefore, the incorporation of In into GaN is the most reliable 

band gap engineering strategy to improve the PEC conversion efficiency by capturing a large 

portion of the solar spectrum. Fuji et al. demonstrated the improved photocatalytic activity for 

an In0.02Ga0.98N photoelectrode in 1 M HCl electrolyte compared to a GaN photoelectrode at 1 

VCE [68]. Li et al. investigated the influence of In content in InGaN on the PEC properties of 

200 nm thick InGaN photoelectrodes grown using MOCVD [69]. The marked enhancement in 
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PEC performance and hydrogen generation rate was reported with increasing In concentration 

from 20% to 40%. However, the onset potential for the InGaN photoelectrodes was shifted 

towards positive potentials and increased with increasing In content from 0% to 20% [51]. The 

maximum photoresponse and IPCE of 9% at 400-430 nm with good photostability was 

observed for InGaN photoelectrodes with 20% In in HBr electrolyte [51]. In another study, 

Aryal et al. reported excellent photostability and much higher conversion efficiency for p-

InGaN compared to p-GaN [50]. The stability was attributed to the p-type conductivity of the 

electrode because it participates in reduction reaction and hence prevents the photocorrosion 

of p-InGaN photoelectrodes. Li et al. applied surface treatment to In0.3Ga0.7N in H2SO4 to 

obtain higher photocurrents and IPCE of 58% under 400-430 nm for In0.3Ga0.7N 

photoelectrodes [70]. The In-rich InGaN phases, formed by In segregation on the surface, acted 

as surface recombination centers for photogenerated carriers and hence reduced the 

photocurrent. The H2SO4 treatment suppressed surface recombination centers by removing the 

In-rich InGaN phases, which resulted in improved photocurrents for H2SO4 treated samples 

compared to the untreated samples [71]. The growth of thick InGaN with high In concentration 

has been extremely challenging for a number of reasons such as lattice mismatch and formation 

enthalpy between GaN and InN [71-74]. These factors create a large number of non-radiative 

recombination centers and strong carrier localization, which limits the photoresponse of InGaN 

materials. Further, the growth of thick layer with high In concentration in InGaN/GaN 

generates misfit dislocations if they are grown beyond a certain critical thickness. This critical 

thickness of the InGaN layer falls drastically with increasing In concentration [75]. Therefore, 

the growth of high quality crystalline InGaN materials with high In content and sufficient 

thickness is extremely challenging. 

The development of nanostructured materials can provide a solution to mitigate the bulk 

defects due to reduced foot print size and reduced carrier transfer lengths. In addition, 

nanostructures offer enhanced absorption and surface area for substantial improvement in 

conversion efficiency of photoelectrodes [76-80]. Further, nanostructures can accommodate 

higher In concentrations into InGaN due to strain relaxation which can help to capture a large 

portion of the solar spectrum. GaN-based nanostructures can be synthesized via bottom-up or 

top-down approaches. In the bottom-up approach, nanostructures are grown either by selective 

area epitaxial growth or vapour-liquid-solid growth [81-83]. Metal Organic Chemical Vapour 

Deposition (MOCVD) and Molecular Beam Epitaxy (MBE) are the most commonly used 

growth techniques for growing nanostructures using bottom-up approaches. A considerably 

good number of studies were carried out on GaN-based nanowires (NWs) grown using bottom-
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up methods for water splitting applications [22, 44, 84-90]. Alotaibi et al. demonstrated high 

efficiency PEC water splitting and hydrogen generation using Plasma Assisted MBE (PAMBE) 

grown Si-doped and undoped nanowires (NWs) in HBr and KBr electrolytes. The maximum 

IPCE of ~15% and 18% were reported for undoped and Si-doped GaN nanowire 

photoelectrodes under 350 nm light illumination, respectively. Varadhan et al. demonstrated 

that surface passivation of GaN NWs in 1,2-ethane dithiol (EDT) improved the PEC 

performance and photostability of NW photoelectrodes substantially [91]. The IPCE of NWs 

was improved to 18.3% after EDT treatment compared to the IPCE of 8.1% obtained prior to 

the treatment. The PEC enhancement was attributed to several factors, including improved 

charge separation via the change in flat-band potential and band edge potentials and the 

enhanced carrier lifetime after the EDT passivation of the NWs. 

To improve the photoconversion efficiency of the NW photoelectrodes, InGaN was 

grown either as InGaN NWs itself or as InGaN/GaN multiple quantum well (MQW) NWs as 

they extend absorption into visible region. Caccamo et al. demonstrated visible light driven 

water splitting using MOCVD grown GaN/InGaN core/shell NW structures with 30% In [89]. 

The GaN/InGaN core/shell NWs were synthesized using selective area MOCVD by growing 

InGaN around GaN NWs. The core/shell NWs exhibited 10-fold higher photocurrents 

compared to the GaN NWs and improved photoresponse compared to planar InGaN. Ebaid et 

al. reported 0.21% STH conversion efficiency for GaN/InGaN core/shell photoelectrodes [84]. 

The InGaN/GaN NWs were formed by epitaxial deposition of InGaN/GaN MQWs around GaN 

NWs in a core/shell structure using MOCVD. With careful optimization of In content and 

number of QWs, they achieved a maximum IPCE of 8.6% at 350 nm at 1 Vcathode and an applied 

bias photon-to-current conversion efficiency (ABPE) of 0.21% at 0.4 Vcathode in HCl 

electrolyte. In another work, the authors investigated the role of carrier dynamics in 

InGaN/GaN MQW core/shell NWs to understand their impact on the PEC properties of 

photoanodes [92]. The InGaN/GaN MQW photoelectrodes with QW thickness up to 3 nm 

exhibited higher onset potentials and lower photocurrent density due to strong localization 

effects and defect induced recombination in the QWs. The increase of QW thickness minimized 

the localization effects and exhibited strong band-to-band transitions. The authors achieved a 

high efficiency of 15% at 350 nm and 1 Vcathode and high photocurrent at zero bias by careful 

engineering of the InGaN QW thickness. Kamimura et al. reported the growth of n- and p-

InGaN NWs without GaN using PAMBE and employed them for PEC water splitting using in 

situ electrochemical mass spectroscopy. They achieved 60 min photostability and a maximum 

IPCE of ~40% at -0.5 V vs NHE in the entire visible region for the p-InGaN photoelectrode. 
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Rodriguez et al. obtained two times improvement in the PEC performance of InGaN 

photoelectrodes after the decoration of InGaN with InN quantum dots [93]. They demonstrated 

a maximum IPCE of 56% at 600 nm at 0 V vs Ag/AgCl and 10 h of photostability in H2SO4. 

In another study, Rajaambal et al. reported highly stable and efficient visible light PEC 

properties for ZnO photoelectrodes decorated with InGaN quantum dots [94].  

InGaN NWs grown on Si were also used for water splitting applications. The growth 

of NWs on Si reduces materials cost and can supply an external bias if integrated with solar 

cells for overall water splitting. Hwang et al. synthesized three-dimensional hierarchical 

nanostructures of InGaN NWs on Si wire arrays to enhance the effective surface area for PEC 

water splitting [95]. The single phase InGaN NWs were grown by halide chemical vapour 

deposition vertically on the sidewalls of the Si wires. The hierarchical photoanodes achieved 

nearly five-fold improvement in photocurrents compared to InGaN NWs grown on a planar 

substrate. However, the measured photocurrent for hierarchical photoanodes was very low, 

which could be due to the fast carrier recombination and inefficient charge transfer resistance 

at the semiconductor/electrolyte interface. In another study, Alotaibi et al. demonstrated highly 

stable, efficient and scalable In0.3Ga0.7N/GaN core/shell double band NW photoanodes grown 

by PAMBE on a Si substrate for water splitting [96]. The core/shell double band NWs provided 

efficient light absorption and stable PEC reactions in HBr electrolyte. A maximum IPCE of 

27.6% was measured at 350 nm at 1 V vs Ag/AgCl in HBr electrolyte. Recently, Chu et al. 

realized the growth of InGaN nanowires with a band gap of 1.7 eV (50%) on Si using PAMBE 

for solar water oxidation [97]. The InGaN NW photoanode loaded with an IrO2 co-catalyst 

produced a low onset potential of 0.1 V vs RHE and a record half-cell solar energy conversion 

efficiency of 3.6%.    

The integration of solar cell devices with InGaN photoelectrodes has been developed 

to supplement the external bias required for efficient overall PEC water splitting. A 

photoconversion efficiency of 0.18-0.23% was achieved using an n-InGaN photoelectrode 

biased by GaAs solar cells [98]. Dahal et al. realized a monolithic solar-PEC device with 1.5% 

STH conversion efficiency based on an InGaN/GaN MQW solar cell [99]. The monolithic 

device demonstrated excellent chemical stability for a prolonged time period (7 days). In 

another work, Fan et al. achieved a monolithic solar-PEC device for water splitting by growing 

a dual absorber photocathode, consisting of p-InGaN/tunnel junction/n-GaN NW arrays, on Si 

solar cells [100]. The monolithically integrated photocathode exhibited stable photoactivity for 

3 hrs and an ABPE of 8.7% at 0.33 VNHE, nearly unity faradic efficiency for hydrogen 

generation. Alotaibi et al. developed a dual-photoelectrode device, consisting of a photoanode 
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and a photocathode with complementary energy band gaps for unassisted solar-driven water 

splitting [101]. Both electrodes were illuminated in parallel by splitting the solar spectrum 

spatially and spectrally. They reported nearly 20-fold enhancement in the power conversion 

efficiency under visible light (400-600 nm) using a dual-photoelectrode device consisting of a 

GaN NW photoanode and an InGaN photocathode compared to the individual photoelectrodes 

in HBr electrolyte. In the same work, they further demonstrated the dual-photoelectrode 

consisting of GaN and InGaN photoanodes connected in parallel and a Si/InGaN photocathode 

for unassisted water splitting with a STH conversion efficiency of 1.5% [101]. Recently, 

notable work on GaN-based photocatalytic materials was carried out for the generation of 

hydrogen fuels using photochemical water splitting [22, 40, 90, 102-109]. So far, a stable STH 

conversion efficiency of ~1.8% was reached using photochemical water splitting for double-

band GaN/InGaN NW structures in seawater under concentrated sunlight illumination [22]. 

Almost all GaN-based nanostructured materials used for PEC studies were grown using 

a bottom-up approach either with MOCVD or MBE. On the other hand, GaN-based nanopillars 

(NPs) fabricated using a top-down approach used for PEC water splitting are rarely reported. 

In a top down approach, nanostructures are fabricated via plasma or chemical etching of pre-

patterned epitaxial grown wafers. Benton et al. [110] reported significant enhancement of 

photocurrent and hydrogen generation for n-GaN/MQW (InGaN/GaN)/p-GaN NPs, fabricated 

using a top-down process, compared with their planar counterparts. The hydrogen evolution 

rate was increased from 0.1 to 0.73 ml h-1 cm-2 and STH conversion efficiency enhanced from 

0.1 to 0.73% using NP arrays. Tseng et al. investigated the influence of length of the NPs and 

surface damage to NPs that occurred during the dry etching on the PEC performance of NP 

photoanodes, however, the photocurrents were significantly low [111, 112]. Also, nanoporous 

GaN-based materials developed using photoelectrochemical and anodic etching were also 

employed for PEC studies and exhibited improved photocurrents compared to the planar 

photoelectrodes [113-115].  

So far, irrespective of growth method, research has been mainly focused on improving 

the PEC performance of InGaN/GaN photoelectrodes by incorporating higher In 

concentrations into InGaN nanostructures. However, the systematic investigation of the effect 

of NP parameters on PEC performance is still missing. Understanding the influence of 

nanostructure dimensions, carrier concentration and In content in InGaN with controlled 

nanostructure dimensions on PEC performance can build a strong foundation to design highly 

efficient nanostructured photoelectrodes by optimizing the nanostructure properties. The NPs 

formed with a top-down approach can provide the best platform for understanding the 
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dependence of PEC performance on NP parameters as they are derived from highly crystalline 

and uniformly doped epitaxial wafers with well controlled mask pattern techniques. On the 

other hand, the bottom-up growth of GaN NWs has not yet reached state-of-the-art material 

quality level [116]. Therefore, the top-down approach is an ideal method for fabricating NPs 

to investigate the influence of carrier concentration, NP dimensions and In concentration on 

the PEC performance of NP photoanodes. 

1.6.2. Indium phosphide  

Lately, indium phosphide (InP) has attained considerable research interest as a 

photocathode for PEC solar water splitting owing to its direct band gap nature, well matched 

band gap (1.35 eV) to the solar spectrum, favourable conduction band position with respect to 

the water reduction potential and low surface recombination velocity. Moreover, InP can make 

a well matched low band gap material for tandem photoelectrodes to generate hydrogen fuel 

with a high photoconversion efficiency. So far, Gao et al. have achieved the highest stable 

photocathodic conversion efficiency for InP-based photocathodes. They reported 15.8% 

cathodic conversion efficiency for a buried junction p-n+ InP photoelectrode with periodic 

array of NPs at the surface in HClO4 electrolyte under one sun illumination [117]. The onset 

potential of the photoelectrode was controlled by the buried junction instead of the 

semiconductor/electrolyte interface which resulted in very high onset potential for the 

photocathode. The periodic array of NPs at the top of photoelectrode, fabricated by nanoimprint 

lithography and plasma etching, improved the photocurrent due to enhanced absorption. These 

two factors contributed to achieve the highest photo conversion efficiency of 15.8 % for InP-

based photoelectrodes. In the same work, the author’s group demonstrated six hours stability 

of the InP photocathode by depositing a thin TiO2 layer using atomic layer deposition (ALD) 

[117]. 

Heller and Vadimsky were the first to demonstrate p-InP as a photoelectrode for PEC 

water splitting in 1981. They demonstrated 12% conversion efficiency and 28 mA/cm2 

photocurrent density in HCl electrolyte under one sun illumination for a p-InP photocathode 

coated with a rhodium catalyst [118]. Munoz et al. improved the light-to-chemical conversion 

efficiency to 14.5% by photoelectrochemical treatment of homoepitaxial p-InP (100), grown 

by MOCVD, followed by Rh deposition [119]. The increased surface activation of the InP 

contributed to the improved photoconversion efficiency of the photocathode. The surface 

activation occurred due to the increased electron affinity of the semiconductor by 0.44 eV after 

photoelectrochemical treatment in 1 M HCl because of the formation of In-Cl interfacial 
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dipoles. Lee et al. demonstrated the photostability of InP photoelectrodes in HClO4 electrolyte 

by depositing a TiO2 film as a protective layer on top of the InP [120]. Lin et al. reported that 

the TiO2 not only stabilized the InP photocathode but also improved the onset potential [121]. 

The surface recombination of the InP was reduced after TiO2 deposition due to favourable 

band-bending at the InP/TiO2 interface for selectively collecting minority electrons while 

repelling the holes. As a result, the onset potential of the InP photoelectrode was improved 

from 0.63 V vs RHE for bare p-InP to 0.81 V vs RHE for the TiO2-coated p-InP photocathode 

in HClO4 electrolyte under one sun illumination [121]. In another study, a remarkable 

improvement in solar hydrogen generation was demonstrated by Li et al. for a p-InP 

photocathode by modifying the surface with a thin layer of Ti and amorphous MoSx 

nanoparticles [122]. The PEC enhancement was attributed to the excellent electro-catalytic 

activity of amorphous MoSx nanomaterials and high photovoltage resulted from the favourable 

band alignments at the InP/Ti interface.  

The growth of InP films and NWs on relatively cheaper substrates such as Si have been 

developed to reduce the cost of photoelectrode materials as they consume less material and use 

cheap substrates. In addition, nanostructures offer enhanced surface area, absorption and 

reduced carrier transfer length to further boost the PEC performance of photoelectrodes. 

Hettick et al. demonstrated non-epitaxial InP films, grown using thin-film vapour-liquid-solid 

(TF-VLS), as excellent photocathodes for PEC water splitting with a power conversion 

efficiency of 11.6% in 1 M HClO4 electrolyte [123]. An excellent photocurrent of 29.4 mA/cm2 

was achieved for non-epitaxial InP films, which is comparable to that of epitaxial films and a 

very reasonable onset potential of 630 mV under a solar simulator with an AM 1.5 filter. Gao 

et al. demonstrated vapour-liquid-solid (VLS) grown InP NWs on InP wafers as a photocathode 

for PEC water splitting [124]. The InP NWs were grown using MOCVD with MoS3 deposited 

on top as a catalyst. A photocathodic efficiency of 6.4% was reported for the MoS3-coated InP 

NW photocathode with only 3% of the substrate area covered by NWs  (filling fraction) under 

one sun illumination. In another study, Kornienko et al. reported 4% light-to-hydrogen 

efficiency in a half-cell configuration for an InP NW photocathode grown on Si using 

MOCVD. They also demonstrated 0.5% overall water splitting efficiency by integrating the 

InP NW photocathode with a nanoporous BiVO4 photoanode in a tandem system.  

The formation of nanostructures using a top-down approach is scalable and possesses 

control over the nanostructure dimensions and carrier concentration. The top-down fabrication 

of InP NP photocathodes for PEC water splitting was reported in 2012 by Lee et al. [120]. So 

far, to the best of our knowledge, this is the only work which has reported on the PEC propertied 
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of InP NPs. They achieved ~14% conversion efficiency for a p-InP NP photocathode, 

fabricated by a simple self-masking RIE process, tested in 1 M HClO4 electrolyte under a solar 

simulator fitted with an AM 1.5G filter. In another study, Li et al. manifested PEC hydrogen 

generation using a nanoporous InP photocathode formed by an electrochemical anodization 

process [125]. The nanoporous InP photocathode exhibited 8.9 times improvement in 

photocurrent density compared to their planar photoanodes. However, the photocurrents of 

nanoporous InP photoanodes (3 mA/cm2) were very low compared to the photocurrent density 

(29.2 mA/cm2) obtained for top-down NP photocathodes demonstrated by Lee et al. [120]. The 

PEC properties of nanostructured InP photocathodes have not yet been exploited to their full 

extent and further studies are still needed. Specifically, InP NPs formed by a top-down 

approach have a high chance to reach benchmark efficiencies for InP photocathodes as the top-

down approach is a well matured technique compared to the bottom-up approaches for 

synthesis of nanostructures, where the NPs are fabricated from high quality wafers or epitaxial 

layers. Once the benchmark efficiencies are established with the help of top-down fabricated 

photocathodes, the NP platform can be transformed to the bottom-up growth methods to 

replicate the NP parameters obtained using the top-down approach eventually to meet the low-

cost materials requirements for the economically viable solar water splitting.   

1.7. Outlook for hydrogen economy 

The US Department of Energy (DoE) projected that the hydrogen will be cost-

competitive with fossil fuels when the production cost for hydrogen reaches $2 to $4 kg-1, 

including production, delivery and dispensing [8]. However, at present, the cost of any 

hydrogen production technology is far away from this target. Generation of hydrogen through 

electrolysis using a combination of renewable energy and electrolyzer is an industrially 

developed technology that has the potential to be a major hydrogen producer. At present, 

electrolyzers with a conversion efficiency of 56-73% are commercially available in the market 

depending on the electrolysis technology [10-12]. Despite highly efficient electrolyzers, this 

technology faces high prices of hydrogen fuel due to the combination of electricity cost from 

renewable resources and energy losses including current conversions (DC-AC) and grid 

transmissions. On the other hand, unfortunately, hydrogen production using photocatalysis is 

still in the research stage and much work needs to be done for commercialization. To 

commercialize photocatalysis technology, the photoelectrodes should exhibit a stable STH 

conversion efficiency of 10% [29, 30]. Although over 18% STH conversion efficiency has been 

reported for III-V semiconductor photoelectrodes, they suffer from photodegradation and 
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exorbitant prices of materials and processing [27]. Stability over 20 years is required for 

photoelectrodes (including both light absorbers and catalysts) to make the hydrogen fuel 

generated using photocatalysis cost competitive with other renewable energy technologies. 

1.8. Key challenges and objectives of this thesis 

The development of photoelectrodes with suitable band gap materials to maximize 

sunlight absorption and the ability to drive overall water splitting is critical to realize reliable 

and efficient tandem illumination PEC devices. III-V semiconductor materials have the 

capability to meet the requirements to become superior tandem photoelectrodes to achieve 

highly efficient tandem devices. Nanostructured photoelectrodes of these materials further 

improves the PEC performance of the photoelectrodes due to the enhanced absorption and 

increased electrolyte/semiconductor interface area, as well as reducing the materials cost due 

to low usage of materials. However, there are several key challenges that needs to be addressed 

to make use of III-V semiconductor nanostructures as highly reliable photoelectrodes. 

 So far, most of the nanostructures used for solar water splitting are grown using bottom-

up methods. However, bottom-up growth methods still suffer from a lack of 

reproducibility of high-density and large area nanostructures using catalyst-free growth 

methods to minimize the metal contamination of nanostructures, which is crucial for 

the PEC performance of the photoelectrodes. 

 The impact of doping concentration and dimensions of the nanostructures on PEC 

performance are not explored to the full extent even though optimised parameters are 

crucial to achieve ideal PEC performance for photoelectrodes.  

 A detailed investigation on band gap engineering of PEC photoelectrodes is required to 

capture the maximum portion of the solar spectrum and thereby improve the PEC 

performance of photoelectrodes. 

 The long-term stability of photoelectrodes against photocorrosion is of utmost 

important and it has not yet been achieved to the level of implementing them in 

commercial technologies.   

The main objective of this thesis is to demonstrate highly efficient photoelectrodes for 

PEC water splitting by exploring nanostructures fabricated using a top-down approach, band 

gap engineering and optical engineering of photoelectrodes. The following research plans are 

designed in this thesis to achieve this objective  
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 Develop cost-effective mask production techniques to fabricate highly reliable large 

area III-V nanostructures with high density, controlled dimensions and optimum doping 

concentration.  

 Fabricate and study III-V semiconductor planar and nanostructured photoelectrodes for 

PEC water splitting. 

 Investigate and explore the light/matter interactions to maximise light absorption in 

photoelectrodes.  

 Establish the key parameters of nanostructures for achieving highly efficient III-V 

semiconductor photoelectrodes by systematically investigating the influence of carrier 

concentration and nanostructure dimensions on the PEC performance of 

photoelectrodes. 

 Explore band gap engineering approaches to extend the III-V semiconductor absorption 

into the visible part of the solar spectrum there by improve the PEC performance of 

photoelectrodes. 

 Explore transition metal oxide catalysts to stabilize the III-V photoelectrodes against 

photocorrosion. 

 Develop chemical processing methods that can simultaneously remove the surface 

damage of nanostructures, fabricated using top-down approach, and protect them from 

photocorrosion.   

1.9. Organization of this thesis 

This thesis is organized into seven chapters.  

Chapter 1 presents a brief introduction of renewable hydrogen generation technologies 

using solar energy and a literature review on GaN and InP photoelectrodes for 

photoelectrochemical water splitting. This chapter is also aimed at finding the shortcomings in 

these research areas and set the motivation for this thesis. 

Chapter 2 presents the experimental techniques used to fabricate high quality and large 

area GaN and InP nanopillar photoelectrodes and to study their PEC properties. This chapter 

discusses the fabrication tools used for etching the GaN and InP planar and NP photoelectrodes, 

structural and optical techniques used for characterization of the photoelectrode materials and 

the PEC testing station.  

Chapter 3 discusses the optimization of GaN NP fabrication using inductively coupled 

plasma etching (ICP) for the top-down approach and the influence of NP array pitch on the 
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morphology and optical properties of the NPs. It also discusses the optical quality of the NPs 

measured using photoluminescence and optical absorption and extraction calculated using 

FDTD simulations. 

Chapter 4 presents the fabrication of large area random GaN NPs using a top-down 

approach, wherein self-assembled random mask techniques are employed for ICP etch mask 

preparation. This chapter is also focused on PEC studies of GaN planar and NP photoanodes 

and the influence of carrier concentration and nanopillar dimensions such as length and 

diameter of the NPs on the photoelectrochemical properties of the NP photoanodes. Optical 

and electrochemical impedance spectroscopy characterisations are also presented to explain 

the PEC properties of the photoanodes. 

Chapter 5 deals with the band gap engineering of GaN NPs and their PEC performance. 

InGaN MQWs are introduced into GaN epilayers to reduce the band gap so that absorption by 

the photoanodes can be extended into the visible spectrum. The influence of In content on the 

PEC properties of the InGaN/GaN MQWs is also investigated in this chapter. This chapter is 

also focused on the stabilization of GaN photoanodes by deposition of NiO and Cr3O4 co-

catalysts. 

Chapter 6 introduces the fabrication of large area random InP NPs using ICP and 

examines their PEC properties. The wet etching methods of InP nanopillars to remove plasma 

etch damage is also presented in this chapter. This chapter also focuses on the stabilization of 

InP NP photocathodes by conformal deposition of TiO2 using atomic layer deposition. 

Chapter 7 provides a summary of the thesis and potential research extension for this 

thesis. 
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Chapter 2                                                                                                                

Experimental Methods 

This chapter presents the experimental methodologies used to accomplish this 

dissertation. The experimental techniques employed starting from growth of epitaxial layers to 

testing the photoelectrodes for hydrogen generation performance are described. This work 

made use of MOCVD for the growth of GaN and InGaN/GaN multi quantum well (MQW) 

epitaxial films, electron beam lithography (EBL) and self-organized random mask techniques 

for designing the etch mask, reactive ion etching (RIE) and inductively coupled plasma (ICP) 

for the etching of SiO2 and top-down fabrication of GaN and InP nanopillars (NPs), scanning 

electron microscopy (SEM) for microstructural characterization, photoluminescence 

measurements and UV-Vis spectrophotometry for optical characterization and 

photoelectrochemical testing station to test the photoelectrochemical performance of GaN, 

InGaN/GaN MQW and InP materials. In addition, Finite-Difference Time-Domain (FDTD) 

method was also used to simulate light-matter interactions to design the NP structures. 

2.1. Epitaxial growth of GaN based alloys 

The crystalline quality of the materials is critical for solar water splitting applications. 

Metal-organic chemical vapor deposition (MOCVD) is an industrially adopted sophisticated 

technique used to grow high crystalline quality III-V semiconductor epitaxial films. The 

principle of MOCVD involves the pyrolysis of metal-organic precursors at high temperature 

followed by chemical reactions on the substrate surface, which leads to the nucleation and 

growth of epitaxial thin films on single crystal substrates. Typically, either methyl or ethyl 

metal-organic precursors are used as  sources of group III elements while hydrides are used as 

sources of group V elements for MOCVD growth of III-V semiconductors. The overall reaction 

that occurs during MOCVD growth is as follows. 

(III)R3 + (V)H3 → III-V + 3RH    …………….2.1 

where R3 refer to the organic alkyl group. All n-GaN and n-GaN/(InGaN/GaN 

MQWs)/n-GaN structures used in this dissertation were grown on c-axis sapphire wafers (α-

Al2O3) using an AIXTRON closed-coupled shower head MOCVD reactor (Figure 2.1). Unlike 
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the horizontal flow MOCVD reactor, the gases are introduced through gas channels in the 

shower head ceiling. The system is capable of growing three two-inch wafers at a time. The 

susceptor of the reactor is made of graphite and coated with graphite to sustain very high 

temperatures (up to 1300 ᴼC). Further, the susceptor is rotated at a constant speed to obtain 

uniform epitaxial films. 

 

Figure 2.1: Photograph of the AIXTRON MOCVD reactor used in this work for growth of 

GaN and InGaN/GaN MQW structures.  

In this work, trimethylgallium (TMGa), triethylgallium (TEGa), ammonia (NH3), 

trimethylindium (TMIn) and silane (SiH4) were used as sources of gallium (Ga), nitrogen (N), 

indium (In) and n-type dopant, respectively, for the growth of two sets of samples: (i) n-GaN 

and (ii) n-GaN/(InGaN/GaN MQWs)/n-GaN epitaxial films. The epitaxial growth of n-GaN 

layers, n-GaN layers in MQW structures and InGaN/GaN MQW layers were carried out at 

chamber pressures of 200, 133 and 400 mbar, respectively. Hydrogen was used as a carrier gas 

for the growth of n-GaN wafers and n-layers in MQW structures and switched from hydrogen 

to nitrogen while growing InGaN/GaN MQW layers. TMGa, NH3 and SiH4 sources were 

simultaneously injected into the MOCVD reactor, maintained at a temperature of 1060 ᴼC, to 

grow the n-GaN layers. The carrier concentration of n-GaN was adjusted by varying the flow 

rate of SiH4. GaN barrier and InGaN quantum well layers in InGaN/GaN MQWs were grown 

at temperatures of 820 and 730 ᴼC, respectively. TEGa and NH3 were used for growth of GaN 

barriers, while TEGa, TMIn and NH3 were used as precursors for growth of InGaN QW layers. 

The flow rate of TMIn was controlled to tune the In concentration in the QWs for reducing the 
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band gap of GaN. Prior to the growth of epitaxial films, the sapphire substrate was baked at 

1050 ᴼC under hydrogen flow for 5 mins to decontaminate the surface. In subsequent steps, 

nitridation of the substrate was carried out at 550 ᴼC by injection of NH3 into the MOCVD 

reactor followed by the formation of a GaN nucleation layer through TMGa injection. Then, a 

thick undoped GaN buffer layer was grown at a higher temperature of 1040 ᴼC to minimize 

defect density for the subsequent layers of interest.  

2.2. Design of etch mask 

Top-down approaches use either dry (plasma) etching or chemical (solution) etching 

for the formation of nanopillars (NPs). The NPs used in this thesis were fabricated using ICP 

etching which is a dry etching process. The design of a suitable mask for the top-down 

fabrication of NPs is crucial as the etch mask determines the dimensions of the NPs. We used 

a bilayer metal/SiO2 as an etch mask for the fabrication of NPs, where the metal is either Cr, 

Ni or Au. The type of metal used for the etching mask was chosen based on the materials to be 

etched. Two techniques were employed for the creation of the etch mask, namely EBL and 

rapid thermal annealing (RTA). EBL was utilised for the creation of small area ordered mask 

patterns, while RTA was used to produce large area random masks.  

2.2.1. Plasma enhanced chemical vapor deposition  

Plasma enhanced chemical vapor deposition (PECVD) is widely used in industries for 

the deposition of device quality thin films at low temperatures. It is a cost-effective technique 

for the deposition of dielectric thin films with high deposition rates. In PECVD, the chemical 

reactions involving radio frequency excited gaseous reactants (plasma) results in the reaction 

product being deposited as a film on a substrate. The deposition of dielectric films at low 

temperature is critical for compound semiconductors because some of them are unstable at 

temperatures greater than 400 ᴼC. The plasma in PECVD enables the chemical reactions at 

lower temperatures compared to thermal CVD, which facilitates PECVD for low temperature 

deposition of thin films compared to traditional CVD. To create the metal/SiO2 mask in this 

work, an Oxford Plasmalab 100 PECVD system with a load lock chamber was used to deposit 

500 nm of SiO2 film on GaN, InGaN/GaN MQWs and InP wafers. The top electrode of the 

PECVD system was connected to dual frequency power generators (13.56 MHz and 50-450 

kHz) through a matching network while the bottom electrode was connected to the ground, 

which also features the heat source [1, 2]. The SiO2 deposition was carried out at a temperature 

of 300 ᴼC and 20 W RF power. SiH4/N2O/N2 gases were introduced into the PECVD chamber 
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at flow rates of 9/710/161 sccm through the gas channels in the top-electrode. The PECVD 

chamber pressure was maintained at 650 mTorr while depositing SiO2 film.  

2.2.2. Electron beam lithography 

Electron beam lithography (EBL) is a versatile nanofabrication technique used to draw 

custom shapes with very high precision [3]. EBL involves scanning a focused beam of electrons 

on a surface coated with an electron sensitive resist followed by immersion of the sample in a 

solvent called a developer. The electron beam exposed part of the resist is selectively removed 

in the case of positive tone resist and vice versa in case of negative tone resist when immersed 

in the developer. This is because the focused electron beam changes the solubility of the resist 

upon exposure. EBL can be used to produce nanofeatures of sub-10 nm size due to the shorter 

wavelength of the electron beam. Furthermore, EBL is a mask-free technique, unlike UV 

photolithography, which enables it to draw the patterns of desired shapes. However, due to 

‘serial’ nature of electron beam writing, the throughput of EBL is very low. In this thesis, a 

RAITH 150 EBL was employed to design the chromium (Cr) etch mask for plasma etching of 

SiO2 followed by GaN-based NPs. 

 

Figure 2.2: Schematic illustration of processing steps involved in EBL patterning of Cr mask. 

 Figure 2.2 shows a flow chart of the processing steps involved in the preparation of the 

etch mask using EBL. Double layers consisting of high dissolution rate PMMA 495 A2 and 

low dissolution rate PMMA 950 A4 as top and bottom electron sensitive resists, respectively, 

were used to design the EBL mask. The solubility difference between the two layers in the 

developer generates an undercut profile in the resist. These undercut profiles improve the metal 

lift-off process. The EBL process began by spin coating the first layer on SiO2 deposited on 

GaN wafers at 500 RPM for 5 s followed by 1200 RPM for 45 s. The samples were then soft 

baked at 180 ᴼC using a hot plate for 3 mins to get rid of solvents in the resist. The second layer 

PMMA 950 A4 resist was spin-coated at 3000 RPM speed for 45 s followed by 3 min soft 

baking at 180 ᴼC. After electron beam resist coating, samples were exposed with a focused 
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electron beam, accelerated by a 20 kV source and using a 10 µm aperture, to write the desired 

square array pattern of holes. The resist was subjected to a 500 µC/cm2 dose at a 4 µm step 

size. EBL exposed samples were then immersed in MIBK:IPA (1:3) for selective removal of 

the electron beam exposed area of the resist to create an array of nano-holes. Next, the samples 

were loaded into a barrel etcher to remove the residues of the resist using oxygen plasma at 

room temperature. The oxygen plasma was created in the barrel etcher at 0.3 bar pressure with 

an O2 flow rate of 300 sccm and power of 100 W. In subsequent steps, the Cr film was deposited 

onto the EBL patterned samples using electron beam evaporation (e-beam evaporation). The 

metal lift-off process in acetone during the final step produced the square array pattern of Cr 

nano-discs. 

2.2.3. Rapid thermal annealing 

Rapid thermal annealing is a process used to heat semiconductor wafers to very high 

temperatures in a few seconds and anneal them at higher temperatures for a short duration of 

time. This technique is widely used in semiconductor device fabrication for changing the 

electrical properties of the wafers, activation of the dopants, improving the density of the films, 

removing ion implantation damage and changing interfaces of films [4]. RTA uses either lamp-

based heating, a hot chuck, or a hot plate that a wafer is brought near to so as to heat the 

samples. Due to the short annealing times, the throughput of RTA is very high. However, only 

one wafer can be processed at a time using RTA. Recently, RTA was explored for the creation 

of nanoscale metal dots to fabricate quantum confined Si nanodots for resonant plasma-wave 

generator for biphotonic sensing applications [5-9]. Due to self-segregation at high 

temperature, RTA converts metal films into nano-islands. These metal nano-islands were used 

in this work as an etch mask for the plasma etching of SiO2 and subsequent GaN, InGaN/GaN 

MQWs and InP etching. We used a Qualiflow JetFirst 100 RTA to create the self-organized 

random Ni and Au masks through the self-segregation of metal films for fabrication of large 

area random GaN-based and InP NPs, respectively. The RTA uses halogen lamps to heat the 

samples from the top and SiC wafers were used as carrier wafers to load the samples into the 

RTA. Au film converts into nano-islands at lower temperatures compared to Ni films. For this 

reason, Au was used as an etch mask for the fabrication of InP NPs, given that InP dissociates 

if annealed at high temperatures. To make the self-organized random etch masks, thin layers 

of Ni and Au were deposited on top of SiO2 coated GaN and InP wafers, respectively, using e-

beam evaporation under high vacuum. The Ni coated and Au coated samples were then loaded 

into the RTA. The temperatures of the samples were raised to 900 ᴼC for Ni and 500 ᴼC for Au 
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in 10 s and maintained at those temperatures for one minute. The temperature was monitored 

using a thermocouple placed underneath the SiC carrier wafer. Ar gas was introduced into the 

RTA chamber to maintain an inert atmosphere during the annealing process. More details about 

the Ni and Au self-organized etch masks are presented in Chapters 4, 5 and 6.  

2.3. Plasma etching 

Plasma etching techniques in this work were employed to etch SiO2 to form the metal/SiO2 

mask and subsequent fabrication of GaN, InGaN/GaN MQW and InP NPs. Plasma etching is 

a dry etch process and involves the selective removal of materials through the formation of 

volatile products with the reactive plasma species. The reactive plasma is generated at low 

pressure by applying an electrical potential to the appropriate reactive gas mixture [10]. The 

plasma is a mixture of charged particles (electrons and positive ions) and radicals. The reactive 

plasma attacks the material and reacts with it to form volatile products. Unlike wet etching, 

plasma etching is an isotropic etching process and possesses very high throughput with 

excellent uniformity and reproducibility. Reactive ion etching (RIE) and inductively coupled 

plasma (ICP) etching reactors are the two most commonly used plasma reactors among the 

many varieties of plasma reactors for plasma etching processes. In this work we used RIE for 

SiO2 etching and ICP for the fabrication GaN-based alloy and InP NPs. 

2.3.1. Reactive ion etching 

An Oxford PlasmaLab 80 Plus RIE system was used for etching SiO2 in this work. A 

schematic illustration of the RIE system is shown in Figure 2.3. Gas inlets are located at the 

top of the RIE reactor that introduce the gases into the reactor chamber. A 13.56 MHz 

frequency power generator is connected to the bottom electrode while the top electrode is 

grounded and the RIE system operates in capacitively charge coupled plasma mode. The 

application of radio frequency high voltage between the electrodes ionizes and dissociates the 

gases entering from the gas inlet at low chamber pressures. Due to their light weight, electrons 

move rapidly compared to the ions in the plasma and hence further participate in ionization 

events on a course to reach the bottom electrode. Moreover, the electrons arrive at the bottom 

electrode in a relatively short time compared to the ions and create a negative charge on the 

bottom electrode. This negative bias voltage is often referred to as a direct current (DC) bias 

or self-bias Vb. The negative bias of the electrode accelerates the positive ions in the plasma 

towards the bottom electrode and the resultant build-up of kinetic energy of the positive ions 

is proportional to the ion charge and the DC bias of the electrode. The ion energy is strongly 
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influenced by the RF power among the other plasma process parameters such as reactor 

pressure and gas flow because the DC bias is mainly controlled by the RF power. The energy 

of the ions is transferred to the sample when they hit the surface and initiate the etching process 

which is called physical etching or ion-driven etching. The ions bombard the sample surface 

together with the reactive ions and neutral radicals, created in the plasma, and participate in 

physical and chemical etching of the sample.     

Generally, fluorine-based gas chemistry is used for etching SiO2 where the volatile 

etching product is SiF4 [11]. In this work, RIE etching was employed to etch the SiO2 around 

the metal masks (Cr, Ni and Au) generated using RTA as described in Section 2.2.3 to produce 

the metal/SiO2 mask for the fabrication of InP NPs. SiO2 etching was carried out at room 

temperature using a CHF3 plasma, generated at 200 W RF power. The CHF3 gas was injected 

into the reactor at a flow rate of 25 sccm and a reactor pressure of 30 mTorr. The etch rate of 

SiO2 measured using ellipsometry was 31 nm/min. The etching of SiO2 resulted in the 

formation of a metal/SiO2 mask with vertical and smooth side walls. 

 
Figure 2.3: Schematic illustration of the reactive ion etching system used in this work  

2.3.2. Inductively coupled plasma etching 

 ICP features two RF power generators for isolating plasma generation and ion 

acceleration, unlike single RF power for both functions in RIE. Figure 2.4 shows a schematic 

illustration of a typical ICP system used for plasma etching. The coil RF power around the 

chamber ignites the plasma at a remote location whereas the RF power coupled to the lower 

electrode induces the DC bias for accelerating the ions. This permits the independent control 

over the plasma density and DC bias by varying the RF powers. For instance, a higher plasma 
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density can be achieved at lower ion energy by increasing the ICP power and keeping the 

bottom electrode RF power small. Samples subjected to low ion energy endure less plasma 

etching damage compared to high energy plasma etching. Further, due to high plasma density, 

a higher anisotropic etching rate can be achieved for ICP compared to RIE. Moreover, ICP 

plasma processes occur at lower pressures compared to RIE.  

In this work, a Versaline LL ICP system was used for the fabrication of GaN and 

InGaN/GaN MQW NPs, while an SAMCO ICP system was employed for the fabrication of 

InP NPs. The ICP reactors consist of a 2 MHz RF power generator for igniting the plasma and 

a 13.56 MHz RF power generator for controlling the energy and directionality of the ions. Si 

carrier wafers were used to load the samples into the ICP reactors. The ICP reactors feature a 

load-lock system and helium back side cooling to maintain constant wafer temperature during 

etching. The pre-patterned masks, prepared in Sections 2.2.2, 2.2.3 and 2.3.1, were mounted 

on Si carrier wafers to load into the reactors. Silver heat sink paste was applied at the backside 

of each sample to transfer the heat to the carrier wafer. Cl2/Ar/H2 and gas chemistries was used 

for etching the GaN, InGaN/GaN MQW and Cl2/Ar was used for etching InP NPs. The GaN 

and InGaN/GaN MQWs, grown using MOCVD as described in Section 2.1, were used for the 

formation of their NPs. For InP NPs, p-type wafers were purchased from vendor (AXT, Inc). 

Details of the ICP etching of GaN and InGaN/GaN NPs are discussed in Chapters 3, 4 and 5, 

while InP etching details are presented in Chapter 6 of this thesis.  

 

Figure 2.4: Schematic illustration of typical inductively coupled plasma reactive ion etching 

system. 
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2.4. Characterization of NPs 

The characterization of materials is critical before using them in any applications. We 

used scanning electron microscopy for structural characterization, photoluminescence and 

time-resolved photoluminescence for testing the optical quality of the NPs and UV-Vis 

spectrometry to study the optical properties of GaN, InGaN/GaN MQWs epitaxial wafers, InP 

bulk wafers and NPs. 

2.4.1. Scanning electron microscopy 

 

Figure 2.5: Schematic illustration of electron-material interactions and consequent outcomes. 

 The basic working function of SEM involves the scanning of a sample surface with a 

focused electron beam to produce an image. As shown in Figure 2.5, the electron-sample 

interactions generate diverse signals, where each of it carries discrete and valuable information 

about the sample. Among the various signals, backscattered electrons and secondary electrons 

retain information about sample topology. Capturing these electrons through appropriate 

detectors reveals the sample surface morphology at nanoscale resolution. Electrons knocked 

out from the outermost orbitals of the atoms because of inelastic scattering interactions between 

the electron beam and the sample are referred as secondary electrons and they possess very low 

energy (˂50 eV). As a result, most of the electrons ejected from deep inside of the samples are 

easily trapped by the surrounding materials and only those electrons generated near the surface 

can escape from the material to contribute to the image. This helps to get highly surface 

sensitive information as only electrons originating from the top few nanometers of the sample 

surface contribute to the image. On the other hand, backscattered electrons originate from 

elastic interactions between electrons and the sample. The yield of backscattered electrons is 

proportional to the atomic number of the surface atoms. This facilitates SEM to determine 
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chemical composition based on the variation in the intensity of the backscattered electrons with 

the atomic size, if they are made of different atomic compositions. We used an FEI Helios 600 

NanoLab SEM for structural characterization of the samples in this thesis. The SEM is capable 

of capturing images with a very high resolution (0.9 nm) and also features a focused ion beam. 

The SEM, operated in secondary electron mode, was used for optimization of EBL processing 

to pattern the etch mask, self-organized random etch mask and morphological studies of the 

NPs used in this work.  

2.4.2. Photoluminescence 

Photoluminescence (PL) is a process in which the photoexcited carriers recombine 

radiatively to emit light. The illumination of a sample with a laser of energy greater than that 

of the semiconductor band gap excites the electrons into the conduction band, thus generating 

electron and hole pairs. The excited electrons immediately reach the minimum of the 

conduction band through thermal relaxation and recombine radiatively with the holes at top of 

the valence band to emit light. The energy of the emitted photon is equivalent to the band gap 

of the excited semiconductor. PL is typically used for determination of the semiconductor band 

gap, material quality, recombination mechanisms and detection of impurity levels and defects. 

We used micro-PL and time-resolved photoluminescence (TRPL) systems for the optical 

characterization of GaN and InP, respectively. 

2.4.2.1. Micro-photoluminescence  

The design of the micro-PL (µ-PL) system used for optical characterization of GaN and 

InGaN/GaN MQW wafers and their NPs is shown in Figure 2.6. A 325 nm wavelength 

ultraviolet (UV) He-Cd gas laser was used for the photoexcitation of each sample at room 

temperature. The laser beam reached the sample after passing through power filters and a beam 

splitter. The laser beam was focused onto the sample using a microscope equipped with a UV 

light compatible objective lens. The emitted light from the sample was collected through the 

same objective lens and directed to the monochromator. The processed signal from the 

monochromator was then detected using a Si charge-coupled device (CCD). A band-pass filter 

was placed in front of the monochromator to block the reflected laser light from the sample 

surface. In this work, the µ-PL system was used to study the photoluminescence of planar and 

NP GaN and InGaN/GaN MQWs. It was also used to investigate the optical quality of the GaN 

NPs, fabricated using a top-down approach, by measuring the power dependent PL. This 
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measurement was enabled by fixing a neutral density (ND) power wheel filter in the laser path 

between the laser and the optical microscope, which changes the power of the laser light at the 

sample illumination. 

 

Figure 2.6: Schematic representation of micro-PL system used for optical characterization of 

GaN and InGaN/GaN samples [12]. 

2.4.2.2. Time-resolved photoluminescence 

 

Figure 2.7: Schematic optical design of TRPL set-up used for photoluminescence and minority 

carrier lifetime measurement of InP [13]. 
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The optical design of the TRPL system used for our work is shown in Figure 2.7. The 

samples were excited using a 522 nm wavelength pulsed laser, which was generated by the 

frequency doubling of an Yb:YAG laser when passed through a LBO crystal. The excitation 

pulse had a duration of 300 fs and a repetition rate of 20.8 MHz. The laser beam was focused 

on the sample through a 10x (Nikon LU Plan, NA 0.75) microscope objective lens and the 

emitted light from the sample was also collected through the same lens. For lifetime 

measurements, the collected light from the objective lens was transferred to a Si single photon 

avalanche diode, which was connected to a Picoharp 300 time-correlated single photon 

counting (TCSPC) system. The TRPL system, in this work, was used for PL and minority 

carrier lifetime measurements of InP samples at room temperature. These measurements were 

used to analyse the influence of plasma etching damage on the optical quality of InP.    

2.4.3. UV-Vis spectrophotometry 

 

Figure 2.8: Schematic representations of (a) light-matter interactions, (b) specular reflectance 

on smooth surfaces and (c) diffuse reflectance on rough surfaces. 

Light-matter interactions, as shown in Figure2.8(a), produce various outcomes such as 

reflection, transmission, absorption, scattering, refraction and polarization. UV-Vis 

spectrophotometry can be used to measure the absorption, transmission and reflectance 

properties of materials. Reflections are classified into two types called specular reflectance 

(Figure 2.8(b)) and diffuse reflectance (Figure 2.8 (c)). Specular reflectance is often described 
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as mirror-like reflection where light is reflected in single direction when incident on a smooth 

surface by following reflection laws. In the case of diffuse reflectance, light is reflected in all 

directions rather than a single angle like specular reflectance. This indicates that diffuse 

reflectance contains specular reflectance as well. Diffuse reflectance often occurs due to the 

nanostructured materials surface. The Lambda 950 (Perkin Elmer) spectrophotometer equipped 

with an integrating sphere was employed to measure the diffuse reflectance of planar and NP 

GaN and InP in this thesis. The light absorption of the samples is calculated by subtracting 

diffuse reflection and transmission from the incident light intensity. Transmission losses can 

be neglected for thick direct band gap materials because they possess very high absorption 

coefficients. This indicates that the absorption properties of direct band gap semiconductors 

solely depends on the reflectance and hence decreases in reflection losses increases the 

absorption. 

2.5. Finite-Difference Time-Domain Simulations 

 Finite-Difference Time-Domain (FDTD) simulation is a versatile numerical analysis 

technique to solve Maxwell’s equations in the time domain. FDTD simulations have been 

successfully used to model and solve electromagnetic wave and material interactions for over 

two decades. The FDTD simulation package is user friendly and relatively easy to use and 

interpret simulation results compared to other numerical simulation methods. The biggest 

advantage of FDTD is that it can obtain broadband frequency calculations with a single 

simulation, being a time domain simulation method. Further, FDTD simulations can provide 

animated displays of changes in the electromagnetic field in the model since they evolve with 

time. This feature allows the user to follow the progress of the simulation with time and 

perceive if any shortcomings occur on a course of completion of the simulation.    

The commercially available Lumerical, Inc FDTD simulation package was used in this 

thesis to calculate the light absorption and extraction efficiencies of GaN NP arrays. 3D CAD 

environment was used to design and define the physical dimensions of the GaN NPs. Then, the 

plane wave source and monitors were added to the simulation region to generate the 

electromagnetic waves and collect the electromagnetic fields, respectively. Well-matched 

boundary conditions, simulation dimensions and mesh size were defined to obtain reliable and 

accurate results. Further details of the simulation set-up and their outcomes are discussed in 

Chapter 3. 
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2.6. Photoelectrochemical testing station 

The measurement of hydrogen is an important parameter in assessing the PEC 

performance of photoelectrodes. However, the hydrogen measurements are considered critical 

if the photoelectrodes can run the water splitting without external bias in a two electrode PEC 

system. For other photoelectrodes assessed under bias conditions in a three-electrode setup, 

linear sweep voltammetry, incident photon-to-current current conversion efficiency (IPCE), 

applied bias photon-to-current conversion efficiency (ABPE), and electrochemical impedance 

measurements are commonly used as metrics to study the PEC performance of photoelectrodes 

[1, 2]. According to the solar-to-hydrogen conversion (STH) efficiency definition, the amount 

of hydrogen produced from water splitting is proportional to the photocurrent generated by the 

photoelectrode. The STH efficiency is determined using the following equation 

𝑆𝑇𝐻 =  
1.23[𝑉]×𝐽𝑝ℎ[𝑚𝐴 𝑐𝑚2]×𝜂𝐹⁄

𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡[𝑚𝑊 𝑐𝑚2]⁄
× 100%               ……………..2.2 

where Jph is the photocurrent density of the photoelectrode, Pincident is the power of illuminating 

light and ηF is the Faradic coefficient. From Equation 2.2, the STH efficiency is linearly 

dependent on photocurrents generated by photoelectrodes. Therefore, measurement of J-V 

characteristics can be used as a measure to study the PEC performance of the photoelectrodes 

which are not suitable for overall water splitting. As a result, in this thesis, we used J-V 

characteristics to test the PEC performance of photoelectrodes. I also investigated the ABPE, 

IPCE and electrochemical impedance of photoelectrodes in this work to give further insights 

into the materials developed. 

Figure 2.9(a) shows the PEC measurement set-up used in this work for the investigation 

of the PEC performance of GaN, InGaN/GaN MQWs and InP photoelectrodes. The PEC 

testing station consists of a PEC measurement cell, potentiostat and solar simulator. PEC 

measurements were carried out at room temperature in a three electrode PEC cell as shown in 

schematic Figure 2.9(b). Figure 2.9(c) and (d) show photographs of the PEC cell and the 

photoelectrodes used in our work. The PEC cell was a cubic shape and made of high-quality 

transparent quartz (Figure 2.9(c)). The PEC set-up comprised of three electrodes: working 

electrode, counter electrode and reference electrode (Figure 2.9(d)). The electrodes were 

mounted through rigid holes in a lid made of Teflon, which covered the top of the PEC cell, to 

avoid the dependence of photocurrent on the positioning of the photoelectrodes. As shown in 

Figure 2.9(e), the electrodes were placed at the corners of a right-angle triangle design, where 

the working electrode and counter electrode were separated equally by 1.3 cm from the  



55 
 

  

  

               

Figure 2.9: (a) A picture of the PEC measurement set-up, (b) schematic of the three electrode 

PEC cell and photographs of (c) the quartz cubic cell, (d) three electrodes, (e) cell lid mounted 

with the three electrodes and (f) InP and GaN photoelectrodes used in this dissertation. 
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reference electrode. A coiled platinum wire auxiliary electrode with dimensions of 23 cm in 

length and 0.5 mm in diameter and an RE-1B model Ag/AgCl reference electrode with 3 M 

NaCl internal solution were used as the counter electrode and reference electrode, respectively 

(Figure 2.9(d)). Both were supplied by BAS Inc. The reference potential of the Ag/AgCl 

electrode was 0.195 V versus reversible hydrogen electrode measured at 25 ᴼC. A Class A 

Newport solar simulator consisting of a 150 W Xenon lamp fitted with an air mass 1.5 (AM 

1.5) filter was used to illuminate the working electrode. The output power of the solar simulator 

was calibrated using a solar power meter provided by Newport. The solar light intensity at the 

working photoelectrode was adjusted to 100 mW/cm2 or one sun light intensity by adjusting 

the lamp power. All electrolyte chemicals used in this work were purchased from Sigma-

Aldrich. The electrolyte was filled in the PEC cell such that the active area of each 

photoelectrode was completely immersed in the electrolyte. The planar and NP GaN, 

InGaN/GaN MQWs and InP were used as working electrodes to test their PEC performance. 

Figure 2.9(f) show photographs of GaN and InP photoelectrodes used in this work. Crocodile 

clips were used to connect the electrodes to the electrical measurement control system. White 

nail polish was used to protect the contacts and prevent absorption in the contact regions and 

also to define the area of the photoelectrodes. The active photoelectrode area was calculated 

by using digital photographs and Microsoft PowerPoint tools. The Autolab potentiostat 

(Autolab, PGSTAT302N) from Metrohm was used as a measurement control system to test the 

PEC performance of the photoelectrodes. NOVA software was used as the interface to control 

and monitor voltammetry, chronoamperometry and impedance measurements.  

Figure 2.10 shows the schematic illustration of electrochemical impedance 

spectroscopy (EIS) measurement set-up used to investigate the charge transfer resistance at 

photoelectrode/electrolyte interface. In EIS measurement, a sinusoidal potential perturbation, 

generated by frequency response analyser (FRA), is superimposed on the DC potential applied 

to the working electrode against reference electrode and the resulting current is measured. Then 

the current is analysed to determine the impedance of photoelectrodes. The fabrication and 

PEC measurements of GaN, InGaN/GaN MQW and InP photoelectrodes are discussed in detail 

in Chapters 4, 5 and 6. 
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Figure 2.10: Schematic of electrochemical impedance spectroscopy measurement set-up. 

2.7. Summary 

To summarize, this chapter presents the experimental methods employed to accomplish 

the thesis. The experimental techniques involved in wafer growth, etch mask preparation, top-

down NP fabrication, characterization of wafers and NPs and PEC testing of photoanodes are 

briefly discussed in this chapter. MOCVD was used for the growth of GaN and InGaN/GaN 

wafers. PECVD, EBL, RTA and RIE were used for preparing the etch mask to fabricate GaN 

alloy and InP NPs. ICP was employed to fabricate the GaN alloy and InP NPs. Microstructure 

and optical characterizations were carried out using SEM, µ-PL, TRPL and UV-Vis 

spectrophotometry. FDTD simulations were used to study the light interaction with GaN NP 

arrays. Finally, details of the PEC measurement unit used to test the GaN alloys and InP 

materials were discussed in this chapter.  
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Chapter 3                                                                                         

Fabrication of Ordered GaN Nanopillars Using Top-down Approach 

3.1. Introduction 

GaN nanostructures offer several advantages over their planar counterparts such as a 

large surface area, variable absorption and extraction of light, and non- and semi-polar planes 

for epitaxial growth to form core-shell device structures which increase the active junction area 

and mitigate polarization effects [1-3]. Exploiting these benefits, several optoelectronic devices 

based on GaN nanostructures such as LEDs [4-6], photodetectors [7-9] and solar cells [3, 10] 

have already been demonstrated. Fabrication of GaN NPs using a top-down process [11] can 

be the best approach for NPs of custom dimensions with controlled doping as it involves the 

etching of lithography-patterned epitaxial layers of high crystal quality grown using a well-

matured technique such as MOCVD wherein doping and layer thickness are precisely 

controlled. On the other hand, bottom-up [12-14] approaches suffer from the lack of control 

over the NP dimensions with the doping concentration [15, 16]. Comprehensive studies are 

carried out to study the influence of etching parameters such as gas chemistry, ICP/RF power, 

chamber pressure and substrate temperature on the GaN NPs morphology, fabricated using 

inductively plasma etching (ICP) of pre-patterned GaN epitaxial layers in a top-down approach 

[11, 17]. Apart from the etching parameters, the spacing between the NPs, called array pitch, 

also have a significant influence on the NPs morphology and its optical properties. The optical 

properties of the NPs can be engineered by tailoring the NP dimensions such as pitch and 

diameter [18-20], which are critical for using them in any optoelectronic device application. In 

addition, the optical quality of the NPs also plays a crucial role in the performance of NP 

optoelectronic devices. In this chapter, we study the structural and optical/optoelectronic 

properties of GaN NPs fabricated using ICP etching of EBL-patterned epilayers. SEM was 

employed to study the influence of EBL pattern dimensions on the morphology of NPs. PL and 

FDTD simulations have been used to investigate the influence of NP dimensions on the optical 

properties and optical quality of the NPs.  

This chapter focuses on the investigation of influence of array pitch on the morphology 

and optical properties of ordered GaN NPs fabricated using a top-down approach. Section 3.2 
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presents the processing steps involved in top-down fabrication of ordered GaN NPs. The top-

down fabrication of GaN NPs involves the ICP etching of EBL-patterned GaN epilayers grown 

on sapphire using MOCVD. The array pitch of the EBL-patterned etch mask is varied from 

400 to 800 nm while keeping a constant diameter of 100 nm. The influence of array pitch on 

the morphology was studied using SEM in Section 3.3. The effect of array pitch on the optical 

properties of the NPs is discussed in Section 3.4 using PL. NP arrays with 400 nm pitch and 

100 nm diameter exhibited four-fold enhancement in PL intensity compared to their planar 

counterpart and the intensity decreased with increasing pitch. This enhancement in PL for NPs 

compared to the epilayer and influence of the array pitch on PL is explained in Section 3.5 with 

the support of FDTD simulations. The actual dimensions of top-down fabricated NPs is taken 

into consideration in FDTD simulation calculations of absorption, collection and extraction 

efficiency of GaN NP arrays. In Section 3.5, optical quality of the NPs is assessed using power 

dependent PL and FDTD simulations. Quantum efficiency of the GaN NPs is assessed by 

following the technique describe in ref. [21] through a combination of power dependent PL 

and FDTD simulations.  At the end, section 3.6 summarizes the chapter. 

3.2. Fabrication of ordered GaN NPs 

The schematic representation of processing steps involved in top-down fabrication of 

GaN NPs is shown in Figure 3.1. GaN undoped epilayers of 2 µm thick grown on sapphire 

using MOCVD were used for the fabrication of GaN NPs. The top-down fabrication of GaN 

NPs was carried out by first depositing 500 nm SiO2 at 300 ᴼC using PECVD to create the 

SiO2/Cr etch mask. SiO2 was deposited at a chamber pressure of 650 mTorr with SiH4/N2/N2O 

flow rates of 9/161/710 sccm and 20 W RF power. Next, PMMA electron beam resist was spin-

coated on these samples. The spin-coated samples were then loaded into EBL to write desired 

square lattice patterns of circles with a diameter of 100 nm and pitch ranging from 400 to 800 

nm. These circles were transferred into the resist as circular holes after developing the exposed 

resist in methyl isobutyl ketone (MIBK) developer. A 100 nm Cr layer was then deposited on 

the sample using electron beam evaporation. Following lift-off in acetone, the sample had 

arrays of Cr nano-disks patterned on its surface. These Cr nano-disk patterns were transferred 

onto SiO2 by etching the SiO2 layer around the Cr using ICP to produce the SiO2/Cr etch mask. 

In subsequent steps, the SiO2/Cr etch mask was used for fabricating GaN NPs of desired 

dimensions using ICP. ICP etching of SiO2 was carried out at room temperature under 10 

mTorr operating pressure with a CHF3 flow rate of 40 sccm and RF/ICP powers of 200/100 
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W. For ICP etching of GaN, the ICP sample chamber was maintained at a temperature of 60 

ºC under an operating pressure of 4 mTorr and RF/ICP powers of 200/1000 W with Cl2/H2/Ar 

flow rates of 25/2/5 sccm. The remaining Cr and SiO2 was removed by Cr etchant and HF 

solutions, respectively. All of the NP arrays studied here were fabricated simultaneously on the 

same wafer to avoid variations in etch conditions between different etch runs. 

 
Figure 3.1: Flow chart of the processing steps involved in top-down fabrication of GaN NPs 

using ICP etching of EBL-patterned GaN epilayer. 

3.3. Morphology of GaN NPs 

 
Figure 3.2: SEM images of GaN NP arrays with 100 nm diameter and a pitch of (a) 400 nm (b) 

600 nm and (c) 800 nm taken at a 52º tilt angle.  

Figure 3.2(a)-(c) shows SEM images of NP arrays with a diameter of 100 nm and pitch 

of 400, 600 and 800 nm. As shown in Figure 3.2, GaN NPs exhibit smooth sidewalls and a 

constant height of 1.3 m irrespective of NP array pitch. The lag effect due to the variation of 
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array pitch is not observed for the fabrication conditions used in this study [22]. We observed 

variation in tapering (sloped sidewalls) of the NPs with the pitch of the array as shown in SEM 

images (Figure 3.2). The sidewall angle () of the NPs is defined as  

 = 𝑡𝑎𝑛−1 (
2ℎ

𝑑2−𝑑1
)        …………………3.1 

where h is the height and d1 and d2 are the top and bottom diameters of the NPs. The NP 

dimensions are illustrated in Figure 3.3(a). The sidewall angle reduces with increase in the 

pitch of the array as shown in Figure 3.3(b). The sidewall angle reduces from 87.5o for a pitch 

of 400 nm to 83.5o for a pitch of 800 nm. A sidewall angle of 90o represents perfectly vertical 

sidewalls and un-tapered NPs. Sloped sidewalls at higher pitches indicate that etching of GaN 

is dominated by the physical etching component also called the sputter-dominated regime [22]. 

The trenching observed at the bottom of the NPs at higher pitch can be a result of angular 

distributed ions, collected at the bottom of NPs upon colliding with a sidewall. The ions may 

have higher chances to collide at a glancing angle before reaching the bottom of the NPs when 

the sidewalls are tapered. With lowering pitch, ions hitting under angle have a higher chance 

of bouncing and hitting the surrounding NP sidewalls before reaching the bottom of the surface 

and as such contribute to the near vertical shape of the NPs. This results in reduced tapering of 

NPs with reducing pitch.  

 

Figure 3.3: (a) NP dimensions used for calculating the sidewall angle,  and (b) variation of 

NP sidewall angle as a function of array pitch.  

3.4. Optical characterization  

Room temperature photoluminescence and power dependent photoluminescence 

measurements were employed to investigate the optical/optoelectronic quality of the NPs using 

µ-PL. The samples were optically excited with a continuous-wave 325 nm He-Cd laser and the 

emission from the samples was collected through a 36X (NA = 0.5) objective lens and detected 
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using a CCD detector. Details of the measurement set up is discussed in Section 2.4.2.1 of 

Chapter 2 

3.4.1. Room temperature photoluminescence  

Room temperature PL spectra of GaN NPs with varying pitch and its counterpart 

epilayer are shown in Figure 3.4(a). The PL peak intensity was normalized to one and the 

dependence of the peak intensity on NP pitch is also shown in Figure 3.4(b).  The PL intensity 

of the NP array with 400 nm pitch is enhanced by four times than that of the epilayer under the 

same experimental excitation and collection conditions. The intensity of PL emissions from the 

NP arrays is higher than that from the epilayer for all pitches investigated. There is no 

significant contribution from the ~700 nm-thick epilayer, left underneath the NP arrays after 

etching, to the PL emissions from the arrays, as will be shown later in this chapter. The PL 

intensity from the NP arrays reduces with increasing pitch. The variation in emission intensity 

from the NPs could be a result of variation in the quantum efficiency of the NPs or variation in 

light absorption [23] and collection efficiency. Quantum efficiency is an indication of the 

material quality of the sample while the absorption/collection efficiency is a geometrical 

property of the array. Further, as shown in Figure 3.4(a), redshift in PL peak position is 

observed for NP arrays compared to the epilayer and it is independent of array pitch. This 

redshift could be because of partial strain relaxation in the NPs due to their smaller footprint 

sizes [17]. 

 
Figure 3.4: (a) Room temperature PL spectra from NP arrays with different pitch and (b) 

normalized peak intensity and full width at half maximum of the PL emission as a function of 

array pitch. Data for the GaN epilayer in (b) is also shown for comparison at pitch = 0. 
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Figure 3.4(b) also shows the influence of array pitch on the full width at half maximum 

(linewidth) of the PL spectra. The pitch at zero in the figure refers to the epilayer. The FWHM 

was deduced by fitting Gaussian functions with the experimental data in Figure 3.4(a). The PL 

linewidth for the NPs is slightly larger compared to the epilayer. This broadening could be 

attributed to the variation in strain relaxation along the NPs as the NPs are tapered. 

Furthermore, there is a slight trend of increasing linewidth by increasing the pitch of the NP 

arrays. As discussed earlier, tapering increases with increasing pitch and this may contribute to 

an increase in FWHM of PL emissions as a result of strain variation along the length of the 

NPs [17]. 

3.4.2. Power dependent photoluminescence 

 Power dependent measurements were carried out on the epilayer and the NP array with 

400 nm pitch at room temperature. The excitation power was varied between 0.06 and 1.2 mW. 

The excitation power range was limited by the minimum power at which we were able to detect 

PL emissions and the maximum power emitted by the excitation laser. The measured variation 

in PL intensity from the epilayer and the NP array with excitation power at room temperature 

using a CW excitation at 325 nm is shown in Figure 3.5. The emission intensity from the NP 

array is higher than from the epilayer for the range of excitation powers investigated. 

 
Figure 3.5: Power dependent PL of GaN epilayer and NP array with 400 nm pitch measured at 

room temperature using µ-PL. 
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3.5. FDTD simulations of optical properties 

 To explain the emission characteristics shown in Figure 3.4(a), we investigated the 

effect of array parameters on light absorption and emission characteristics using three 

dimensional FDTD simulations. NP arrays with infinite extension were simulated. Length, 

tapering and GaN epilayer left underneath the NP array were taken into consideration in 

simulations. 

3.5.1. Absorption characteristics  

   

 
Figure 3.6: Electric field distribution of incident radiation in (a) epilayer, (b) NPs and (c) 

influence of array pitch on reflection, transmission and absorption properties calculated using 

FDTD simulations. The color bars on the right sides of figures (a) and (b) represent the 

normalized intensity of the electric field distribution of incident radiation from 0 to 1. 

The absorption characteristics were determined by illuminating the sample with a plane 

wave source and recording the fraction of incident power which was reflected and transmitted 

through the sample at a wavelength of 325 nm. Figure 3.6(a) & (b) shows the electric field  



66 
 

intensity distribution across the epilayer and a NP in an array of 400 nm pitch. The field 

distributions show that incident light is strongly absorbed within few 10s of nm from the top 

surface of the epilayer and NP samples. This indicates that PL contribution from the GaN 

epilayer underneath the NP can be completely neglected because the incident light is 

completely absorbed within the top portion of the NP itself. Absorption of the sample was 

calculated by subtracting the sum of reflection and transmission from the incident power. 

Figure 3.6(c) shows the variation in fraction of incident power reflected, transmitted 

and absorbed in the NP array as a function of pitch calculated using FDTD simulations. The 

data for the epilayer is referred as ‘0’ array pitch in Figure 3.6(c). The NP arrays have 

geometry-dependent absorption characteristics that are very different to absorption in an 

epilayer. The absorption efficiency for the NP array with 400 nm pitch is 98.6%, which is 1.2 

times larger than that of an epilayer (80.6%). The absorption efficiency reduces with increasing 

pitch and falls below that of an epilayer for pitch > 600 nm. This property is a consequence of 

the change in both the reflection and transmission properties of the NP arrays. The reflection 

losses for the NP arrays are significantly reduced (~25%) compared to the epilayer (19.3%). 

For NP arrays with dimensions much smaller than the wavelength of light, anti-reflection 

characteristics can be attributed to the lower effective index of the array compared to bulk 

material [24]. Effective medium theory is, however, not applicable to our NP arrays because 

of their wavelength-scale dimensions. We attribute lower reflection losses in our NP arrays to 

better in-coupling of incident light to the resonant modes supported in the array [24]. The 

transmission losses for the NP arrays are higher than in an epilayer because of reduced 

absorption volume. The transmission loss increases with increasing pitch and reaches 47% for 

a pitch of 800 nm. Therefore, we attribute the increase in absorption efficiency of NPs with 

400 nm pitch to reduced reflection losses and subsequent lowering of absorption for larger 

pitches to an increase in transmission losses.  

3.5.2. Emission characteristics  

FDTD simulations were also performed on the epilayer and NPs samples to understand 

the influence of the NP array geometry on the emission characteristics of samples. Similar to 

the light absorption properties, the emission characteristics of NP arrays are also very different 

to that of an epilayer. The parameters of the array alter the angular distribution of emission 

from NPs. The angular distribution of emission determines the fraction of light emitted by the 

sample that is detected in our experiments, which is limited by the numerical aperture of the 

objective lens used. We placed dipole emitters inside the NPs at regions of maximum 
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absorption (shown in Figure 3.6(a) and (b)) and investigated their far-field emission 

characteristics. We then calculated the fraction of emitted light within a cone with a half angle 

of 30o, corresponding to the numerical aperture of the objective lens used in our experiments. 

Figure 3.7(a) and (b) show the far field emission properties of epilayer and NPs with discrete 

angular distributions. We calculated the fraction of emitted light within a cone with a half angle 

of 30o, corresponding to the numerical aperture of the objective lens used in our experiments. 

This data is represented as the collection efficiency in Figure 3.7(c) and is the average for three 

different polarisations of the dipole emitters. We observe two peaks in the collection efficiency 

data at 300 and 600 nm pitches, which is due to the first and second diffraction orders falling 

just below the collection angle in our experimental setup, respectively. 

 

Figure 3.7: Far field emission patterns from (a) epilayer, (b) NPs in xy-plane and the influence 

of array pitch on (c) collection efficiency and (d) light extraction efficiency.  

The ordered structure of the NP arrays also modifies the local density of optical states 

for the emitters and therefore alters their recombination rates [25]. This would affect the 

emission intensity from the sample. We determined the recombination rate enhancement for 

dipole emitters placed at regions of maximum absorption, with respect to an emitter in bulk 
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GaN, and studied the emission at 367 nm for an epilayer and at 370 nm for NPs which 

correspond to the respective peak positions shown in Figure 3.4(a). The PL emission intensity 

depends on the product of absorption and collection efficiencies and the emission rate 

enhancement, shown as light extraction efficiency in Figure 3.7(d). The light extraction 

efficiency follows the same trend observed in PL intensities (Figure 3.4(a)). Thus, it can be 

concluded that the change in PL emission intensities from the NP arrays is purely a geometrical 

effect.  

3.5.3. Quantum efficiency of GaN nanopillars 

Quantum efficiency (QE) is a measure of the optical quality of a material. QE is defined 

as the ratio of radiative recombination rate to the total recombination rate. We experimentally 

determined the QE of the GaN epilayer and the NPs using the approach outlined by Yoo et al. 

[21] in order to investigate the effect of the top-down fabrication method on the material 

quality. This model is based on the rate equation also called the ‘ABC model’, which defines 

relation between total recombination rate (G) to individual recombination rates such as 

Shockley-Read-Hall (SRH) nonradiative recombination, radiative recombination, and Auger 

nonradiative recombination 

𝐺 = 𝐴𝑛 + 𝐵𝑛2 + 𝐶𝑛3              …………………..3.2 

where, A, B and C are the Shockley-Read-Hall, radiative and Auger coefficients and n is carrier 

concentration. Quantum efficiency is defined as  

𝑄𝐸 = 𝐵𝑛2/𝐺            ………………….3.3 

As the integrated PL intensity (I) is proportional to radiative recombination and G is 

linearly dependent on laser power (P), we have 

𝐼 = 𝑎 𝐵𝑛2       ……………3.4 

𝐺 = 𝑥𝑃            ……………3.5 

where a is determined by the excited active volume region and the total collection efficiency 

and x is a coefficient which is determined by the sample absorption. Equation 3.5 now can be 

expressed as 

𝑃 =
𝐴

𝑥√𝑎𝐵
√𝐼 +

1

𝑥𝑎
𝐼 +

𝐶

𝑥(𝑎𝐵)3/2
𝐼

3
2⁄          ……………..3.6 
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Equation 3.6 is simplified to the following equation by using the fitting parameters C1, C2, 

C3 for 
A

x√aB
, 

1

xa
 and 

C

x(aB)3/2 respectively. 

𝑃 = 𝐶1𝐼
1

2⁄ + 𝐶2𝐼 + 𝐶3𝐼
3

2⁄      ……………3.7 

Now the QE can be expressed as   

𝑄𝐸 =
𝐵𝑛2

𝐺
=

𝐶2𝐼

𝑃
        ……………….3.8 

The QE can be calculated by extracting C2 from the fitted power dependent PL spectra 

(Figure 3.5) using Equation 3.7. Figure 3.8 shows the QE for an epilayer and a NP array with 

400 nm pitch versus photo-generated carrier concentration. The photo-generated carrier 

concentration in the samples is calculated using the following expression  

𝑛 =  
𝑃𝐴𝜏

𝐸𝑔𝑉
        ………………. 3.9 

where P is excitation laser power, A is absorption, τ is effective carrier life time, Eg is band gap 

energy and V is the volume over which the carriers are generated. Absorption data calculated 

using FDTD simulations, as discussed in Section 3.5.1, is used in determination of absorption 

properties of the material. The absorption depth (Figure 3.6(a) & (b)) and spot size of the 

excitation laser are used in the calculation of volume, V. We used an effective carrier lifetime 

of 30 ps [26]. Figure3.8 shows that the QE of the epilayer increases with increasing carrier 

density, reaching a value of 0.6 at a carrier density of 1.58x1018 cm-3. Variation of QE with 

carrier density suggests that QE is limited by Shockley-Read-Hall (SRH) recombination. With 

increasing carrier density, the radiative recombination rate increases and exceeds the 

monomolecular recombination rate leading to an increase in QE. On the other hand, the 

variation of QE of NPs with carrier density suggests that the carrier density in the NPs is in the 

region where Auger recombination becomes dominant and hence QE starts to decrease with 

increasing carrier concentration. The QE of the NPs is 0.71 at a carrier density of 3.11x1018 

cm-3 and falls to 0.62 at a carrier density of 2.10x1019 cm-3. The maximum and minimum power 

of the excitation source used in our experimental set-up limits the carrier concentration range 

in the epilayer and the NP array to the values shown in Figure 3.8. As a result, we were not 

able to determine the quantum efficiency for the epilayer and the NP array at the same carrier 

density. 

We analytically calculated the QE with varying carrier concentration using the ABC 

model [21] by assuming the A, B and C coefficients are the same for the epilayer and the NPs 

and do not vary with carrier concentration. The solid green plot in Figure 3.8 shows the 
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analytically calculated QE variation with injected carrier density using the ABC model. The A, 

B and C coefficients determine the variation in monomolecular SRH recombination, radiative 

recombination and Auger recombination with carrier density, respectively. The data points for 

the epilayer for lower carrier densities and data points for the NP array for higher carrier 

densities are used in obtaining the quantum efficiency plot versus carrier density. The 

reasonably good fit of the ABC model with experimental data (Figure 3.8) results in A, B and 

C coefficient of 3.4x107 s-1, 4.5x10-11 cm3 s-1 and 2.5x10-30 cm6 s-1, respectively. These 

coefficients are in good agreement with values reported earlier [27-29]. The fact that a single 

analytical curve fits both datasets indicates reasonably well that the material quality of the NPs 

is not degraded due to the etching process, and both the epilayer and NPs maintain similar 

optoelectronic quality. 

        
Figure 3.8: Dependence of quantum efficiency on photo-excited carrier concentration. The 

points are experimental data and the line is a fit to experimental data following the approach 

of Yoo et. al [21]. 

3.6. Summary 

In this chapter, we studied the influence of array pitch on the microstructural evolution 

of GaN NPs fabricated using a top-down approach with ICP etching of EBL-masked GaN 

epilayers. The GaN NPs have smooth sidewalls and no lag effect is noticed for NP arrays 

irrespective of array pitch for the fabrication conditions considered in this study. The tapering 

of NPs increased, i.e., the sidewall angle decreased with increase in array pitch from 87.5ᴼ for 
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400 nm pitch to 83.5ᴼ for 800 nm pitch arrays with a fixed diameter of 100 nm. NPs exhibit 

superior photoluminescence intensity compared to the epilayer despite having a smaller volume 

compared to the epilayer. About four times enhancement in PL intensity was observed for NPs 

with 400 nm pitch against the epilayer, which decreased with increasing array pitch. However, 

the PL spectra was slightly broadened for NPs with respect to the epilayer which could be due 

to variation in the partial relaxation along the NPs as they are tapered. Further, partial strain 

relaxation due to the small foot print size of NPs caused the redshift in PL peak position for 

NPs. 

FDTD simulations confirm that the PL enhancement for NPs compared to their counter-

part epilayer is a consequence of enhanced light absorption and light extraction efficiency in 

the NP arrays. FDTD simulation revealed that the variation in PL intensities of NP arrays was 

mainly due to the geometrical effect of NP array. The absorption characteristics of the GaN NP 

arrays were influenced by the NP array dimensions. Absorption was enhanced for NP arrays 

compared to the epilayer for high filling fraction values due to the dominating antireflection 

properties and fell below that of epilayer for low filling fraction due to the increased 

transmission losses. Further, we experimentally determined the quantum efficiency of the NPs 

and found it to be similar to that of the epilayer, indicating that the material quality of the NPs 

is not degraded by the top-down fabrication processes. The enhanced light absorption and 

extraction properties of the NPs compared to the epilayer makes them a promising candidate 

for solar energy conversion and solid-state lighting applications, respectively. 
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Chapter 4 

Fabrication and Photoelectrochemical Studies of Random GaN 

Nanopillar Photoanodes 

 

4.1. Introduction 

 GaN is considered one of the most promising materials for hydrogen generation via 

solar water splitting owing to its superior properties [1-5] and ability to straddle both oxidation 

and reduction potentials of water [6-14]. Moreover, nanopillars (NPs) offer enhanced light 

absorption, reduced carrier transfer lengths and large surface to facilitate efficient charge 

transfer at semiconductor/electrolyte interface over planar structures towards achieving 

efficient water splitting [15-20]. However, dimensions and carrier concentrations of NPs play 

a critical role in improving the PEC performance of NP photoanodes. Moreover, production of 

large area GaN NPs is essential for use in real world water splitting applications. Large area 

GaN NPs with controlled dimensions and carrier concentrations can be best achieved using a 

top-down approach as it allows for the use of quality GaN epilayers grown using well-matured 

planar growth technology wherein doping concentration is precisely controlled [21, 22]. On 

the other hand, the lack of NP dimension control during doping acts as a main setback for 

bottom-up growth methods [23, 24] and makes it difficult to understand the influence of carrier 

concentration on the PEC performance of NP photoanodes. In this chapter, we demonstrate the 

cost effective self-assembled random mask technique as an etch mask for the top-down 

fabrication of large area random GaN NPs and study the photoelectrochemical (PEC) 

performance of GaN NP photoanodes. Further, we investigate the influence of carrier 

concentration and NP dimensions on the PEC performance of GaN photoanodes. 

In this chapter, we focus on the fabrication of large area GaN NPs using a top-down 

approach and understand their PEC properties using optical and electrochemical impedance 

spectra. Sections 4.2 and 4.3 present the fabrication of large area GaN NPs and their 

photoanodes, respectively. A self-assembled island random mask technique is adopted to create 

the etch mask for the fabrication of large area random GaN NPs. The morphology and optical 

properties of the planar and NP samples are discussed in Sections 4.4 and 4.5, respectively. 

Optical measurements reveal that NPs act as an anti-reflective coating below the GaN band 
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edge emission and it is NP dimension dependent. The determination of depletion layer 

thickness in n-GaN and its thickness variation as a function of carrier concentration is discussed 

in Section 4.6. The PEC properties of the GaN planar and NP photoanodes are examined and 

compared in Section 4.7. Substantial improvement in photocurrents is observed for NP 

photoanodes compared to their planar counterpart, tested using a three-electrode PEC testing 

station under one sun illumination. Further, the onset potentials of the NP photoanodes are 

slightly influenced by the carrier concentration and NP dimensions such as diameter and length. 

Section 4.8 deals with understanding the charge transfer resistance between semiconductors 

and electrolyte using electrochemical impedance spectra of NP photoanodes and GaN planar 

photoanodes with varying carrier concentration. A summary of the fabrication and PEC 

performance of the large area random GaN NP photoanodes is presented in Section 4.9.  

4.2. Fabrication of random GaN nanopillars 

 GaN epitaxial layers (≈2 µm thick) with pre-defined carrier concentration grown on 

sapphire wafers using MOCVD were used for the fabrication of large area GaN NPs. Large 

area GaN NPs were fabricated by ICP etching of randomly masked GaN wafers. A self-

assembled random mask technique was employed to create a large area nano etch mask for the 

fabrication of random GaN NPs using ICP etching. Rapid thermal annealing at high 

temperature and fast cooling of very thin metal film converts the film into random nano-islands, 

which can be used as a mask for ICP etching processes. The self-assembled random mask 

technique is a scalable and cost-effective technique for producing wafer scale NPs. To study 

the influence of carrier concentration on PEC performance, GaN NPs were fabricated from n-

type GaN epilayers with four different carrier concentrations. The doping concentration of the 

GaN wafers was controlled by varying the silane flow during the MOCVD growth. The carrier 

concentration of the wafers was determined using Hall measurements. The carrier concentrations of 

GaN epilayers and assigned sample names are listed in Table 4.1. Figure 4.1 shows a schematic 

illustration of the top-down fabrication of GaN NPs using ICP etching of randomly masked 

GaN epilayers. Fabrication of GaN NPs was carried out by first depositing a 500 nm-thick SiO2 

using PECVD followed by the deposition of a very thin Ni film using e-beam evaporation. This 

Ni film was then converted into Ni nano-islands by RTA annealing at 900 ᴼC in an argon 

atmosphere for 1 min. Figure 4.2(a) shows an SEM image of the Ni nano-islands formed from 

a 5 nm Ni film annealed at 900 ᴼC. In the next step, the ICP etching of SiO2 around the Ni 

particles created the SiO2/Ni hard random mask. Figure 4.2(b) and (c) show SEM images of 

the SiO2/Ni hard mask from top and side views, respectively. In the subsequent step, the 
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SiO2/Ni mask was used as an etch mask for ICP etching of GaN for the fabrication of GaN 

NPs. After ICP etching, the fabricated GaN NPs were immersed in HF solution to remove the 

remainder of the SiO2/Ni etch mask. The length and diameter of the NPs were controlled by 

varying the NP processing parameters such as ICP etching time and the thickness of the Ni 

film, respectively. The employed ICP etching parameters for both SiO2 and GaN used for 

random GaN NPs are similar to those discussed in Chapter 3. 

Table 4.1: Sample numbers and the corresponding n-type carrier concentrations. 

Sample name Carrier concentration (cm-3) 

Sample 1 (S1) Undoped 

Sample 2 (S2) 1 x 1018 

Sample 3 (S3) 5 x 1018 

Sample 4 (S4) 1 x 1019 

 

 

Figure 4.1: Illustration of the processing steps involved in the fabrication of random GaN 

NPs using a top-down approach. 
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Figure 4.2: SEM images of (a) the Ni random mask formed by RTA annealing of 5 nm Ni at 

900 0C in an Ar atmosphere, (b) the SiO2/Ni random mask from the top and (c) the SiO2/Ni 

hard mask taken at a 520 angle. 

4.3. Fabrication of GaN photoanodes 

Low resistance Ohmic contacts to the GaN photoanodes are crucial for measuring the 

PEC performance of GaN photoanodes. The Ohmic contacts to the planar and NPs photoanodes 

were formed by e-beam deposition of Ni/Au (30/150 nm) metal contacts. The contacts were 

then subjected to rapid thermal annealing at 400 oC in an argon atmosphere for 5 min. In this 

work, the contacts to the GaN photoanodes were made on the front side of the sample since 

GaN was grown on an insulating sapphire substrate. To achieve the top contacts, a portion of 

each sample was protected using a shadow mask while depositing the Ni mask film during the 

fabrication of GaN NPs. The metal contacts were made on this shadow masked area in the 

subsequent processing steps. Figure 4.3(a) shows a photographic image of a NP photoanode 

after metallization. To avoid carrier leakage from the metal contact to the electrolyte, a portion 

(a) (b)

(c)
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of the metal contacts were painted with nail polish. Figure 4.3(b) shows a photograph of a GaN 

NP photoanode after painting.  

    

Figure 4.3: Photographs of (a) a NP photoanode with Ni/Au contacts and (b) a NP photoanode 

painted with nail polish to avoid carrier leakage into the electrolyte. 

4.4. Morphology of the GaN NPs 

 

Figure 4.4: SEM images of (a) to (c) GaN NPs (images taken at a 300 tilt angle) with increasing 

lengths obtained from 5 nm Ni masked GaN sample by varying the ICP etch times from 60 to 

120 s and (d) to (f) GaN NPs with increasing diameter (images taken at a 520 tilt angle) achieved 

by 120 s ICP etching of 5, 10 and 15 nm Ni masked GaN epilayers. 

The microstructure of the large area random GaN NPs were examined using SEM. 

Figure 4.4 presents SEM images of the GaN NPs after removing the mask fabricated from 

Sample 2. The length and diameter of the NPs were determined by the etching time and Ni film 

(d)

Figure 3

(a) (b) (c)

(e) (f)

(a) (b) 

Metal 
GaN 

Nail polish 
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thickness, respectively. Figure 4.4(a)-(c) show SEM images of GaN NPs of lengths 200, 600 

& 900 nm, etched for 60, 90 and 120 s respectively, from 5 nm Ni masked samples. While the 

etching time determines the length of the NPs, the diameter of the NPs is determined by the 

size of the Ni nano-islands. The size of the nano-islands in the self-assembled random mask 

technique depends on Ni film thickness and increases with increasing the film thickness. Figure 

4.4(d)-(f) show NPs fabricated from etching for 120 s from 5, 10 and 15 nm Ni masked GaN 

samples, respectively. The diameter of the NPs increased with increasing the Ni thickness due 

to the increased size of Ni nano-islands. The diameters of the NP photoanodes were classified 

as a small (D1), medium (D2) and large (D3), fabricated from 5, 10 and 15 nm Ni masked 

samples, respectively. The diameter of the NPs is increased while the density is decreased with 

increasing Ni mask thickness under the same processing conditions as observed in Figure 

4.4(d) - (f). From Figure 4.4(a)-(f), it can be noticed that all the NPs exhibit uniform height and 

smooth sidewalls irrespective of the etch time and Ni mask size. Figure 4.5(a)-(c) show 

histograms of diameter distribution of NPs fabricated from 5, 10 and 15 nm Ni masked samples, 

respectively. The diameter distribution becomes wider with increasing thickness of the Ni film. 

The average diameter of the NPs measured from the SEM images is 84, 144 and 202 nm for 

the 5, 10 and 15 nm Ni film masked samples, respectively. 

 
Figure 4.5: Diameter distribution of GaN NPs fabricated from ICP etching of (a) 5, (b) 10 and 

(c) 15 nm Ni masked GaN samples. 
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4.5. Optical properties of NPs 
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Figure 4.6: Diffuse reflectance spectra of planar and NP samples fabricated using 5, 10 and 15 

nm thick Ni film mask.  

To study the optical absorption of GaN NPs, diffuse reflectivity measurements were 

carried out on the epilayer and NPs using a UV-VIS spectrophotometer. The diffuse reflectance 

spectra of planar and NP photoanodes with varying diameters are shown in Figure 4.6. The 

fringes in the visible region of the diffuse reflectance spectra for the planar sample are 

attributed to Fabry-Perot interference. The NPs and planar samples used for these 

measurements were fabricated from Sample 2. From Figure 4.6, it can be observed that 

reflection for NPs is extremely small compared to the epilayers irrespective of the diameters of 

the NPs. Lower reflection losses lead to the enhanced light absorption by the NPs. Diffuse 

reflectivity of the small diameter NPs indicates that they absorb most of the light that is incident 

on the samples near the band edge of GaN. However, the anti-reflection properties of NPs 

decline with increasing diameter. On the other hand, the epilayer suffers from heavy reflection 

losses, which accounts for nearly 24% of the total incident light.  

4.6. Depletion layer in n-GaN  

 The depletion layer is a space charge neutral region, which is formed due to band 

bending in doped semiconductors. Band bending leads to the migration of electrons and holes 

from higher to lower doping regions of semiconductors, which results in the formation of an 

ionic space charge neutral region called the depletion region. In the case of extrinsic 

semiconductors, Fermi level pinning at the surface leads to the formation of a depletion region 

near the semiconductor surface. The Fermi level pinning at the surface results in upward and 
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downward bending of the valence and conduction bands for n-type and p-type semiconductors, 

respectively. Figure 4.7 illustrate the formation of depletion region due to the band bending in 

n-type NPs. The upward (downward) band bending causes the electrons (holes) to flow into 

the bulk region and holes (electrons) into the surface region of the semiconductor. This results 

in a charge neutral region near the semiconductor surface. The width of the depletion region 

depends on the carrier concentration of the semiconductor. The depletion region width of GaN 

can be deduced using the following relation:  

Depletion layer width (𝑊) = √
𝜖0𝜖𝛥𝑉

𝑒𝑁𝑑
   ………………4.1 

where ϵ0 = vacuum permittivity, ϵ = dielectric constant of GaN, ΔV = potential 

difference between GaN and the redox couple in the solution, e = elementary charge, and Nd = 

carrier concentration. Table 4.2 shows the calculated depletion layer thickness of the n-GaN 

epilayers for a given carrier concentration in this study. The calculated depletion layer width 

decreases with increasing carrier concentration of n-GaN.  

 
Figure 4.7: Schematic illustration of band bending in n-doped semiconductors NPs 

Table 4.2: Estimated depletion layer width for different carrier concentrations in n-GaN 

epilayer. 

Sample Carrier concentration (cm-3) Depletion layer width (nm) 

S 2 1X1018 24.5 

S 3 5X1018 11 

S 4 1X1019 7.7 
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4.7. Photoelectrochemical performance of GaN photoanodes  

 

Figure 4.8: Linear sweep voltammetry of GaN planar and NP photoanodes measured in 1 M 

NaOH electrolyte using a three electrode configuration PEC setup under dark and sunlight 

illumination. 

A three-electrode configuration PEC set-up as described in Section 2.6 of Chapter 2 

was employed to carry out PEC measurements of the GaN photoanodes. PEC measurements 

were carried out in 1 M NaOH electrolyte solution in a quartz cell consisting of the GaN 

working electrode, a Pt counter electrode and anAg/AgCl reference electrode. The PEC 

performance of the photoanodes was evaluated under one sun illumination. Figure 4.8 shows 

the current density of planar and NP photoanodes measured under dark and sunlight 

illumination. The NPs used in this study were fabricated by ICP etching of 5 nm Ni masked 

Sample 2 for 120 s. Negligible dark currents are observed for both planar and NP photoanodes. 

As shown in Figure 4.8, a substantial improvement in saturation photocurrent is noticed for the 

NP photoanode compared to its planar counterpart. The enhancement for the NP photoanode 

is nearly 1.7 times that of the planar photoanode. The highest saturation photocurrent density 

of around 1.0 mA/cm2 is measured for the NP photoanode. To our knowledge, this is the best 

reported current density in the literature for GaN NP photoanodes without the presence of 

InGaN quantum wells under one sun light illumination, which is also close to the theoretical 

limit [25, 26]. This enhancement can be attributed to the enhanced absorption by the NP 

photoanodes, as well as the increased semiconductor/electrolyte interface area. As discussed in 

Section 4.5 in this chapter, NPs absorb almost all the incident light while planar photoanodes 

incur a 24% absorption loss due to reflection from the flat surface (Figure 4.6). This 
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enhancement in absorption contributes to the generation of additional carriers in the NPs that 

participate in solar water splitting. Further, NPs offer massive semiconductor/interface areas 

compared to the planar structures that result in an enhanced depletion region around the 

semiconductor surface. This increased depletion region leads to enhancement in carrier 

separation and efficient transfer of holes to the semiconductor/electrolyte interface. 

4.7.1. Influence of carrier concentration on PEC performance  

 The conductivity of the samples plays a critical role in the PEC performance of the 

photoanodes. In order to investigate the influence of conductivity on PEC performance, the 

photo-responses of the planar GaN and their respective NPs with different carrier 

concentrations were evaluated by applying them as a photoanode in a three-electrode 

configuration set-up as described in the previous section. The carrier concentrations of the 

planar samples and their respective NP photoanodes can be referred to in Table 4.1. 

4.7.1.1. Planar photoanodes 

Figure 4.9 shows the PEC performance of GaN planar photoanodes with varying carrier 

concentration. The dark currents for all the samples used in this study, irrespective of the carrier 

concentration, are insignificantly low. On the other hand, the photoresponse of the photoanodes 

shows a strong dependence on carrier concentration. The onset potential is the lowest for S1 

and increases with increasing carrier concentration. However, the photocurrent of S1 increases 

gradually and reaches a plateau at a much higher potential, indicating that a large overpotential 

is needed for the undoped sample. The lowest overpotential to reach saturation currents is 

achieved for the photoanode S2 and it increases with increasing carrier concentration. This is 

attributed to the variation of depletion layer thickness with carrier concentration [27]. In 

general, the energy bands of the semiconductor are flat in bulk and bend at the surface. The 

band bending at the surface leads to the formation of a charge neutral region (depletion region) 

near the semiconductor surface. Photogenerated carriers within the depletion zone can be 

effectively separated due to band bending as compared to those generated in the bulk region 

due to the flat nature of the bands in the bulk region of the semiconductor. To avoid the 

inevitable carrier recombination and extract the photogenerated carriers outside the depletion 

region, a higher overpotential is required. Typically, the thickness of the depletion layer is close 

to 100 nm for undoped samples [28] and decreases with increasing carrier concentration (Table 

4.2). It is noticeable that the overpotential increases with increasing carrier concentration for 

S2, S3 and S4. However, S1 exhibits the highest overpotential despite the lowest carrier 
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concentration. This is attributed to the poor conductivity of the undoped sample. On the other 

hand, the onset potential increases with increasing carrier concentration due to decreasing 

depletion layer width and the incorporation of structural defects in the epilayer with increasing 

doping content which may act as recombination centres for the photogenerated carriers [29]. It 

can be concluded that the lowest doped S2 photoanode has the optimum carrier concentration 

for lower carrier recombination and higher carrier separation efficiency. 

 

Figure 4.9: Linear sweep voltammetry of planar n-GaN photoanodes with varying carrier 

concentration. 

4.7.1.2. GaN NP photoanodes 

 The PEC performance of GaN NP photoanodes with different carrier concentrations, 

fabricated for 120 s ICP-RIE etching of 5 nm Ni masked samples, is shown in Figure 4.10. The 

dark currents for all NPs photoanodes remain very low. Substantial improvement in the 

saturation photocurrent is noticed for all the doped NP photoanodes compared to the planar 

ones. The highest saturation current density of around 1.0 mA/cm2 is measured for all the NP 

photoanodes. This enhancement can be attributed to the enhanced absorption by the NP 

photoanodes, as well as the increased semiconductor/electrolyte interface area. However, the 

onset and saturation potentials shift slightly towards higher potentials for all the NP 

photoanodes irrespective of the carrier concentration with respect to the planar photoanodes. 

This anodic shift is attributed to surface damage caused to the NP surface during plasma etching 

[30]. The surface defects act as traps for photogenerated charge carriers at the NP surface and 

therefore higher potentials are required to extract the photogenerated carriers that are trapped 
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in these defects. This leads to higher onset potentials for NP photoanodes compared to the 

planar photoanodes. 

 
Figure 4.10: Linear sweep voltammetry of GaN NP photoanodes of fixed diameter and length 

with varying carrier concentration. 

4.7.1.3. Applied Bias Photon-to-Current Conversion efficiency 

Figure 4.11: ABPE of (a) planar and (b) NP GaN photoanodes with varying carrier 

concentration. 

To estimate the PEC performance of planar and NP photoanodes, the applied bias 

photon-to-current conversion efficiency (ABPE) is extracted from the J-V measurements of the 

planar and NP photoanodes. The following expression was used to calculate the ABPE of the 

photoanodes 
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𝐴𝐵𝑃𝐸 =  
(1.23(𝑉)−|𝑉𝑏𝑖𝑎𝑠|)×𝐽𝑝ℎ[𝑚𝐴

𝑐𝑚2⁄ ]

𝑃𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡[𝑚𝑊
𝑐𝑚2⁄ ]

× 100%   ……………4.2 

where Vbias is the applied potential versus the normal hydrogen electrode (NHE), Jph is the 

photocurrent density and Pincident is the power of illuminating light. The applied potential versus 

the Ag/AgCl reference electrode was converted into applied potential versus NHE using the 

following equation 

𝑉 𝑣𝑠 𝑁𝐻𝐸 = 𝑉 𝑣𝑠 𝐴𝑔 𝐴𝑔𝐶𝑙⁄ + 0.059 × 𝑝𝐻 + 0.198     ………….4.3 

 Figure 4.11 shows the ABPE of planar and NP GaN photoanodes with varying carrier 

concentration. The GaN sample (S2) with a carrier concentration of 1x1018 cm-3 exhibited the 

maximum ABPE for both planar and NP photoanodes compared to other samples. However, 

unlike striking improvement in photocurrent (Figure 4.9 & Figure 4.10), only marginal 

improvement in ABPE is observed for NP photoanodes compared to their planar counterparts. 

NPs and planar GaN photoanodes with a carrier concentration of 1x1018 cm-3 exhibited ABPE 

of 0.67 and 0.64% respectively. Furthermore, the ABPE reached a maximum value at a higher 

applied potential of 0.5 V for NPs compared to 0 V for planar photoanodes. The anodic 

potential shift in onset potentials for NPs compared to the planar photoanodes in the J-V 

characteristics (Figure 4.8) may have contributed to the low ABPE and the higher applied 

potential versus NHE at which the maximum ABPE was achieved for NPs compared to the 

planar photoanodes.   

4.7.2. Influence of NP dimensions on the PEC performance 

 To investigate the effect of diameter and length on the PEC performance of NP 

photoanodes, NPs with different diameters and lengths were fabricated using Sample 2. The 

thickness of the Ni film and ICP etching were varied to fabricate NPs with different diameters 

and lengths, as discussed above. 

4.7.2.1. Influence of NP diameter  

 Figure 4.12 shows the influence of NP diameter on PEC performance of GaN NP 

photoanodes. The smallest diameter NP photoanodes exhibit the highest saturation 

photocurrent density, which decreases with increasing NP diameter. Increasing the diameter of 

the NPs results in the reduction of the total semiconductor/electrolyte interface area, which in 

turn contribute to the decreased saturation current density. Furthermore, as discussed in Section 

4.5 of this chapter, the absorption by NPs decreases with increasing diameter due to the 
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increased reflection losses. This decrease in absorption with increasing NP diameter results in 

reduced photocarrier generation in the NP photoanodes. From Figure 4.12, it can also be 

observed that there is a slight change in onset potential with NP diameter. Due to the presence 

of surface band bending, the NPs could be either completely or partially depleted depending 

on the diameter of NPs for a given carrier concentration. The average diameters of the 

nanopillars are ~84, 144 and 202 nm for D1, D2 and D3 NP photoanodes, respectively. The 

estimated depletion layer width in one dimension is ~24.5 nm for 1x1018 cm-3 carrier 

concentration (Table 4.2) [31]. For a given carrier concentration, the width of the depletion 

region is constant. Therefore, the width of the flat band region increases with increasing NP 

diameter [32]. The deduced thicknesses of the flat band regions are ~35, 95 and 153 nm for 

D1, D2 and D3 NP photoanodes, respectively. As a consequence, recombination of the 

photogenerated carriers becomes more severe with increasing diameter of the NPs, which could 

in turn contribute to increased onset potentials with increasing NP diameter. However, the role 

of the depletion region may become insignificant compared to the flat band region beyond a 

certain NP diameter [32]. 

 
Figure 4.12: Linear sweep voltammetry of GaN NP photoanodes of varying diameter fabricated 

using ICP etching of 5, 10, 15 nm Ni film masked Sample 2 for 120 s. D1, D2 and D3 in the 

figure legend represent the NP samples fabricated using 5, 10 and 15 nm Ni film masks 

respectively. 
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4.7.2.2. Influence of length  

 Figure 4.13 shows the influence of NP length on the current density of NP photoanodes 

under dark and light illumination. NPs fabricated from 5 nm Ni masked Sample 2 were chosen 

for this study and the lengths of the NPs were 200, 500 and 900 nm and labelled as short (L1), 

medium (L2) and long (L3) NP photoanodes, respectively. Since the NP diameter is fixed while 

studying the influence of NP length on PEC performance, insignificant changes in onset 

potential are observed regardless of the NP length. The onset potential is dependent on the 

depletion layer width that varies only with the diameter and doping concentration. On the other 

hand, the saturation current is enhanced with increasing NP length. NP/electrolyte interface 

area is estimated to be linearly dependent on the length of the NPs, which contributes to 

increased depletion region volume with increasing NP length [31]. The increase in the 

depletion region volume leads to increased saturation photocurrent. It is also expected that a 

certain minimum length of NPs is necessary to mitigate the optical reflection losses [33]. This 

could be another possible reason for the reduction in photocurrent density with reducing length 

of the NPs.   

 
Figure 4.13: Linear sweep voltammetry of GaN NP photoanodes of varying lengths, where the 

ICP etching time was set to 30, 60 and 120 s to vary the length of NPs formed using the 5 nm 

Ni masked Sample 2. L1, L2 and L3 in the figure legend refers to the NP samples etched for 

30, 60 and 120 s respectively. 
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4.8. Electrochemical impedance spectroscopy 

Electrochemical impedance measurements were carried out to understand the charge 

transfer kinetics at the semiconductor and electrolyte interface as shown in Figure 4.14. The 

diameter of the half circles in the Nyquist plot is linked to the charge transfer resistance between 

semiconductor surface and electrolyte. In general, the half circle diameter of electrochemical 

impedance spectrum is proportional to the combination of electrolyte and 

photoelectrode/electrolyte charge transfer resistance. As a result, the smaller the diameter, the 

lower the charge transfer resistance. The Nyquist plot indicates that the charge transfer 

resistance is increased for NP photoanodes compared to the planar photoanodes. The increased 

charge transfer resistance could be due to plasma etching damage for NP photoanodes and 

contributes to anodic shift in the onset potential and overpotentials. Among the planar 

photoanodes, the GaN photoanode with 1x1018 cm-3 carrier concentration exhibits the lowest 

charge transfer resistance. Further increase in carrier concentration leads to structural defects 

in the epilayer due to the heavy doping and also decreased depletion region thickness for 

heavily doped n-GaN photoanodes. These two factors result in decreased charge transfer 

resistance between the semiconductor surface and electrolyte for planar photoanodes of carrier 

concentration above 1x1018 cm-3. 

 

Figure 4.14: Nyquist plots of GaN planar photoanodes with varying carrier concentration and 

NPs fabricated from S2 using 5 nm Ni etch mask and 120 s ICP etching time. 
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4.9. Conclusions 

 To conclude, we have demonstrated the fabrication of large area random GaN NPs 

using a top-down approach with ICP etching in conjunction with a cost-effective and scalable 

self-assembled random mask technique. Large area GaN NPs are highly anti-reflective below 

the band gap of GaN, and the antireflective property decreased with increasing the diameter of 

the NPs. On the other hand, the planar samples suffer from high reflection losses (24%) 

compared to the NPs for all NP dimensions. The large area random NPs fabricated by following 

this approach exhibited substantial improvement in the PEC performance compared to their 

planar counterparts. The photocurrent of n-doped NP photoanodes could reach up to 1 mA/cm2, 

which is close to the theoretical limit, owing to their enhanced optical absorption and increased 

semiconductor/electrolyte interface. This enhancement is found to be strongly influenced by 

the carrier concentration and NP dimensions. The decrease in depletion layer width with 

increasing carrier concentration leads to anodic potential shift for the NP photoanodes. 

Photocurrent density is reduced with increasing diameter and reducing length of the NPs. 

Reduction in optical absorption with increasing diameter and reducing length of the NPs 

contribute to the drop in the photocurrent density. Furthermore, increasing the diameter of the 

NP photoanodes for a given carrier concentration is found to cause an anodic shift of the onset 

potential due to the increased flat band region of the NPs. Carrier concentration of epilayer also 

plays a crucial in the charge transfer resistance between the semiconductor and electrolyte. 

Further, the NP photoanodes exhibit higher semiconductor/electrolyte interface charge transfer 

resistance compared to their planar counter parts possibly due to plasma etching damage.  
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Chapter 5                                                                                               

Band Gap Engineering and Photostability of GaN Photoanodes 

5.1. Introduction 

 As discussed in Chapter 4, we achieved the maximum reported photoelectrochemical 

(PEC) performance of up to nearly 1 mA/cm2 for GaN photoanodes, which is almost 

theoretically achievable limit for GaN. The wide band gap of GaN (3.4 eV) limits the PEC 

performance of GaN NP photoanodes because only a small portion of the solar spectrum is 

utilised at this band gap. The incorporation of In into GaN can vary the band gap from 3.4 eV 

(GaN) to 0.7 eV (InN) depending on the In concentration, which allows for band gap absorption 

tunability from UV to IR regions of the solar spectrum [1]. Moreover, InGaN alloy can straddle 

both water oxidation and reduction potentials up to 50% In composition, which makes it an 

ideal candidate for unassisted overall water splitting [2, 3].  

 In general, InGaN is grown in very thin layers (quantum wells) to mitigate the 

dislocation density which arises due to the lattice mismatch between InN and GaN. Further, 

the In rich regions form with in the quantum wells due to the difference in formation enthalpy 

between GaN and InN. The dislocation density and In segregation increases with increasing In 

concentration in InGaN. Nanostructures have the potential to accommodate higher In 

concentrations while maintaining good quality InGaN layers given that nanostructures can be 

made stress-free [3, 4]. Almost all studies, irrespective of growth method, are focused on 

improving the PEC performance of photoanodes by incorporating higher In concentration in 

InGaN in either planar [5-9] or nanostructured devices [3, 4, 10-16]. As a consequence, there 

are no reports on comparative studies of the influence of In concentration on the PEC 

performance of InGaN/GaN multiple quantum wells (MQWs) in planar and NP photoanodes. 

In order to carry out these studies, both planar and NP photoanodes require similar structural 

quality and In concentration in InGaN, which can be best achieved through top-down approach, 

since the fabrication of both NP and planar photoanodes makes use of the same epilayer. This 

is not possible with bottom-up growth methods, as the growth conditions are different for 

epilayers and nanostructures. Therefore, a top-down approach is ideal for studying the 
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influence of In on the PEC performance of InGaN/GaN MQW planar and NP photoelectrodes 

as they will retain similar crystal quality and In concentration.  

 In this chapter, we investigate the influence of In concentration in InGaN on the PEC 

performance of GaN photoanodes. Section 5.2 presents the architecture of the InGaN/GaN 

MQWs used in this study and morphology of the NPs. Section 5.3 deals with the optical 

properties of the InGaN/GaN MQW photoanodes. UV-VIS reflectance spectra and 

photoluminescence were used to determine the band edge emissions of the InGaN/GaN 

MQWs. PEC performance studies on planar and NP InGaN/GaN MQWs are described in 

Section 5.4. It was found that the In concentration in InGaN has negligible influence on the 

photocurrent density of planar InGaN/GaN MQWs, while it has an enormous influence on 

InGaN/GaN MQW photoanodes. In Section 5.5, the photon-to-current conversion efficiency 

measurements are presented to elucidate the contribution of In to the photocurrent density of 

planar and NP InGaN/GaN photoanodes. The applied bias photon-to-current efficiency of 

photoanodes is presented in Section 5.6. Section 5.7 focusses on the stability of the planar and 

NP photoanodes. The NP photoanodes are unstable in NaOH electrolyte compared to the planar 

photoanodes which are highly stable. A more stable performance of the NP photoanodes is 

achieved by decorating them with NiO or Co3O4 co-catalysts. 

5.2. Design and fabrication of InGaN/GaN MQW NP photoanodes 

 

Figure 5.1. (a) Schematic of InGaN/GaN MQW epilayer structure and (b) SEM image of 

InGaN/GaN MQW NPs. 

 Figure 5.1(a) illustrates the schematic of the InGaN/GaN MQW wafers grown on 

sapphire using MOCVD. 10 pairs of InGaN (1.5 nm)/GaN (20 nm) MQWs were grown on 2 

µm thick n-GaN, followed by 275 nm-thick n-GaN on top. The In concentrations in the 

InGaN/GaN MQWs were chosen to be 0, 20, 30 and 50% and are therefore labelled as 

Reference, 20%, 30% and 50% In samples, respectively, from here onwards. The carrier 

concentration of both the top and bottom n-GaN layers was ~5x1018 cm-3. Figure 5.1(b) shows 

(a) (b)

Figure 1

Sapphire

n-GaN

n-GaN

InGaN/GaN MQW
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an SEM image of the MQW NPs after removing the mask, fabricated using the top-down 

approach. The self-organized mask technique was used for the top-down fabrication of large 

area InGaN/GaN NPs using ICP. 10 nm Ni film deposited using e-beam evaporation was used 

as the mask for etching the InGaN/GaN MQW NPs. The mask preparation and NP fabrication 

conditions used for the fabrication of InGaN/GaN NPs were similar to those used for 

fabrication of GaN NPs in Section 4.2 of Error! Reference source not found. The NPs m

aintain a uniform height (~1.2 µm) and exhibit smooth sidewalls. The diameters of the NPs 

range from 60 to 250 nm with an average diameter of ~144 nm as measured from the SEM 

image.  

5.3. Optical properties of InGaN/GaN MQWs 

 A UV-Vis spectrometer and photoluminescence techniques were employed to 

investigate the optical absorption properties of planar and NP InGaN/GaN MQWs with varying 

In concentration.  

5.3.1. Optical reflectivity of InGaN/GaN MQWs 

  

Figure 5.2. Diffuse reflectance spectra of (a) planar and (b) NP InGaN/GaN MQWs with 

varying In concentration. Ref, 20, 30 and 50% In legend indicate the InGaN/GaN samples with 

0, 20, 30 and 50% In content in InGaN respectively. 
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Figure 5.2(a) shows the influence of In concentration on the diffuse reflectance of 

planar InGaN/GaN MQWs. There is a sharp fall in diffuse reflectance for all the planar samples 

below 370 nm, which corresponds to the band gap of GaN. The absorption by planar samples 

extends into the visible region with the incorporation of In into InGaN layers due to the lower 

band gap of InGaN. This extension of the absorption range increases with increasing In 

concentration, reaching up to 450 nm for the 30% In sample. However, further increasing the 

In concentration (50% In) leads to broad absorption of light in the visible region. Segregation 

of InN micro clusters typically associated with high In concentrations could be the reason for 

the broad absorption in the visible region of the 50% In sample [17]. The fringes beyond 400 

nm are generated by Fabry-Perot interference. As shown in Figure 5.2(b), the NP samples 

exhibit a huge enhancement in absorption within the given absorption region of the planar 

samples. This enhancement can be ascribed to the improved total internal reflection of the 

incident light as a result of the NPs [18, 19].  

5.3.2. Photoluminescence of InGaN/GaN MQWs 

 Micro-photoluminescence measurements were carried out at room temperature. A 325 

nm He-Cd laser was used to excite the samples, with the emitted light collected through a 36X 

(NA = 0.5) objective lens and detected using a Si charge-coupled device (CCD). PL spectra of 

the InGaN/GaN MQW planar and NP samples with varying In concentration are shown in 

Figure 5.3. PL intensities are normalised with respect to the peak at 365 nm for all samples. 

Figure 5.3(a) shows the PL spectra of the planar samples. All the planar samples irrespective 

of In concentration feature a strong peak at 365 nm corresponding to emission from bulk GaN. 

A broad defect-related peak, which commonly appears in MOCVD-grown GaN, is also 

observed around 620 nm [28]. PL emissions corresponding to InGaN are noticed only for the 

20% In sample, centred at 420 nm, with no InGaN emissions from the 30% or 50% In samples. 

The incorporation of high concentrations of In into InGaN can create threading dislocations 

and InN micro clusters in the InGaN layers due to the large lattice mismatch and miscibility 

gap between InN and GaN [20-22]. These defects act as non-radiative recombination centres 

for photo-generated carriers and thus annihilate the PL emission from InGaN. The defect 

density and micro cluster formation in InGaN increases rapidly beyond 20% In [20]. This could 

conceivably be the reason for the absence of InGaN PL peaks in the visible region of the 30% 

and 50% In planar samples (Figure 5.3(a)).  
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Figure 5.3. Room temperature photoluminescence spectra of InGaN/GaN MQW (a) planar and 

(b) NP samples. Ref, 20, 30 and 50% In in the legend represent the 0, 20, 30 and 50% In content 

in the InGaN/GaN samples respectively. 

 Figure 5.3(b) shows the PL spectra of InGaN/GaN MQW NPs. Similar to the planar 

samples, the PL spectra of all NP samples show a strong emission peak corresponding to GaN. 

In the case of PL emission corresponding to InGaN, unlike the planar samples, the PL peak is 

noticed for NPs up to 30% In concentration. As shown in Figure 5.3(b), the InGaN PL peak at 

~ 450 nm is clearly visible for the 30% In NP sample, in addition to the increased emission 

intensity from the 20% In NP sample compared to its planar counterpart. However, PL is still 

not observed for the 50% In NP sample. Furthermore, the InGaN PL peak of the 20% In NPs 

is shifted towards shorter wavelengths by 10 nm compared to those of planar structures. Strain 

relaxation in the NPs might be the reason behind this observed blue shift. The small foot print 

of NPs helps in reducing the defect density compared to the planar structures and leads to 

enhanced radiative recombination of photo-generated carriers, which results in the observation 

of PL emissions from the 30% In NP MQWs. Further, enhanced absorption and emission by 
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the NPs compared to the planar structures augment the PL of the NP samples [18]. These two 

factors aid the surge and enrichment of the InGaN peak for the 30% and 20% In NP samples 

respectively (Figure 5.3(b)). However, in the case of the 50% In NP sample, defect density and 

phase segregation may be above the threshold to produce any PL emissions from the MQWs. 

Overall, diffuse reflectance and PL spectra reveal that the 20% and 30% In samples can capture 

sunlight up to 420 and 450 nm, respectively, and that there is a greater enhancement in 

absorption by the NPs compared to their corresponding planar samples. 

5.4. PEC performance of InGaN/GaN MQW photoanodes 

 The PEC performance of the InGaN/GaN MQW planar and NP photoanodes was 

measured in NaOH electrolyte under one sun illumination. The experiments were carried out 

using three electrodes set up with InGaN/GaN MQWs as photoanodes. The Ti/Au contacts 

were made to the bottom n-GaN layer of the InGaN/GaN MQW photoanodes. ICP was used to 

etch the top n-GaN layer and MQWs to expose the bottom n-GaN layer of the MQW structure. 

The details of the contact preparation of the photoanodes and PEC measurements are discussed 

in Chapter 2 and Chapter 4. 

5.4.1. PEC performance of planar photoanodes 

 Figure 5.4 shows the PEC performance of the planar photoanodes measured under dark 

and one sun illumination. The planar photoanodes with all In concentrations show negligible 

dark currents. The reference photoanode (without MQWs) generates a photocurrent density of 

~0.48 mA/cm2, which is slightly higher than the MQW photoanodes. Photoanodes with 20% 

and 30% In show similar saturation photocurrent densities of ~0.44 mA/cm2, but the 50% In 

photoanode witnessed a slightly lower photocurrent density of ~0.4 mA/cm2. This indicates 

that the InGaN MQWs do contribute to the PEC performance of MQW planar photoanodes. 

The slight drop in the photocurrent of the InGaN photoanodes can be attributed to the relatively 

lower quality of the top n-GaN layer of the InGaN MQWs compared to the reference 

photoanode, as discussed below. Further, a slight positive shift in onset potentials, the potential 

at which photocurrent onset occurs, is observed for the MQW photoanodes compared to the 

reference photoanode. The photocurrent onset occurs at ~ -1.1 V for the reference photoanode 

and at -1.0 V for the 50% photoanode. The drop in photocurrent density and anodic shift in 

onset potential for the InGaN photoanodes can be attributed to the relatively low quality of the 

top n-GaN layer. This is because the top n-GaN layer of the InGaN MQW samples were grown 

at a lower temperature than the reference to avoid diffusion of In from the InGaN MQW layers. 
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The depletion layer effect on the PEC performance of planar photoanodes can be eliminated 

since the reference and InGaN planar anodes have the same carrier concentration (5x1018 cm-

3). The depletion layer thickness for this carrier concentration can be less than 100 nm [23, 24, 

19]. InGaN MQWs in our photoanodes are placed 275 nm (thickness of top n-GaN layer) below 

the semiconductor/electrolyte interface. Therefore, the depletion region does not influence the 

PEC performance of InGaN photoanodes. 

 

Figure 5.4: J-V characteristics of InGaN/GaN MQW planar photoanodes measured under dark 

and sunlight illumination using a three terminal PEC set up. 

5.4.2. PEC performance of NP photoanodes 

 Figure 5.5 shows the influence of In concentration on the current density of InGaN 

MQW NP photoanodes under dark and sunlight illumination. The current density for NPs under 

dark remains zero irrespective of the In concentration. As shown in Figure 5.5, the NPs in 

comparison with the planar photoanodes exhibit vastly different J-V characteristics and 

generate much greater photocurrent densities. Almost 100% improvement is observed in the 

photocurrent density for the reference NP photoanode compared to the planar reference 

photoanode. For the 30% In NP sample, the photocurrent density reaches ~1.6 mA/cm2, which 

is almost four times that of the corresponding planar photoanode and 1.8 times that of the 

reference NP photoanode. This indicates that the InGaN MQWs play a significant role in the 

PEC performance of the NP photoanodes, unlike the planar photoanodes. The vast increase in 

the semiconductor/electrolyte interface area and enhanced absorption by the NPs (Figure 

5.3(b)) can be attributed to this huge improvement in the photocurrent density. The NP 
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geometry brings the InGaN MQWs into direct contact with the electrolyte. Therefore, photo-

generated carriers in InGaN under sunlight illumination can participate in water splitting and 

thus contribute to the enhanced photocurrent density of InGaN NPs compared to the reference 

NP photoanode. The photocurrent density of the InGaN NP photoanodes improves with 

increasing In concentration up to 30% In, which can be attributed to absorption extended into 

the visible part of the spectrum by the InGaN NPs, as observed in Figure 5.2(b) and Figure 

5.3(b). Further increasing the In concentration leads to severe defect formation which results 

in inferior performance of the InGaN NP photoanodes, as shown for the 50% In NP 

photoanodes. From Figure 5.5, it can also be observed that the NP photoanodes exhibit higher 

onset and saturation potentials compared to their counterpart planar photoanodes. This could 

be due to surface damage sustained during NP fabrication. Furthermore, similar to the planar 

photoanodes, there is a slight positive shift in the onset potential of the NP InGaN/GaN MQW 

photoanodes with respect to the reference electrode. However, this shift is not as apparent as 

for the planar MQWs. This may be due to dominating surface damage effect on the onset 

potentials of the MQW NPs.  

 

Figure 5.5. J-V characteristics of InGaN/GaN MQW NP photoanodes measured under dark 

and sunlight illumination using a three terminal PEC set up. 

To further understand the influence of InGaN on the PEC performance of InGaN/GaN 

MQW photoelectrodes, the fill factor (FF) was extracted from J-V characteristics of planar 

(Figure 5.4) and NP (Figure 5.5) photoanodes and listed in Table 5.1 by following the 

methodology described by Wang et al. [25]. The FF was estimated using the following relation 
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𝐹𝐹 =
𝑃𝑚𝑎𝑥

|𝑉𝑂𝑛𝑠𝑒𝑡−𝑉𝑅𝐻𝐸|×𝐽𝑅𝐻𝐸
        ………………5.1 

where Pmax is the maximum power obtained by the photoelectrode, Vonset is the potential at 

which the photoelectrode current passes zero, VRHE is the potential of the reversible hydrogen 

photoelectrode and JRHE is the current density at VRHE. The fill factors for the planar 

photoanodes irrespective of the In concentration are nearly the same. This indicates that only 

the top GaN layer is contributing to the PEC performance and InGaN is not supplementing the 

PEC performance. On the other hand, a significant drop in FF is noticed for the reference and 

InGaN NP photoanodes. The drop in FF for reference NP photoanode compared to the 

reference planar sample could be due to the surface damage caused to the NPs during 

fabrication. A further drop in FF for the 20% and 30% In NPs implies that InGaN is involved 

in the PEC performance of these photoanodes. However, the FF for the 50% NP photoanode is 

increased compared to the 20% and 30% In NP photoanodes, but still lower than the reference 

NP photoanode. This implies that InGaN is not contributing to the PEC performance and due 

to the inferior crystal quality of the 50% In NPs compared to the reference photoanode the 50% 

exhibits lower FF compared to the reference NP photoanode. 

Table 5.1. Fill factor calculated for PEC performance of planar and NP photoanodes. 

Planar photoanodes NP photoanodes 

% In FF (%) % In FF (%) 

0 60.9 0 46.27 

20 57.6 20 23.6 

30 58.44 30 19.20 

50 59.53 50 30.0 

 

5.5. Incident photon-to-current conversion efficiency  

 To further elucidate the influence of In on the PEC performance of InGaN MQW 

photoanodes, incident photon-to-current efficiency (IPCE) was measured for the reference and 

30% In planar and NP photoanodes and illustrated in Figure 5.6. The IPCE was determined 

using the following equation  

𝐼𝑃𝐶𝐸(%) =
|𝐽𝑝ℎ(𝑚𝐴 𝑐𝑚2⁄ )|×1239.8

𝑃𝑚𝑜𝑛𝑜(𝑚𝑊 𝑐𝑚2)×⁄ 𝜆(𝑛𝑚)
× 100%        ……….. 5.2 

where λ is wavelength, Jph is the photocurrent density and Pmono is the incident light power at a 

given wavelength. The IPCE was measured at zero applied potential versus the Ag/AgCl 
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reference electrode. As shown in Figure 5.6, the IPCE of each planar photoanode and the 

reference NP photoanode drops to negligible values beyond 370 nm, which is slightly below 

the band gap of GaN. In contrast, there is a great enhancement in the IPCE for the 30% In NP 

photoanode near the band edge of GaN. Moreover, the IPCE of the 30% NP sample extends 

into the visible region up to 440 nm, which is slightly below the band gap of the MQWs 

observed from diffuse reflectance (Figure 5.2 (b)) and PL (Figure 5.3(b)). This confirms that 

InGaN participates in water splitting for the NP photoanodes but does not contribute in planar 

photoanodes, which agrees with observations of the photocurrent densities for planar and NP 

photoelectrodes (Figure 5.4 and Figure 5.5). The IPCE confirms that InGaN plays a crucial role 

in the PEC performance of NP photoanodes but has little impact on the performance of planar 

photoanodes. 

 
Figure 5.6. Incident photon-to-current efficiency (IPCE) of the reference and 30% In planar 

and NP photoanodes measured at zero applied potential versus the Ag/AgCl reference 

electrode. 

5.6. Applied Bias Photon-to-Current Conversion efficiency 

Figure 5.7 shows the ABPE efficiency of InGaN/GaN planar and NP photoanodes, 

determined from their J-V measurements (Figure 5.4 & Figure 5.5) by following Equations 4.2 

and 4.3. The ABPE of the reference NP photoanode is slightly improved compared to the planar 

photoanode. On the other hand, a marginal drop in ABPE is observed for NP photoanodes with 

20% and 30% In compared to their planar counterparts while a significant drop is observed for 

the 50% In sample. Moreover, all InGaN/GaN MQW planar photoanodes exhibited lower 

ABPEs compared to reference planar photoanodes. Relatively inferior quality of the top GaN 
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and non-participation of the InGaN layers in the water splitting reaction (Figure 5.6) may have 

contributed to low ABPEs for InGaN/GaN planar photoanodes compared to the reference 

photoanode. The increase in onset and saturation potentials due to ion surface damage and 

increased defect densities in InGaN layers can be attributed to the lower ABPEs of InGaN/GaN 

MQW NP photoanodes compared to their planar counterparts and reference NP photoanode.  

 

Figure 5.7: ABPE of InGaN/GaN MQW (a) planar and (b) NP photoanodes with different In 

content in InGaN layers. 

5.7. Stability of GaN photoanodes 

Figure 5.8 (a) shows the transient current density of planar and NP GaN photoanodes 

against time measured at bias voltage of 0 V versus Ag/AgCl in 1 M NaOH under one sun 

illumination. Transient currents were measured by closing and opening the shutter of the solar 

simulator while measuring the current density of the photoanodes. From Figure 5.8(a), it can 

be observed that the NP photoanode is unstable in electrolyte as the photocurrent density of the 

NP photoanode decreased gradually over time, while the photocurrent density of the planar 

photoanode remained stable. The photocurrent density of the NP photoanode dropped to below 

that of the planar photoanode after five minutes. The degradation of the NPs further confirms 

that photo-chemical reaction is not contributing to the PEC performance of the NP 

photoanodes. It is well known that the c-plane of GaN is chemically stable compared to the r 

and m-planes. [26, 27] When the planar photoanodes are dipped in the electrolyte, only the c-

plane is exposed to the electrolyte and hence the planar photoelectrodes exhibit stable 

performance. On the other hand, for NP photoanodes, the m- and r-planes are exposed to the 

electrolyte, resulting in photocurrent degradation with time.  
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Figure 5.8. (a) Photostability of planar and NP GaN reference photoanodes under AM1.5 

light illumination at 0 V vs. Ag/AgCl in 1 M NaOH electrolyte and (b) schematic energy 

band diagram of GaN/co-catalyst/electrolyte and electron and hole transfer at the material 

interfaces (CB: conduction band, VB: valence band and Ef: Fermi level). 

5.7.1. Transition metal oxide co-catalysts for stability of NP photoanodes 

NiO and Co3O4 co-catalysts were employed to improve the stability of the NP 

photoanodes. A schematic band diagram of the GaN/NiO/electrolyte interface is illustrated in 

Figure 5.8(b). Co-catalyst energy band positions are located at a higher energy relative to the 

GaN energy bands. As a consequence, the migration/extraction of photogenerated holes from 

GaN to the co-catalyst is enhanced, thereby significantly reducing the number of holes 

accumulated at the NP/electrolyte interface. The reduced number of accumulated holes at the 

interface thus leads to reduced oxidative etching of the NPs surface. This results in the 

improved photostability of the GaN NP photoanodes. 

5.7.2. NiO co-catalyst for the stabilization of NP photoanodes 

 

GaN NPs with a carrier concentration of 1x1018 cm-3 fabricated using a 5 nm thick Ni 

mask were employed in studying the stability of the photoanodes. NiO nanoparticle co-catalyst 

decoration on the surface of the GaN NPs was achieved by depositing a 5 nm Ni film on the 

GaN NPs using e-beam evaporation. The Ni film-coated NPs were furnace annealed at 550 oC 

in air for 30 min to convert the Ni film into NiO nano-islands. Figure 5.9 shows an SEM image 

of the GaN NPs with the NiO co-catalyst. From the SEM image, it can be observed that the 

NiO nanoparticles are uniformly decorated over the NPs.  
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Figure 5.9. SEM image of GaN NPs decorated with a NiO co-catalyst taken at a 52ᴼ tilt angle.  

Transient photocurrent curves for the NP photoanodes with the NiO co-catalyst are 

shown in Figure 5.10(a). The photocurrent density became stable after NiO coating. The 

improved stability can be attributed to discontinuities in the bands between GaN and NiO [28, 

29]. The long-term stability of the NiO coated NP photoanodes is shown in Figure 5.10(b). 

Only a slight drop in the photocurrent density is noticed after 2 hr of illumination. Figure 

5.10(c) shows linear sweep voltammetry of the NP photoanodes with and without the NiO co-

catalyst under solar illumination. A small drop in the photocurrent density is observed for the 

NiO-coated NP photoanodes which could be due to parasitic light absorption by the NiO 

nanoparticles. Further, a sharp rise in photocurrent density is observed for the NiO-coated GaN 

NP photoanodes beyond 0.5 V. This voltage is close to the reported OER potential of the NiO 

co-catalyst [30] and hence the sharp rise in the photocurrent density beyond this value can be 

attributed to the electrochemical catalytic activity of NiO. 
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Figure 5.10: (a) Current density-time plots of NP photoanodes with the NiO co-catalyst, (b) 

long term photostability of NiO-coated NP photoanodes under AM1.5 light illumination at 0 

V vs. Ag/AgCl in 1 M NaOH electrolyte and (c) variation of photocurrent density with applied 

bias for GaN NP photoanodes with and without NiO co-catalyst.  

5.7.3. Co3O4 co-catalyst for the stabilization of NP photoanodes 

 GaN NPs fabricated using a 10 nm Ni film were used for the investigation of the 

photostability of GaN NPs. Sub-monolayers of cobalt oxide nanoparticles were deposited on 

the GaN NPs by flame spray pyrolysis of solutions containing cobalt (III) acetylacetonate. The 

Co3O4-coated GaN NP samples were prepared by 5 s deposition of Co3O4 sub-monolayers 

followed by calcination at 550 ᴼC for 1 hr. Combustible liquid solutions containing a total Co-

atom concentration of 0.1 M were prepared by dissolving cobalt(III) acetylacetonate in toluene. 

This combustible solution was fed through a custom-built nozzle at a rate of 3 mL/min and 

atomized with an oxygen flow of 5 L/min (COREGAS grade 2.5) at a set pressure drop of 5 
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bar. The resulting spray was ignited with a surrounding annular set of premixed 

methane/oxygen flame (CH4-flamlet = 1.2 L/min, O2-flamlet = 2 L/min, COREGAS grade 4.5).  

 
Figure 5.11: (a) SEM image of GaN NPs coated with Co3O4 nanoparticles using flame spray 

synthesis, (b) linear sweep voltammetry of NP photoanodes with and without Co3O4 under one 

sun illumination and (c) photostability of the NP photoanodes in 1 M NaOH electrolyte with 

and without Co3O4.  

An SEM image of the GaN NPs decorated with the Co3O4 co-catalyst is shown in Figure 

5.11(a). It is seen that the NPs are partially covered by Co3O4 where the top part of the NPs is 

loaded with Co3O4 but the bottom of the NPs is not fully covered. Figure 5.11(b) shows the 

dependence of the photocurrent density on applied bias versus Ag/AgCl measured under one 

sun illumination in NaOH electrolyte for GaN NP photoanodes with and without Co3O4. A 

cathodic shift in the onset potential of ≈ 100 mV is noticed for the Co3O4-coated NP samples 

compared with bare NPs. The efficient collection of the photogenerated holes and negligible 

parasitic absorption by Co3O4 can be attributed to the improved PEC performance of the Co3O4-

coated NP photoanodes. The favourable band bending at the GaN/Co3O4 interface assists the 

separation of photo-generated carriers, allowing holes to diffuse from GaN into Co3O4 even at 

lower applied potentials (Figure 5.11(b)). This contributes to the improvement in the onset 
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potential for Co3O4-coated GaN NPs compared to the bare GaN NPs. The photostability of the 

NP photoanodes with and without Co3O4 tested at 0 V versus Ag/AgCl under one sun 

illumination is shown in Figure 5.11(c). A considerable improvement in stability is observed 

for GaN NP photoanodes with the Co3O4 co-catalyst compared to the bare NP photoanodes.  

5.7.4. Electrochemical impedance spectroscopy 

 

Figure 5.12: (a) Nyquist plots of bare (open squares) and Co3O4-decorated GaN NP 

photoanodes (solid squares) fitted with an equivalent circuit impedance and (b) the equivalent 

circuit used to model the photoelectrode/electrolyte interface. In figure (a), the solid black line 

is the fitted curve from the equivalent circuit model. 

Electrochemical impedance measurements were carried out under one sun illumination 

in open circuit mode. Nyquist plots of Co3O4-coated and bare GaN NP photoanodes are shown 

in Figure 5.12(a). In general, a smaller arc diameter of a Nyquist plot means the charge transfer 

resistance between the semiconductor and electrolyte is lower. The diameter of the Nyquist 

plot for GaN after Co3O4 coating is decreased compared to the bare GaN. This indicates that 

the deposition of Co3O4 reduces the charge transfer resistance and improves the charge transfer 
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kinetics at the interface between GaN and electrolyte. This contributes to the improved PEC 

performance of GaN NPs after Co3O4 deposition as discussed above.  

The Randles circuit or equivalent electrical circuit is designed to further investigate the 

photoelectrode/electrolyte interface and it is shown in Figure 5.12(b). The equivalent circuit 

consists of series resistance Rs in series with a parallel combination of parallel resistance Rp 

and a constant phase element (CPE). Rs and Rp of the equivalent circuit represent the electrolyte 

resistance and the charge transfer resistance between the photoelectrode and electrolyte, while 

the CPE is associated with the diffusion capacitance of the double layer formed at 

photoelectrode/electrolyte interface. The equivalent circuit model (solid black line) fitted to the 

GaN NP Nyquist plots in Figure 5.12(a) revealed that the Rp value decreased from 1750 to 915 

Ω for GaN NPs after being coated with Co3O4, while there is no change in the Rs of 40 Ω. This 

confirms that the Co3O4 decoration of GaN NPs has significantly reduced the charge transfer 

resistance for photogenerated carriers at the photoelectrode/electrolyte interface there by 

contributed to the improved PEC performance of Co3O4-coated NPs. 

5.8. Summary   

In summary, band gap engineering of GaN has been investigated by incorporating 

InGaN/GaN MQWs into GaN to capture an extended range of the solar spectrum. The optical 

properties of the InGaN/GaN MQW planar and NP structures reveal that the optical absorption 

wavelength of InGaN/GaN MQWs is extended into visible spectrum with increasing In 

concentration and reaches up to 450 nm for the 30% In sample. However, extended absorption 

by InGaN is not noticed for the 50% In sample, possibly due to the large defect density in the 

MQWs. The PEC studies of these samples reveal that the In content has little effect on the 

planar MQW photoanodes because the MQWs are not directly in contact with the electrolyte 

and far from the semiconductor/electrolyte interface. The MQW NPs, on the other hand, 

generate much greater photocurrent densities that display a very strong dependence on the In 

content. This dependence arises from the direct exposure of the InGaN MQWs to the 

electrolyte, which allows holes to escape with far greater ease. Out of the four NP photoanodes 

with In contents ranging from 0%, to 50%, the 30% In NPs generated the largest photocurrent 

densities of 1.6 mA/cm2 respectively, as compared to 0.44 mA/cm2 generated by their planar 

counterparts and 0.9 mA/cm2 generated by the reference NPs. Photostability studies of the NP 

photoanodes were carried out using NiO and Co3O4 co-catalysts. NPs coated with NiO 

exhibited a long-term stable PEC performance under one sun illumination. The Co3O4 co-

catalyst improved the PEC performance and photostability of the NPs. Optimisation of the In 
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concentration, the absorption effects, and the right choice of co-catalyst could make it possible 

to achieve a stable and improved PEC performance for InGaN/GaN NP photoanodes. 
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Chapter 6                                                                             

Fabrication and Photoelectrochemical Studies of InP Nanopillars 

6.1. Introduction 

Light harvesting via tandem semiconductor absorbers is considered one of the most 

promising approaches for efficient overall photoelectrochemical (PEC) water splitting to 

generate hydrogen fuel, where both electrodes are made of photoactive materials with 

complementary band gaps [1]. Gallium nitride (GaN) based alloys and indium phosphide (InP) 

have the potential to be a perfect combination of photoelectrodes for PEC tandem cells given 

their direct and complementary band gaps and favourable band edge positions for PEC water 

splitting. As noted in Chapters 4 and 5, we demonstrated GaN based nanopillars (NPs) as 

excellent photoanodes with PEC performances reaching close to the theoretical limit. The 

incorporation of InGaN/GaN multiple quantum wells (MQWs) into GaN further improved PEC 

performance through the band gap engineering of GaN. This chapter discusses the development 

of photocathodes with a complementary energy band gap and favourable conduction band with 

respect to the water reduction potential for high efficiency PEC tandem cells. Although the 

band gap of GaN alloys can be engineered to 0.7 eV (InN), it is extremely difficult to achieve 

defect free growth of InGaN layers beyond 30% In concentration and to make low resistance 

Ohmic contacts to p-type GaN [2, 3]. 

On the other hand, InP possesses all the essential attributes to be a highly efficient 

photocathode such as optimum and direct band gap (1.35 eV) for water splitting, high 

absorption coefficient and perfect conduction band alignment with the water reduction 

potential [4, 5]. InP can capture sunlight up to the infrared region (IR) due to its low band gap 

and allows the usage of thin-film material given its high absorption coefficient, where a few 

microns of InP is enough to capture nearly all the incident light. Most importantly, InP can 

serve as an ideal complementary low band gap photocathode material for photoanodes with 

band gaps of 1.6 to 1.7 eV in a PEC tandem cell configuration to achieve very high efficiency 

overall water splitting [1]. The enhanced absorption and increased semiconductor/electrolyte 

interface area of nanostructures can further improve the performance of InP photocathodes. 

Among the III-V semiconductors, InP attained considerable research interest as a photocathode 
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for PEC water splitting applications [6-14, 5, 4]. Gao et al. reported the highest ever 

photocathodic efficiency of 15.8% for InP photocathodes in 1 M HClO4 electrolyte under one 

sun illumination [9] by incorporating a buried junction and periodic array of NPs at the top of 

photoelectrode. The photovoltage of the photocathodes was controlled by the buried junction 

instead of the semiconductor/electrolyte junction and the absorption properties of the 

photocathodes were manipulated by the periodic array of NPs fabricated using a top-down 

approach. Lee et al. achieved approximately 14% cathodic efficiency for InP NP photocathodes 

fabricated using a top-down approach [14]. So far, all the reported NP photocathodes fabricated 

using a top-down approach used an extensive and cumbersome approach to remove plasma 

damage. Further, long-term stability of the photocathodes, irrespective of the NP synthesis 

technique, was achieved by deposition of a protection layer, typically TiO2 [9, 14, 10-12, 8]. 

To avoid multi-step processing, in this work, we propose the wet chemical treatment of NPs in 

sulfur dissolved oleylamine (S-OA) for simultaneous plasma damage removal and protection 

against photocorrosion for long-term stability of photocathodes to develop highly efficient InP 

photocathodes in a simple and cost-effective approach. 

 This chapter presents the fabrication of large area InP NPs using a cost-effective top-

down approach, plasma damage removal using a wet chemical treatment and a study of their 

PEC performance. Section 6.2 deals with the top-down fabrication of large area InP NPs using 

inductively coupled plasma etching (ICP) of InP wafers, masked using a self-organized random 

mask technique. However, as-fabricated NPs are severely damaged by high energy plasma ion 

impingement, which causes the formation of defect states at the semiconductor surface. These 

defects act as traps for photogenerated carriers, thereby reducing the PEC performance of NP 

photocathodes. Section 6.3 deals with the plasma damage removal of NPs using S-OA solution 

and studying their morphology and optical properties. Photoluminescence (PL) and time 

resolved photoluminescence (TRPL) techniques were employed to characterise the optical 

quality of the NPs after removing plasma damage. The absorption properties of the InP planar 

and NP structures are discussed in Section 6.4. Section 6.5 is focussed on PEC studies of InP 

planar and NP photocathodes. The S-OA treated InP NP photocathodes exhibited a huge 

improvement in PEC performance compared to the planar and as-fabricated NP photocathodes. 

The influence of the S-OA treatment on charge transfer resistance for photogenerated carriers 

at the semiconductor/electrolyte interface is discussed in Section 6.6. Section 6.7 presents the 

long-term stability of NP photocathodes followed by Section 6.8 which concludes Chapter 6.  
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6.2. Fabrication of InP NPs 

  

Figure 6.1: SEM image of InP NPs fabricated using ICP etching of self-organised randomly 

masked p-InP wafers. The image was taken at a 52ᴼ tilt angle and the scale bar is 500 nm.  

In this work, we employed p-type InP (100) wafers with carrier concentrations of 2–5 

x 1017 cm-3 for the fabrication of NPs using a top-down approach. A self-assembled random 

mask technique was employed to make an etch mask for ICP fabrication of NPs in a top-down 

approach [15-18]. Au/SiO2 was used as a mask for the fabrication of InP NPs. The mask 

preparation methodology used for the fabrication of large area InP NPs is similar to the mask 

preparation for the fabrication of GaN NPs as discussed in Section 4.2 of Chapter 4 and also 

discussed in Chapter 2. Instead of a Ni mask as for the fabrication of GaN NPs, Au was used 

as a metal mask for the top-down fabrication of InP NPs because InP is unstable at higher 

temperatures compared to GaN and Au can form nano-islands at lower temperatures. Further, 

a 500 nm SiO2 film was deposited on the rear side of the InP wafer to protect the wafer from 

decomposition during RTA annealing while converting the Au film into nano-islands. The Au 

film was converted into nano-island particles by RTA annealing at 500 ᴼC in an Ar atmosphere 

for 1 min. Reactive ion etching (RIE) was then used to etch the SiO2 around the Au nano-island 

particles to produce an Au/SiO2 etch mask. The SiO2 etching was carried out at room 

temperature and 200 W RF power. CHF3 gas was injected at a flow rate of 25 sccm while 

maintaining the chamber pressure at 30 mTorr. After mask production, a SAMCO ICP system 

was employed to fabricate InP NPs using Cl2/Ar gas chemistry. NP fabrication was carried out 

at an electrode temperature of 200 ᴼC and a chamber pressure of 2.3 mTorr. The plasma was 

generated by flowing 25/1.5 sccm of Cl2/Ar and applying 50/200 W RF/ICP power. Cr coated 
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sapphire was used as a carrier wafer to load the InP wafers into the ICP reactor. After NP 

fabrication, the samples were immersed in buffered HF to remove the left-over mask and rear 

side SiO2 deposited during the mask preparation stage. Figure 6.1 shows SEM images of as-

fabricated InP NPs after removing the mask. From Figure 6.1, the NPs fabricated using the 

random mask exhibit uniform height and very high density. The average diameter and length 

of the NPs were measured from the SEM image to be ~200 nm and ~900 nm, respectively. 

However, plasma caused severe damage to the NP surface as can be seen from the surface of 

NPs (Figure 6.1). 

6.3. Plasma surface damage removal 

As discussed above in Section 6.2, InP NPs fabricated using plasma etching techniques 

experience severe surface damage due to high energy ion impingement. These defects from 

surface damage can be detrimental to the PEC performance of InP NPs since they act as traps 

for photogenerated carriers. Therefore, eradication of surface damage is critical to reap the 

advantages of NPs for PEC water splitting applications. So far, the digital etching technique, 

which involves the self-limiting oxidation and subsequent removal of the oxide layer, is the 

most commonly used technique for removing the plasma damage at nanoscale levels [19, 20]. 

However, this technique is cumbersome for etching relatively thick layers as it requires a large 

number of repetitive oxidation and removal cycles. To avoid this difficulty, in this work, the 

sulfur dissolved oleylamine solution was employed to remove the surface damage of InP NPs 

through a monolayer controlled etching process [21]. Furthermore, S-OA treatment is also 

found to provide simultaneous surface passivation and stabilisation of InP NPs [21-23]. From 

here onwards, the oleylamine contained sulfur solution is referred as S-OA. The NPs were wet 

treated in S-OA to remove the plasma damage.  

6.3.1. Morphology of NPs 

To eliminate the surface damage from the InP NPs, wet treatment was carried out using 

5% S-OA solution. The 5% S-OA solution was prepared by dissolution of 5 g of sulfur in 100 

ml oleylamine solution at 98 ºC for a prolonged time (>24 hours). The reaction of sulfur with 

oleylamine forms alkyl ammonium polysulfides in solution. Next, the InP NP samples were 

immersed in S-OA solution while maintaining the temperature at 98 ºC. The morphology of 

the NPs before and after the wet treatment in S-OA is shown in Figure 6.2. From Figure 6.2, it 

can be observed that the sidewalls of the NPs become smooth after wet treatment compared to 

the as-fabricated NPs. This suggests that the surface damage is eliminated during wet treatment 
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of NPs in S-OA. Further, the increase in etching time from 60 to 90 min led to variation in the 

morphology at the top of the NPs. F. Maeda et al. [22] and S. Naureen et al. [21] proposed an 

etching model to explain the controlled sculpting of InP in S-OA. According to them, the 

polysulfides in S-OA solution adsorb to the InP surface and sulfur atoms bond to either In or 

P. The bonded sulfur then invades the In-P bonds to form soluble InPS4. The dissolution of 

InPS4 results in etching of an InP layer and the etching continues by attacking the underneath 

InP layers.  The S-OA wet treatment of InP is an anisotropic etching process and the etch rate 

depends on the crystal orientation of the material. This anisotropic etching process leads to the 

change in the morphology of NPs with increasing wet treatment time because the differences 

in etching rates of InP in different crystallographic planes may become prominent after a longer 

etching time. The anisotropic etching behaviour of NPs in S-OA can be attributed to the 

variation in the morphology of NP tips as observed from Figure 6.2(b)-(c) when increasing the 

etch time from 60 to 90 min. 

   

Figure 6.2: SEM images of (a) as-fabricated large area InP NPs and S-OA trim etched NPs for 

(b) 60 min and (c) 90 min. SEM images were taken at a 52ᴼ tilt angle and scale the bar is 500 

nm. 

(a) (b)

(c)
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6.3.2. Optical characterization of NPs 

To study the effect of plasma damage and wet treatment on the optical quality of InP 

NPs, time resolved photoluminescence (TRPL) and micro-photoluminescence (µ-PL) 

techniques were employed for the optical characterization of InP NPs. Details of the TRPL and 

PL set-ups are discussed in Section 2.4.2 of Chapter 2. The TRPL and PL measurements were 

carried out on NPs, along with the wafers from which the NPs were fabricated. A 522 nm 

wavelength green laser was used to excite the samples for both TRPL and PL measurements. 

The luminescence results of the planar samples were used as a reference to estimate the 

influence of plasma damage and S-OA treatment on NP surface.  

         

Figure 6.3: (a) TRPL decay curves and (b) PL spectra of the InP wafer and NPs with and 

without wet treatment in S-OA solution measured by exciting the samples with a green laser.    

TRPL was employed to measure the minority carrier lifetime of NPs. Figure 6.3(a) 

shows the TRPL decay curves of a planar sample (bare wafer) and NPs with and without S-

OA trim etching. The minority carrier lifetime is a measure of material quality, where a longer 

minority carrier lifetime means a lower defect density. The minority carrier lifetime is defined 

as the average time taken for the photoexcited carriers to recombine either radiatively or non-

radiatively. The minority carrier lifetime is expressed as 
1
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curve with an exponential decay function. The minority carrier lifetimes for the InP wafer and 

NPs were extracted by fitting the TRPL decay curves in Figure 6.3(a) with mono-exponential 
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wet treatment in S-OA solution. As observed from Figure 6.3(a) and Table 6.1, the minority 

carrier lifetime of as-fabricated NPs drops by around 67% compared to the wafers. As-

fabricated NPs show a minority carrier lifetime of 119 ps against 363 ps for the wafer. The 

degradation of the carrier lifetime indicates that the top-down fabrication process causes severe 

damage to the NP surface. The plasma damage creates defects, thereby annihilating the 

photogenerated carriers through non-radiative recombination. On the other hand, the S-OA 

treatment of NPs shows substantial improvement in the minority carrier lifetime of the NPs 

compared to the as-fabricated NPs. The minority carrier lifetime of the NPs is increased with 

increasing wet treatment time. Moreover, the minority carrier lifetime for the NPs exceeds the 

value of the wafer from which the NPs were fabricated after 90 min of wet treatment. The 

minority carrier lifetime of the InP NPs reached 425 ps after S-OA treatment. The improvement 

in the optical quality of the NPs after S-OA treatment indicates that it successfully eliminated 

the surface damage of the NPs through the layer-by-layer etching of InP. Furthermore, the 

improved carrier lifetime of 90 min S-OA treated NPs in comparison to the bare wafer suggests 

that S-OA not only removes the plasma damage but also passivates the InP surface. The 

passivation of the NPs can be attributed to the formation of a sulfide layer around the NPs 

during the S-OA treatment [24, 25]. It was reported that the optical quality of InP was improved 

after sulfur treatment due to the formation of a sulfide layer on the InP surface [21, 26].  

Table 6.1: Minority carrier lifetime of the InP wafer and NPs with and without S-OA treatment 

extracted by fitting the TRPL decay curves with exponential decay functions. 

Sample Lifetime (ps) 

Wafer 363 

0 min S-OA 119 

60 min S-OA 222 

90 min S-OA 425 

 

PL measurements were carried out to further investigate the optical quality of the InP 

planar and NP samples and the results are presented in Figure 6.3(b). Although the comparison 

of PL intensity of planar and NP samples does not provide any insights into the optical quality 

of the materials given the difference in absorption and emission properties of NPs and planar 

samples, the relative variation in the PL intensity of NPs can be used to analyse the optical 

quality of the NPs before and after S-OA treatment. As shown in Figure 6.3(b), the PL intensity 
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of as-fabricated NPs is reduced considerably compared to the wafer near the band edge 

emission of the NPs due to the plasma induced surface damage of the NPs. The PL intensity of 

the NPs is recovered after S-OA treatment and shown a marked improvement in PL intensity 

with increasing wet treatment time. The remarkable improvement in PL intensity after S-OA 

treatment demonstrates the successful elimination of surface damage of the NPs after S-OA 

treatment.  

6.4. Absorption properties of NPs 

 

Figure 6.4: Diffuse reflectance spectra of InP planar and NPs before and after S-OA wet 

etching.  

To study the absorption behaviour of NPs with and without S-OA treatment, diffuse 

specular reflectance measurements were carried out using a spectrophotometer. Figure 6.4 

shows the diffuse reflectance spectra of planar, as-fabricated NPs and 90 min S-OA treated 

NPs. From Figure 6.4, it can be seen that the planar sample reflects more than 30% of the 

incident light above the band gap of InP (~920 nm). Fabrication of NPs reduces reflection 

losses to insignificant values. This means that almost all the incident light is absorbed by NPs 

as the transmission losses for InP NPs can be neglected since the absorption length of light for 

InP is less than 1 µm based on the bulk absorption coefficient. The striking improvement in 

absorption properties of NPs can be attributed to the suppressed Fresnel reflection losses [27, 

28]. Moreover, the S-OA shows no influence on absorption properties of NPs. This could be 

due to the fact that the removed damaged layer (due to plasma etching) of the NPs after S-OA 

treatment is not thick enough to affect the absorption properties of the NPs. As shown in Figure 
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6.4, the diffuse reflectance spectrum of the S-OA treated NPs follows a trend similar to that of 

the untreated NP samples. The improved absorption leads to enhanced photo-excited carrier 

generation thereby contributing to the enhanced photocurrent of the NPs compared to the planar 

structures.   

6.5. PEC studies of InP photocathodes 

The PEC performance of the InP planar and NP photocathodes was evaluated using a 

PEC cell consisting of three electrodes. The details of the PEC testing station are discussed in 

Section 2.6 of Chapter 2. The PEC measurements were performed in 1 M HCl electrolyte under 

simulated one sun illumination using InP planar/NP structures as a working photocathode, Pt 

as a counter electrode and Ag/AgCl as a reference electrode. In this work, voltammetry 

measurements are reported with applied potential versus RHE. The following relation was used 

to convert the applied potential versus Ag/AgCl into applied potential versus RHE  

𝑉 𝑣𝑠. 𝑅𝐻𝐸 = 𝑉 𝑣𝑠. 𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.197 + 0.059 ∗ 𝑝𝐻   …………… 6.1 

Since the pH value for 1 M HCl electrolyte, used in this study, is zero, eq 1 becomes 

                     𝑉 𝑣𝑠. 𝑅𝐻𝐸 = 𝑉 𝑣𝑠. 𝐴𝑔𝐴𝑔𝐶𝑙 + 0.197      ……………….6.2 

6.5.1. Fabrication of InP photocathodes 

To test the PEC performance of InP planar and NP photocathodes, Zn/Au ohmic 

contacts were made to the rear side of the InP samples. The wet treatment of NPs was carried 

out after preparing the contacts to the samples. Back contacts to the InP photocathodes were 

made by DC sputtering of 20/100 nm thick Zn/Au films followed by annealing in forming gas 

(H2 (5%) +N2) at 400 ᴼC for 40 mins. Before depositing the back-contacts, the samples were 

dipped in buffered HF for one minute to remove the native oxide. After making contacts, 2 nm 

platinum was deposited as a catalyst on top of the InP samples using electron beam evaporation. 

The active area of each photocathode was then defined by painting with non-transparent nail-

polish. Finally, the fabrication of photocathodes was accomplished by applying white paint to 

the back of the photocathodes to prevent the corrosion of metal contact and block carrier 

leakage from the metal contacts.  

6.5.2. PEC performance of NP photocathodes 

 The PEC performance of the InP planar and as-fabricated NP photocathodes is shown 

in Figure 6.5. The dark currents for both planar and NP photocathodes were insignificant. 
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Ironically, both photocathodes exhibited merely similar saturation current densities even under 

sunlight illumination despite striking enhancement in light absorption by the NPs compared to 

the planar structure as discussed in Section 6.4 of this chapter. Planar and NP photocathodes 

show similar saturation photocurrent densities of over 20 mA/cm2 despite more than 30% 

improvement in light absorption by the NPs compared to their counterpart. Further, a 100 mV 

negative shift in onset potential is noticed for NPs compared to the planar photocathode. The 

onset of photocurrent occurs at 500 mV vs RHE for the NP photocathode compared to 600 mV 

for the planar photocathode. The decline in the PEC performance of the as-fabricated NPs can 

be attributed to the severe damage caused to the NP surface during plasma etching. As 

discussed in Section 6.3.2 of this chapter, the carrier lifetime of as-fabricated NPs is degraded 

by more than 60% compared to the planar structure. The plasma damage creates defect states 

at the NP surface which traps photogenerated carriers and prevents them from participating in 

PEC water splitting. Additional potential is required to extract these trapped photogenerated 

carriers out of the defect traps compared to the planar structures and thus results in a reduced 

onset potential for the NP photocathode. Despite this, it may not be possible to extract all the 

photogenerated carriers due to the severe surface damage sustained by the NPs. This may be a 

possible reason for the unimproved photocurrent density of as-fabricated NPs despite an 

improvement in light absorption by the NPs compared to the planar sample.    

 
Figure 6.5: Linear-sweep voltammetry of planar and as-fabricated InP NP photocathodes under 

one sun illumination in 1 M HCl electrolyte. 
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6.5.3. Influence of S-OA treatment on PEC performance of NP photocathodes 

    

Figure 6.6: Influence of wet treatment on (a) PEC performance and (b) ABPE of NPs tested in 

1 M HCl electrolyte.   

As discussed above, as-fabricated NPs exhibit slightly reduced PEC performance 

compared to the planar photocathodes due to severe plasma damage to the NPs. To overcome 

the plasma damage, the NPs were wet treated in S-OA solution and their PEC performance was 

tested. Figure 6.6(a) shows the linear sweep voltammetry measurements of InP planar and NP 

photocathodes with and without S-OA treatment. NPs exhibit exceptional PEC performance 

after S-OA treatment compared to the planar and as-fabricated NPs. InP NP photocathodes 

generate a remarkable saturation photocurrent density of nearly 34 mA/cm2 after 90 min wet 

treatment in S-OA, which is the highest ever reported value for InP photocathodes in HCl 

electrolyte under one sun illumination. The saturation photocurrent density of NP 

photocathodes increased by 67% compared to the planar and as-fabricated NP photocathodes. 

Most importantly, the photocurrent density of NPs after 90 min S-OA treatment reaches very 

close to the theoretically achievable limit for InP photocathodes (~34 mA/cm2) given the band 

gap of the material. The saturation photocurrent density of NP photocathodes is dependent on 

wet treatment time and increases with increasing wet etching time. Moreover, the onset 

potential of NPs is shifted towards higher positive values after S-OA treatment compared to 

the as-fabricated NPs and returns to the onset potential of the planar photocathode. The rise of 

the photocurrent density and retrieved onset potential after S-OA treatment is consistent with 

the TRPL and PL results (Figure 6.3). S-OA removal of plasma damage eliminates the traps of 

photogenerated carriers and thereby contribute to the improved PEC performance of wet 

treated NPs. Further, plasma damage removal also helps improve the onset potential because 

no additional energy is required to extract the photogenerated carriers from plasma defect traps, 
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as is the case with untreated NPs. In addition to the elimination of plasma damage, remarkable 

improvement in photo-absorption properties and increased electrolyte/semiconductor interface 

also contribute to the striking improvement in the photocurrent density of wet treated NPs 

compared to the planar photocathode.  

To compare the quantitative PEC performance of InP planar and NP photocathodes, the 

photocathodic conversion efficiency (ƞ) of each cathode was determined using the following 

relation [9, 29, 30] 

ƞ =
𝑉𝑎𝑝𝑝𝑗𝑝

𝑃𝑖𝑛
     …………….6.3 

where Vapp is the applied potential versus RHE, Pin is the optical power density of 

incident light and jp is the measured photocurrent density. The ƞ of the InP photocathodes is 

evaluated from the PEC voltammetry measurements presented in Figure 6.6(a). Figure 6.6(b) 

shows the ƞ of the planar and NP photocathodes under one sun light conditions calculated using 

Equation 6.3. The ƞ of S-OA treated NP photocathodes after 90 min reaches ~5.2% at an 

applied voltage of 0.23 V versus RHE, which is highest for InP nanostructure photocathodes 

without either buried junctions or heterojunctions. The ƞ of S-OA treated NP photocathodes 

exceeds their planar counterpart by 32%, where the planar photocathode recorded an ƞ of 

~3.9%. On the other hand, as-fabricated NPs exhibited inferior performance compared to the 

planar photocathodes due to the severe damage caused to the NP surface as observed in lifetime 

measurements (Figure 6.3(a) and Table 6.1). The improved onset potential and currents after 

removing the surface damage in S-OA treatment contribute to the excellent ƞ of NPs compared 

to the planar and as-fabricated NPs.  

6.6. Electrochemical impedance of NP photocathodes 

Electrochemical impedance measurements were performed at open circuit conditions 

to investigate the influence of S-OA treatment on the charge transfer resistance between the 

semiconductor and electrolyte interface. Figure 6.7(a) shows Nyquist plots of InP NP 

photocathodes with and without S-OA treatment. The half-circle radius of the Nyquist plot 

refers to the charge transfer impedance at the semiconductor/electrolyte interface, where a 

smaller diameter means a lower interface charge transfer resistance. As shown in Figure 6.7(a), 

the radius of the Nyquist plot for InP NPs is reduced substantially after 90 min of S-OA 

treatment compared to the untreated NPs. This indicates that the resistance is significantly 

reduced for the photo-excited carriers to reach the electrolyte from the semiconductor and 

participate in water splitting. The elimination of defect states at the NP surface using S-OA 
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treatment, which act as traps for photogenerated carriers (Figure 6.3(a)), help to reduce the 

interface resistance of NPs after S-OA treatment. The reduced charge transfer resistance is also 

one of the key contributors for the excellent PEC performance of the S-OA treated NP 

photocathodes compared to the as-fabricated NPs (Figure 6.6). To further investigate the 

impact of S-OA treatment on the photoelectrode/electrolyte interface, the equivalent circuit 

model was designed to extract the charge transfer resistance at the interface. The Randles 

circuit model shown in Figure 6.7(b) fitted to the measured data, as shown in Figure 6.7(a), 

confirms the drop in charge transfer resistance for S-OA treated NPs compared to the as-

fabricated NPs. The parallel resistance Rp, which represents charge transfer resistance at the 

interface, dropped from 400 Ω for as-fabricated NPs to 240 Ω for S-OA treated NP samples.  

     

Figure 6.7: (a) Nyquist plots of NP photocathodes measured before and after S-OA treatment 

and fitted to the Randles circuit and (b) Equivalent electrical circuit. 
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6.7. Stability of NP photocathodes 

 
Figure 6.8: Amperometric J-t curves of the InP NP photocathodes at 0 V vs. RHE under 

simulated one sun illumination in 1 M HCl electrolyte with and without S-OA treatment. The 

inset shows the transient J-t plots of InP NP photocathodes.  

Long-term stability is a prerequisite for any photoelectrode before being employed in 

practical PEC applications. Therefore, we tested the long-term stability of NP photocathodes 

in 1 M HCl electrolyte before and after S-OA treatment under continuous one sun illumination 

at an applied voltage of 0 V versus RHE and the results are presented in Figure 6.8. For 10 min 

at the beginning of each stability measurement, the transient J-t response was measured for 

each NP photocathode and presented in the inset of Figure 6.8. As shown in the inset of Figure 

6.8, irrespective of the wet treatment, the rise and drop of the current during on and off cycles 

of light exposure is observed for both photocathodes. This indicates that the PEC performance 

of the NP photocathodes stems from the photoresponse and is not due to chemical reaction with 

the electrolyte. However, the untreated NPs experienced a severe degradation in PEC 

performance as shown in Figure 6.8, where the photocurrent dropped by 50% within 20 min of 

commencing the stability measurement. The decomposition of the InP in the electrolyte is a 

plausible reason for the reduced PEC performance of the untreated NPs. It was reported that 

InP decomposes into oxides and phosphates in acidic solution, even in the presence of catalyst. 

The stability of the NP photocathode is improved significantly after wet treatment in S-OA. A 

drop in the photocurrent of less than 10% is registered for the NP photocathode after 100 min 
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of sunlight exposure, with the largest drop occurring within the first 10 min of the test. The 

improved stability of the S-OA treated NP photocathodes can be attributed to the presence of 

a sulfide layer, which is relatively stable in acidic electrolyte, around the InP NPs. The S-OA 

treatment of InP was reported to form a sulfide layer at the InP surface and reduce the oxides 

dramatically [22-24]. This indicates that the stable PEC performance for InP NPs can be 

achieved without any wide band gap transition oxide protection layer, such as widely studied 

TiO2. The S-OA treatment of InP NPs not only removes the plasma damage but also provides 

protection against the photocorrosion of NPs.  

6.8. Conclusions 

In summary, we demonstrated a cost-effective approach for the fabrication of InP NPs, 

proposed a new approach for simultaneous plasma damage removal and protection of InP NPs 

against photocorrosion and studied their PEC performance. A simple, cost-effective and 

scalable gold nano-island mask was developed by short time RTA annealing of a thin Au film 

to fabricate very high density and uniform height InP NPs using a top-down approach. 

However, the top-down fabrication of NPs creates severe damage to the NP surface due to high 

energy plasma ion impingement, which is confirmed through the morphology and TRPL 

measurements of NPs. The wet treatment of NPs in S-OA was employed to improve the optical 

quality of the NPs. The controlled etching of InP in S-OA removes the plasma damage, thereby 

reducing non-radiative traps for photo-excited carriers. The minority carrier lifetime of the NPs 

is improved with increasing S-OA treatment time and even surpasses the minority carrier 

lifetime of the planar wafer after 90 min of wet treatment. The improved carrier lifetime of the 

NPs after S-OA treatment can be attributed to the simultaneous etching and passivation of the 

NPs.  

The InP NPs exhibit exceptional PEC performance as a photocathode after S-OA 

treatment, where the PEC measurements were carried out using a three-electrode set-up in 1 M 

HCl. The saturation photocurrent density and photocathodic efficiency of the S-OA treated 

NPs is improved by 60% and 32% respectively, compared to their planar counterparts. On the 

other hand, as-fabricated NPs exhibit inferior PEC performance compared to the planar 

structure due to severe surface damage caused by the plasma etching. The record photocurrent 

density of close to 34 mA/cm2 was achieved after 90 min of wet treatment, which is very close 

to the theoretical limit for InP given the band gap of the material. The record PEC photocurrent 

density of the S-OA treated NPs can be ascribed to the improved absorption, enhanced 

semiconductor/electrolyte interface area and improved optical quality of the NPs. Further, S-
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OA treatment of the NPs helps to reduce charge transfer resistance at semiconductor/electrolyte 

interface, measured from electrochemical impedance, compared to the as-fabricated NPs due 

to the elimination of surface damage. Moreover, long term PEC stability is achieved for the 

NPs without any protection layer after S-OA treatment, which is attributed to the formation of 

a sulfide layer around the NPs. Relatively stable and record PEC performance of NP 

photocathodes after S-OA treatment make them a promising photocathode if the onset 

potentials are improved further as it involves cost-effective and scalable fabrication of InP NPs. 
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Chapter 7                                                                                       

Conclusions and Future Scope 

7.1. Conclusions 

This dissertation presents investigations of top-down fabrication techniques using 

inductively coupled plasma (ICP) etching for fabrication of gallium nitride (GaN) and indium 

phosphide (InP) nanopillar (NP) photoelectrodes for photoelectrochemical (PEC) hydrogen 

generation. 

Investigations on the influence of GaN NP dimensions, fabricated using a top-down 

approach, on their optical properties such as photoluminescence and absorption properties are 

presented in Chapter 3. Ordered GaN NPs with controlled dimensions and smooth side walls 

were fabricated by ICP etching of EBL patterned GaN epitaxial wafers. Variation in NP array 

pitch or spacing between the NPs, showed a strong influence on morphology and optical 

properties of the NPs for a constant NP diameter. The tapering, referring to the side wall angle 

of the NPs, increased with increasing array pitch. Significant change in optical properties was 

observed for GaN NPs compared to their planar counterpart. The PL intensity was improved 

by four times for NP arrays with a 400 nm pitch and 100 nm diameter compared to the planar 

structures and then decreased with increasing pitch. Finite-difference time-domain (FDTD) 

simulation studies were carried out to understand the influence of NP dimensions on the PL 

intensity of GaN NPs. FDTD simulations revealed that the absorption characteristics of the 

NPs were greatly influenced by NP dimensions. Reduced reflection losses contributed to 

enhanced absorption by the NPs at smaller array pitch compared to the epilayer. This enhanced 

light absorption together with light extraction efficiency contributed to the improved PL 

intensity of the NPs compared to the planar structures. Moreover, the quantum efficiency of 

the NPs revealed that as-fabricated NPs maintain reasonable optical quality compared to that 

of the epilayer from which they were fabricated. 

Chapter 4 presented a cost-effective and scalable top-down approach to fabricate large 

area GaN NPs for PEC water splitting applications. This chapter also presented investigation 

of the influence of carrier concentration and NP dimensions on their PEC performance. The 

simple and cost-effective self-assembled random mask technique was introduced to produce 
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an etch mask for top-down fabrication of GaN NPs. Using this mask technique, a Ni random 

metal mask was produced by RTA annealing of a very thin Ni film for a short time in an Ar 

atmosphere. Large area random GaN NPs fabricated by ICP etching of Ni random masked n-

GaN wafers exhibited smooth side walls and uniform height. The GaN NP dimensions were 

well controlled by varying metal film thickness and ICP etch time. Absorption properties of 

NPs were improved substantially compared to the epilayer and then deteriorated with 

increasing diameter of the NPs due to increasing reflection losses. The PEC performances of 

the GaN planar and NP photoanodes with varying carrier concentration and NP dimensions 

were evaluated using a set up consisting of three electrodes in 1 M NaOH electrolyte under 

simulated one sun illumination. NP photoanodes performed exceptionally well compared to 

their planar counterpart due to enhanced absorption properties and increased 

semiconductor/electrolyte interface area for NPs. GaN NP photoanodes achieved the highest 

ever reported photocurrent density of 1 mA/cm2, which is very close to the theoretical limit for 

GaN materials. The PEC performance of the NPs was shown to be dependent on NP 

dimensions and doping concentration. The PEC performance of the NPs decreased with 

increasing diameter and decreasing length of the NPs due to reduced optical absorption. 

Increasing the carrier concentration of the NPs caused anodic shift in the onset potential 

because of decreased depletion region width 

Chapter 5 focussed on the band gap engineering of GaN to further improve the PEC 

performance of GaN NPs and their photo-stability. To improve the PEC performance of GaN 

photoanodes, the band gap of GaN was modulated by incorporating InGaN/GaN multi-

quantum well (MQW) structures into GaN. The band gap of GaN was reduced by incorporating 

In concentrations of 20, 30 and 50% into the MQWs to extend absorption from the ultraviolet 

into the visible region of the solar spectrum. Large area MQW NP photoanodes were fabricated 

by ICP etching of Ni random masked MQW wafers. The optical absorption of the MQW NP 

structures was extended up to 450 nm for 30% In concentration. However, further increase in 

In concentration did not show PL signal for InGaN, which could be due to the formation of 

high defect densities in the InGaN layers. The PEC performance of MQW NPs exhibited a 

strong dependence on In concentration, while no significant influence of In was noticed for 

their planar counterparts. This is because the direct exposure of InGaN to the electrolyte makes 

it easy for photogenerated carriers to participate in water splitting for NP, unlike planar 

structures where InGaN are isolated from the electrolyte.  MQW NPs with 30% In generated 

the highest photocurrent density of 1.6 mA/cm2, which is 1.8 times greater than that of the NP 

photoanode without MQWs and 4 times greater than that of their planar counterpart. Moreover, 
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long-term stability of the NP photoanodes was demonstrated by decorating the NPs with 

transition metal oxide co-catalysts such as NiO and Co3O4. Co-catalysts loaded on to NPs 

extract the photogenerated holes from NPs due to their favourable band gap and act as active 

sites in place of NP surface sites for water oxidation reaction. As a result, NPs alienated from 

oxidation process thereby protected from the photocorrosion.  

Chapter 6 discussed the development of stable and highly efficient InP NP 

photocathodes using a top-down approach for PEC water splitting applications. A Au random 

mask was produced using a self-assembled random mask technique for fabrication of large area 

InP NPs. Au was chosen as a metal mask instead of Ni to avoid thermal decomposition of InP 

at high temperatures (>800 ℃) needed to form Ni random mask. As-fabricated NPs exhibited 

extraordinary anti-reflection properties above the band gap of the material. However, NPs 

suffered from severe surface damage due to plasma ion impingement. This damage was 

removed by wet treatment of InP NPs in sulfur dissolved oleylamine (S-OA) solution. The S-

OA treatment of NPs provided simultaneous plasma damage removal and passivation. The 

optical quality of the NPs was improved with increasing wet treatment time and exceeded the 

optical quality of the epilayer after 90 min S-OA treatment. The PEC performance of the InP 

NPs was tested under one sun illumination in 1 M HCl electrolyte. S-OA treated NP 

photocathodes exhibited exceptional PEC performance owing to the extraordinary absorption, 

increased surface area and improved optical quality of the NPs. The photocurrent density of 

NP photocathodes reached nearly 34 mA/cm2 after 90 min of S-OA treatment, which is very 

close to the theoretical limit for InP given the band gap of the material. The S-OA treated NPs 

showed a 32% improvement in photocathodic efficiency compared to the planar 

photocathodes. S-OA treatment also reduced the charge transfer impedance of NPs at the 

semiconductor/electrolyte interface due to the elimination of surface defects. In addition to the 

elimination of surface damage, S-OA treatment also helped to improve the photostability of 

the InP NPs, possibility due to formation of a stable sulphide protection layer around NPs.   

7.2. Future scope 

This dissertation has made considerable progress in demonstrating highly efficient and 

stable III-V semiconductor photoelectrodes such as GaN and InP NP fabricated using a top-

down approach for PEC solar water splitting applications. However, there are still many 

challenges which need to be addressed before using them for practical applications. Possible 

directions to address some of the key challenges are presented here to improve the PEC 

performance of III-V semiconductor photoelectrodes. 
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7.2.1. Improving the PEC performance of InGaN/GaN MQW photoanodes 

As discussed in this thesis, GaN NP photoanodes achieved close to the theoretically 

maximum achievable photocurrent density for GaN. To further improve the PEC performance 

of GaN NP photoanodes, we introduced low band gap InGaN/GaN MQWs into GaN to capture 

sunlight in the visible portion of the solar spectrum. Although the MQW NP photoanodes with 

30% In concentration generated 1.8 times higher photocurrent than the bare GaN NPs, the PEC 

performance of the NPs was not up to the expected level for InGaN with 30% In. The 

substandard PEC performance of the MQW photoanodes can be attributed to the very small 

active area of the InGaN/GaN MQWs given the small footprint size of the NPs and insufficient 

InGaN thickness to capture all the incident light within the band gap of the material [1]. These 

difficulties can be resolved if the MQWs are regrown epitaxially around GaN NPs using metal 

organic vapour phase epitaxy (MOVPE) in the form of core-shell structures [2, 3]. The core-

shell growth of MQWs provides InGaN along the length of the NPs to completely absorb the 

incident light compared to the very thin InGaN layers in axial MQWs. Further, the number of 

MQW structures can also be reduced for core-shall structures compared to the axial structures 

because of the increased area of the InGaN for light absorption. This can help to minimize the 

energy required to extract the photogenerated carriers from the quantum wells thereby 

contributing to improved onset potential of core-shell MQW NP photoelectrodes. The 

enhanced absorption and improved onset potential together can contribute to enrich the PEC 

performance of MQW NP photoanodes to the expected levels if the MQWs are grown in core-

shell structures. 

7.2.2. Engineering the onset potential of InP photocathodes 

This thesis demonstrated a remarkable photocurrent density achieved for InP NP 

photocathodes after removing the plasma damage. However, the photocathodic efficiency of 

InP photocathodes did not improve on a similar scale as that of the photocurrent density. This 

is mainly caused by the NP photocathodes exhibiting low onset potentials and poor fill factors. 

Therefore, improving the onset potential and fill factor is critical to exploit the remarkable 

photocurrent density and demonstrate record efficiency for NP photocathodes. The onset 

potential of InP photocathodes was reported to be greater than 0.8 V versus RHE, with an 

impressive fill factor, with the formation of a buried junction [4, 5]. This strategy can be 

adopted to improve the onset potential of InP NPs and thereby improve upon the photocathodic 

efficiency of the InP NP photocathodes demonstrated in this thesis. Buried junction InP NP 
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photocathodes can be fabricated in two possible ways using a top-down approach. One of them 

is the growth of a thick and heavily doped n-layer on top of the p-InP wafer to form a p-n 

junction followed by the top-down fabrication of NPs, where NPs are confined to only the n-

doped layer. The second approach is the epitaxial regrowth of a heavily n-doped layer around 

the top-down fabricated p-InP NPs in a core-shell structure using MOVPE. Both approaches 

have the potential to improve the onset potential and fill factor and therefore the photocathodic 

efficiency of InP photocathodes through the modifications of the band energies at the 

semiconductor/electrolyte interface. The onset potential depends on the alignment of the 

energy bands at semiconductor/electrolyte interface. A schematic of the 

semiconductor/electrolyte interface energetics with and without a buried junction is shown in 

Figure 7.1 [4]. The maximum extracted theoretical onset potential (Emax) of the photocathode 

is determined by subtracting the water reduction potential (eUH2/H2O) from the flat band 

potential of the semiconductor (eUfb) in the electrolyte. The onset potential of the 

photocathodes can be tuned by engineering the semiconductor/electrolyte interface. This can 

be achieved through the formation of a buried junction by growing heavily n-doped (n+) layers 

on top of p-InP. As shown in Figure 7.1(b), a heavily doped n-type layer makes an Ohmic 

contact with the electrolyte and n-p junction with p-type InP. The heavily doped n-layer in the 

case of buried junction n+-p InP forms favourable band alignments with the electrolyte to 

minimize the energy loss of photogenerated carriers compared to the bare p-InP, thereby 

improving the onset potential of the photocathode. Further, the fill factor of the photocathode 

is also determined by the quality of the p-n junction as the energetics of the photoelectrode is 

controlled by the p-n junction rather than the semiconductor/electrolyte interface.  

 

Figure7.1: Schematic of the semiconductor/electrolyte interface energetics in electrolyte for (a) 

p and (b) n+-p InP photocathodes [4]. 
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7.2.3. Cost effective strategies for III-V semiconductor photoelectrodes 

Although III-V semiconductor photoelectrodes have achieved record solar-to-hydrogen 

conversion efficiencies, they still suffer from heavy material cost which makes them not viable 

for generation of hydrogen fuel. The substrate wafers used for the epitaxial growth of III-V 

layers are the main contributor to the hefty price of photoelectrodes as they are ~300 µm thick, 

which is 100 times more than required for a photocathode. Due to very high absorption 

coefficient of III-V semiconductors, very thin III-V films (few microns) are sufficient to 

capture all the incident light. Therefore, eliminating substrate wafers from the fabrication of 

photoelectrodes reduces the material usage without compromising light absorption, which can 

minimize the cost of photoelectrodes. This can be best achieved using a variety of thin film 

transfer technologies such as epitaxial lift-off [6, 7], spalling [8] or selective etching [9], 

successfully demonstrated for electronic and optoelectronic device applications. Although the 

working principles vary, all these techniques involve removal of the epitaxial films from the 

expensive III-V substrates and transfer onto inexpensive rigid substrates. These thin-film 

transfer techniques allow the expensive substrates to be reused for the growth of fresh epitaxial 

films and help to overcome the cost related obstacles of III-V semiconductor devices.  

The cost of the photoelectrodes can be lowered further using direct growth of III-V 

semiconductor materials on cost friendly foreign substrates as it does not use either expensive 

III-V substrates or additional processes like thin-film transfer technology for transferring 

epitaxial films. The thin-film vapour-liquid-solid (TF-VLS) growth technique was shown to be 

capable of producing InP polycrystalline thin films with very large lateral grain size up to 1 

mm [10]. The optical quality of any material depends on the grain size in the film; larger the 

grain size means better is the quality of material [10]. TF-VLS growth of III-V semiconductor 

films has great potential for the fabrication of price worthy photoelectrodes as it can produce 

high quality III-V films. Formation of NPs can further enhance the PEC performance of these 

photoelectrodes due to enhanced absorption and surface area. Moreover, fabrication of NPs 

helps to avoid the loss of photogenerated carriers at grain boundaries in lateral directions due 

to the small diameter of NPs compared to grain size. This means all the photo-excited carriers 

in the semiconductor can contribute to PEC performance of NP photoelectrodes.  
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