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Abstract 
Solar energy is a desired energy source due to its inexhaustibly and reducibility 

in CO2 emission during energy conversion. To convert solar energy into electricity, a 

photovoltaic cell has been commonly installed and operated. However, we are facing with 

the problem of unstable energy supply such as fluctuation in time and spatially due to 

chaotic natural condition. To solve the problem, the solar energy should be stored and 

used to respond demand. Hydrogen is a desired energy storage because it can be stored 

for longer time than batteries. The potential in the energy storage enables us to transport 

the solar energy as the hydrogen to the region where amount of solar radiation is scarce. 

These strengths of the hydrogen as the energy storage can stabilize energy supply in time 

and spatially. 

Water splitting photoelectrode and photocatalyst, based on the 

photoelectrochemical (PEC) reaction, are the desired devices for solar to hydrogen 

conversion. Although the narrow band gap materials are being developed for absorbing 

low energy photon in solar spectrum, the reported energy conversion efficiency is still far 

from target due to carrier recombination. To solve the problem, carrier splitting efficiency 

should be enhanced by optimizing the band bending in semiconductor. However, it is 

difficult to control the band bending at semiconductor/electrolyte due to insufficient 

understanding about determinants such as surface states in semiconductor, surface 

adsorption and redox reactions. To solve the problem, these factors should be regulated. 

In this study, n-GaN(0001)/electrolyte was used as the model case of 

semiconductor/electrolyte interface for water splitting to clarify the determinant of the 

band bending due to its defined surface of +c plane, chemical stability and band edge 

potential that straddles the redox potentials of water oxidation and reduction reactions. 
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To suppress the effect of redox reaction and analyze the effect of surface adsorption, the 

band bending under ultra-high vacuum (UHV) and water vapor was compared. Then, the 

effect of redox reaction was evaluated at n-GaN/electrolyte interface. 

Band bending at n-GaN/H2O adsorption layer has been determined by X-ray 

photoelectron spectroscopy (XPS) from the valence band maximum (VBM), which has 

been calculated from Ga 3d peak using the energy difference between VBM and Ga 3d 

(ΔEVBM-3d). However, the several reported value for ΔEVBM-3d caused difficulty in 

clarifying the determinants of the band bending. This work validates these values which 

have been reported previously, by analyzing the spectrum around the VBM and its 

distance from Ga 3d for n-GaN(0001) surface. Adopting 17.5 eV, validated value, as 

ΔEVBM-3d suggested the origin of such band bending was Fermi level pinning to the Ga 

dangling bonds under UHV and the sub-surface states which cannot be compensated by 

H2O under water vapor. 

The band alignment at the interface between n-GaN and 1M NaOH with various 

treatments to define surface was investigated by observing open-circuit potential (OCP) 

of the GaN as a function of irradiated light intensity. For the smaller light intensity than 

10-2 mW/cm2, OCP value was less dependent on light intensity and it was sensitive to the 

surface treatment of GaN by electrochemical reducing methods, the irradiation of 

accelerated Ar atoms, high-energy electrons and γ-ray. The difference of pinning level 

among various surface treatments in same electrolyte suggested that surface states created 

by the treatment decided the band bending. The relationship between OCP and light 

intensity can be obtained without modifying the surface by photocurrent and it would be 

a good indicator how the surface treatment of a photoelectrode affects the photocatalytic 

activity. 

For further discussion about the effect of surface states on the band bending, the 

distribution of surface states was compared with Fermi level pinning. The density of 
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surface states was lower than detection limit of 1012 cm-2 ev-1 at for as non-damaged 

surface. However, Fermi level pinning was observed by OCP measurement. The band 

bending at non-damaged n-GaN/1M NaOH was determined by the surface states although 

the density was lower than the criterion for Fermi level pinning at metal/semiconductor 

of 1012 cm-2 ev-1. 

Based on these results, the band bending should be determined by surface states. 

Therefore, the band bendings at interface between n-GaN and electrolytes other than 1M 

NaOH should be equal. The band bendings at n-GaN/1M NaOH, 0.2M Na2SO4, 1M HCl 

or 0.5M H2SO4 were evaluated as 1.1-1.2 eV under dark condition. Under irradiating 

photon flux of 1011-1013 cm-2s-1, the amount of reduction in the band bending was 0.5 eV 

in 1M HCl and 0.2 eV in 0.5M H2SO4. The difference suggested the more photogenerated 

carriers accumulated in the vicinity of n-GaN/1M HCl interface than 0.5M H2SO4. This 

result suggested the surface recombination was suppressed by Cl- which worked as hall 

scavenger. 

These results suggest that surface states decide the band bending at n-

GaN/electrolyte interface under dark condition without fast redox reaction. Under 

illumination, the band bending can be affected by redox reaction via suppressing the 

surface recombination. To optimize the band bending at semiconductor/electrolyte 

interface, the surface states distribution should be controlled and suppressing surface 

recombination by the hall or electron scavenger should be considered under illumination. 
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Chapter 1 Introduction 
This study elucidates determinants of the band bending, which splits 

photogenerated carriers at semiconductor/electrolyte interface in water splitting, based on 

model analysis using n-GaN/electrolyte interface. General background of the 

photoelectrochemical (PEC) water splitting will be introduced in this chapter. 
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1.1 Efficient use of renewable energy 

1.1.1 Solar energy 

Fossil fuels have supported human society as a source of energy for heat and 

electricity. It has been estimated that oil and natural gas have a useful life of 50 or 51 

years. With the improvement of drilling technology and the discovery of new oil and gas 

fields, the minable life of oil and natural gas has remained constant or increased, but there 

is a strong need to develop alternative energy sources. In addition, the reduction of 

greenhouse gas emissions, which countries have pledged to do under the Paris Agreement 

adopted at COP21, is also very important to stop climate change. In order to achieve these 

goals, the share of renewable energy sources must be increased. 

Photovoltaic power generation, wind power generation, biomass power 

generation, and geothermal power generation are typical examples of renewable energy 

sources. Of these, solar power is considered to be one of the most promising energy 

sources. The capacity of these renewable energies is increasing rapidly year by year. 

Electricity from renewable energy sources accounts for about 7% of the total, and there 

is a need to further boost their installation. 

 

1.1.2 Solar to hydrogen conversion 

Solar power has promising potential, but in principle it has a serious drawback: 

fluctuating power output. During the day, the output from the solar cells is at its maximum 

during the day, while the demand for energy is at its minimum, resulting in an oversupply. 

Conversely, at night, the output from the solar cells decreases, resulting in excess energy 

demand. In addition, during the daytime, output fluctuations in a short period of time can 

cause frequency fluctuations in the AC power supply, and in the worst case, can cause 

large scale power outages. Fluctuations in supply are inherently unavoidable for such 



３ 
 

renewable energies, not just solar, and must be compensated for by controlling the output 

of thermal power plants. Therefore, an appropriate power grid that can meet the gap 

between energy demand and supply must include thermal power plants along with large-

scale solar power plants. Therefore, the mass introduction of solar panels alone will not 

be enough to solve the energy problem. 

Power storage is an important technology for the large-scale introduction of 

renewable energy. If the fluctuating output power of renewable energy is stored in an 

energy storage device, stable power can be supplied from the storage device later. 

Currently, rechargeable batteries, such as lithium-ion batteries, are often used as energy 

storage. Lithium-ion batteries have the advantage of smoothing out the supply variable 

power in a short period of time, but they are not suitable for long-term storage because 

they spontaneously discharge. Hydrogen, on the other hand, does not discharge, making 

it a good choice for long-term storage. In addition, the energy density of hydrogen can be 

improved by compression. Because of these strengths, by storing energy in hydrogen, 

energy generated in areas with strong solar radiation can be delivered to other areas with 

high energy demand. Thus, the regional distribution of renewable energy on the planet 

can be smoothed out, and a more stable power supply can be expected. 

The conversion of solar-to-hydrogen (STH) can be done in several ways. The 

simplest method, yet currently achieving the highest efficiency, is electrolysis with the 

power output from the solar cell. Water splitting techniques and solar cells using alkaline 

solutions and polymer electrolyte membranes (PEMs) have been developed for several 

decades, and the highest STH conversion efficiencies have been achieved with simple 

connections. On the other hand, other water splitting techniques, such as photocatalysts 

and photoelectrodes, are expected to produce hydrogen at lower cost, although their 

efficiency is still not as high as the combination of solar cells and electrolysis. 

The highest value of STH currently reported is 31.7% [1]. However, this is a 
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measurement using a laboratory light source and does not reflect the actual environment. 

The highest value under actual sunlight is 24.4 % measured in Miyazaki [2]. All of these 

have been demonstrated using a combination of solar cells and water electrolysis cells. A 

multi-junction tandem cell was used for the solar cell, and the operating point was set to 

maximize the filling ratio. However, the cost of such multi-junction solar cells is generally 

very high, and considering the U.S. Department of Energy's hydrogen production 

benchmark of $4/kg [3], other inexpensive methods of hydrogen generation can be 

considered. One such method is photocatalysis. Photocatalysts consist of semiconductor 

powders or metal complexes dispersed in an electrolyte. When these materials absorb 

light, electrons and holes are generated, and the carriers are transferred to the reactive 

species in the electrolyte at the interface with the electrolyte, and the reaction proceeds. 

Photocatalysts can be obtained by the sol-gel method, which is simpler than multi-

junction solar cells using metal organic chemical vapor deposition (MOVPE). Therefore, 

a significant reduction in the fabrication cost of the hydrogen generation system can be 

expected. 

The cost of hydrogen production is one of the most important indicators for 

practical applications. Several techno-economic studies have been conducted and 

estimated that the hydrogen production cost in these devices could reach $0.8-4 per kg 

H2, meeting the U.S. Department of Energy (DOE) target of $2-4 per kg H2 [3,4]. In 

order to achieve these costs, relatively high STH efficiency (5-15%) and long life (5-10 

years) are required. However, photocatalyst has yet to achieve the STH and lifetime 

values used in this techno-economic evaluation. To that end, going back to the 

fundamentals in reaction mechanism should be a necessary step to understand what is 

causing the bottleneck. 
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1.2 Photoelectrochemistry for solar to hydrogen conversion 

1.2.1 Basics of water splitting 

Before we discuss photoelectrochemical water splitting, we will discuss the basics 

of electrochemical water splitting. For water splitting, a potential difference of at least 

1.23V is required. This 1.23 V is determined by the thermodynamics of the redox reaction. 

The water splitting reaction can be expressed as follows: 

H2O (𝑙)→ H2 + 1/2 O2 ΔHo
 = 285.83 𝑘𝐽 (1.1) 

where, ΔHo is the standard enthalpy of formation (heat of formation) in the 

reaction. This equation represents the heat balance of the reaction. If the enthalpy change 

for the water splitting reaction is positive, it means that the reaction is endothermic, while 

the opposite reaction, the hydrogen burning reaction, is exothermic. There is a 

thermodynamic limit to the maximum work that can be done by the reaction, which is 

called the Gibbs free energy. The Gibbs energy Go is expressed in terms of enthalpy Ho 

and entropy So, and the change in Gibbs energy in a chemical reaction can be expressed 

as follows: 

ΔGo=ΔHo−TΔSo. (1.2) 

The change in Gibbs energy when one mole of a substance in the standard state is 

formed from a simple substance in the standard state is called the standard Gibbs energy 

of formation ΔG𝑓o. The Gibbs energy change of any reaction can be calculated by 

considering the standard Gibbs energy of formation of the substances involved in the 

reaction. For example, the Gibbs energy change in the water splitting reaction can be 

calculated from the standard Gibbs energies of formation of hydrogen (0 kJ/mol), oxygen 

(0 kJ/mol), and water (-237.13 kJ/mol) as follows 
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ΔGo= (ΔG𝑓(𝐻2)
o + ΔG𝑓(𝑂2)

o) − ΔG𝑓(𝐻2𝑂)o 

       = (0+0) − (−237.13) = +237.13 kJ/mol 

(1.3) 

Since the reaction occurs spontaneously only when ΔG is negative, an additional 

energy of 237.13 kJ/mol must be supplied to promote water splitting.  

Electrochemical reactions, on the other hand, are chemical reactions that involve 

the transfer of electrons. The reaction can be broken down into a pair of half-reactions: 

oxidation at the anode and reduction at the cathode. The half-reaction of water splitting 

can be represented as follows: 

H2O	→	2	H+	+	1/2	O2	+	2𝑒−. (+1.23	V	𝑣𝑠.	SHE),	 (1.4) 

2	H+	+	2	𝑒−	→	H2.									(+0.00	V	𝑣𝑠.	SHE).		 (1.5) 

Half-reaction corresponds to the transfer of electrons between a substance and a metal 

electrode. Each half-reaction has a potential at which the reaction reaches an equilibrium 

state under standard conditions. This is called the normal electrode potential, and the 

origin of the electrode potential is defined by the normal electrode potential for the 

reaction shown in equation (1.5): standard hydrogen electrode (SHE). The electrons move 

from the negative potential to the positive potential, where their energy is higher. (More 

precisely, the electrons move between states of the same energy level, after which they 

release heat and lose energy.) In reactions on electrodes, the anode removes electrons 

from a substance and transfers them to another substance in a cathodic reaction at a higher 

equilibrium potential. Since the change in Gibbs energy needed to drive the reaction is 

supplied as the potential difference in electrons, the energy can be expressed as, 

ΔGo=𝑛𝐹ΔE0. (1.6) 
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where, ΔE0 is the potential difference between the reduction and oxidation 

reactions; since two moles of electrons are required to produce one mole of water, the 

potential difference can be calculated as follows: 

ΔE0=ΔGo /n𝐹	

=237.13 kJ / (2 ×96485 C/mol) ~1.23 V. 

(1.7) 

Since the water splitting reaction requires a threshold voltage of 1.23 V and the potential 

for the cathodic reaction is defined as 0 V vs. SHE, the electrode potential for water 

oxidation shown in equation (1-5) is calculated to be +1.23 V vs SHE. 

 

1.2.2 Mechanism of photoelectrochemical water splitting 

Since the first discovery of photoelectrochemical water splitting using TiO2, 

known as the Honda-Fujishima effect [5], the photoelectrochemical properties of many 

materials have been studied. However, several conditions are required for efficient water 

splitting, and the number of candidate materials is limited. In this section, the conditions 

are described along with the reaction mechanism. 

Spontaneous water splitting under light irradiation requires that the quasi-Fermi 

level (Gibbs energy of 1 electron/hole) of both electrons and holes should straddle the 

redox potentials of both hydrogen and oxygen redox evolution. Since the potential of the 

metal electrode is identical to the potential of the semiconductor (the quasi-Fermi level 

of the electron in n-type semiconductor), the maximum potential (the most negative 

potential) is limited by the conduction band edge potential of the n-type semiconductor. 

On the other hand, the energy of holes is determined by the valence band edge potential 

of the semiconductor. Therefore, the necessary conditions for spontaneous water splitting 

of PEC are expressed as follows.: conduction band edge potential is more negative than 
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the hydrogen generation potential (0 V vs. SHE) and valence band edge potential is more 

positive than the oxygen generation potential (+1.23 V vs. SHE). 

When this thermodynamic requirement is satisfied, a water splitting reaction 

occurs. To understand the reaction mechanism, the energy band alignment of the 

semiconductor-electrolyte interface is important. Figure 1.1 shows the energy band 

alignment at the interface between the n-type semiconductor photoelectrode and the 

electrolyte. A similar band alignment is formed at the semiconductor-electrolyte interface 

for photocatalysts. In the p-type semiconductor, the band bending near the semiconductor 

surface is reversed. At the semiconductor-electrolyte interface, a depletion layer is formed 

between the semiconductor electrode and the electrolyte, resulting in a Schottky-like 

junction. When this junction interface is irradiated by light with energy exceeding the 

band gap, electron-hole pairs are excited in the semiconductor (Fig. 1.1(i)). The electrons 

and holes are separated according to the surface band bending (built-in potential) and 

transported to the interface with the electrolyte (Fig. 1.1(ii)). When quasi-Fermi level 

splitting between electrons and holes straddles both redox level of hydrogen and oxygen 

evolution, the transported electrons and holes are used for hydrogen production (reduction 

reaction) and oxygen production (oxidation reaction), respectively, and water electrolysis 

occurs to produce hydrogen (Fig. 1.1(iii)). In order to improve the energy conversion 

efficiency, there is a need to improve each of (i), (ii), and (iii). 
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Figure 1.1 Carrier transportation and band alignment at interface of n-type 

semiconductor/electrolyte. (i)Photo generating electrons and hole by light absorption 

(ii)Splitting electrons and holes by built-in potential (band bending) (iii) Redox reaction 

at the interface 

 

(i) Requirement for light absorption 

The sun emits everything from X-rays to radio waves, but the strongest solar 

radiation is in the visible light range, and 43% of the solar energy that reaches the earth's 

surface is in the visible light range with wavelengths between 400 and 700 nm. If the QE 

(quantum efficiency) is about 100%, a photocatalyst with an absorption edge at 520 nm 

(band gap < 2.38 eV) is needed to achieve the target STH of 10% [6].  Therefore, in order 

to obtain high STH, it is important to increase the QE and to extend the wavelength of the 

optical absorption edge. As the Materials that can absorb light with wavelengths longer 

than 520 nm, Cu2O (band gap: 2.0 eV) [7], In0.9Ni0.1TaO4 (band gap: 2.3 eV) [8], CaTaO2N 

(band gap: 2.4 eV) [9], LaMg1/3Ta2/3O2N (band gap: 2.1 eV) [10,11] and Ta3N5 (nanorod) 

(2.1 eV),[12] have been developed. The respective QE and AQY (apparent quantum 

yield) are measured as 0.3 % @ 550-600 nm (QE), 0.66% @ 402 nm (QE), 3E-3 % 
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440±30 nm (AQY), 0.18 % @ 440±30 nm (AQY), and 2.2 % @ 320 nm (AQY). Here, 

QE and AQY are defined as 

𝑄𝐸 =
𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑟𝑒𝑎𝑐𝑡𝑒𝑑	𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑝ℎ𝑜𝑡𝑜𝑛𝑠	𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 (1.8) 

and 

𝐴𝑄𝑌 =
𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑟𝑒𝑎𝑐𝑡𝑒𝑑	𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡	𝑝ℎ𝑜𝑡𝑜𝑛𝑠	 (1.9) 

These experimental results indicate that while the absorption length seems to be sufficient 

to meet the STH10% requirement, the QE and AQY are insufficient, and the 

photogenerated electrons and holes are annihilated inside the semiconductor. 

 

(ii) Requirement for carrier transportation 

In order to promote photoelectrochemical reactions, interfacial charge transfer is 

necessary for the photoexcited charge carriers to reach the redox active sites on the 

semiconductor surface and extract and separate the charges. Typically, in bulk 

semiconductors, the excitons are Mott-Wannier modes due to the large exciton radius, 

whereas in organic molecules and polymers, Frenkel modes are dominant [13]. After the 

photo-induced separation of electrons and holes that had been excitons, these carriers 

need to be transported from the bulk of the semiconductor to the active site on the surface 

to drive the catalytic reaction. The average time required for the photoexcited carriers to 

dissipate is called the carrier lifetime and is an indicator of how effective a semiconductor 

can be as a photocatalyst. However, the carrier lifetime of semiconductor photocatalysts 

is typically short, on the picosecond to nanosecond scale, approximately equal to the 

recombination time scale. [14-18] Electrons produced by light irradiation tend to fall from 

the conduction band to the valence band, or mid-gap states, thereby removing holes by 
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recombination and returning the carrier concentration to its equilibrium value. In 

semiconductor photocatalysts and photoelectrodes, this recombination process can occur 

via radiative (interband) recombination or, more commonly, via recombination through 

traps (defects or impurity states) in the forbidden gap. Electron-hole recombination rates 

on the order of picoseconds to microseconds have been reported for n-type 

semiconductors such as TiO2 [19,20], WO3[21] and a-Fe2O3, [22,23] as well as for many 

photocatalytic semiconductors. Simulations of two-dimensional particulate 

photocatalytic systems with high potentials reveal that QE is governed only by low charge 

separation efficiency and severe charge recombination in the bulk of the photocatalytic 

particles.[24] In order to suppress such recombination, efforts are being made to reduce 

the number of crystal defects in each material system. In order to enhance the carrier 

separation, efforts are being made to increase the band bending by changing the facet etc. 

 

(iii) Requirement for reaction on surface 

Water splitting reactions involving high activation energies or overpotentials 

generally suffer from low activity. In particular, multi-step proton-conjugated electron 

transfer reactions in oxygen evolution are kinetically slow. The cocatalyst on the 

semiconductor promotes photocatalytic performance by lowering the activation energy 

of the reaction. Nellist et al. showed that CoPi, oxygen-evolution catalyst, on α-Fe2O3 

acts as a hole collector by operand measuring the surface potential [25]. From this result, 

it can be suggested that if the holes were transported to the vicinity of the catalyst, they 

would collect on the catalyst and produce a large overvoltage, which could accelerate the 

reaction. Therefore, holes should be separated from electrons by band bending. 

1.3 Energy band alignment at semiconductor/electrolyte 

From the discussion in the previous section, it should be possible to increase the 
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QE and achieve 10% STH by efficient carrier separation. Therefore, it is important to 

control the band bending (built-in potential) that dominates the carrier separation. This 

band bending is determined by the band edge potential at the semiconductor/electrolyte 

interface and the Fermi level in the semiconductor. 

1.3.1 Band edge potential 

Figure 1.2 An illustration explaining how surface band energies are determined under the condition 

that space charges, electronic charges in a surface state, and charges of adsorbed ions are present 

simultaneously near the surface.[26] 

 

Theoretically, the surface band energy of a semiconductor electrode is given by 

the potential difference between the Helmholtz and Gouy–Chapman layers and the 

electron affinity of the semiconductor (work function). When the electrolyte 

concentration is high (typically > 0.01 M), the contribution of the Gouy–Chapman layer 

can be assumed to be negligible. Adsorbed ions affect the potential difference in this 

Helmholtz layer. Experiments have shown that the surface band energy of most 

semiconductor electrodes such as GaAs, GaP, InP, and TiO2 with surface OH groups 
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shifts with solution pH with a slope of 0.059 V/pH at 300 K [27] and is independent of 

electrode potential. When there are charged surface states, the band edge potential shifts 

due to a steep change in potential near the surface, as shown in the figure. The band edge 

potential 

 

1.3.2 Fermi level 

The Fermi level is the Gibbs energy of one electron (hole) in an n(p)-type 

semiconductor and is an important physical quantity in describing band bending. Before 

discussing the junction between a semiconductor and an electrolyte, we will discuss the 

junction between a semiconductor and a metal.  

Figure 1.3a, b shows the band alignment of a n-type semiconductor contacted to 

a metal. When a semiconductor and a metal are joined, charge transfer takes place 

between them until the Fermi level in the metal and the Fermi level in the semiconductor 

are aligned. If the metal's work function is larger than the semiconductor's work function, 

electrons from the n-type semiconductor move into the metal, and the Fermi levels are 

aligned. At that time, the loss of electrons near the semiconductor interface causes a 

positive charge, which generates an electric field. This causes the energy band, which 

describes the electrostatic potential, to bend. The interface thus formed (Fig. 1.3a) is 

called a Schottky junction, and its band bending (Vbi) is equal to the difference in work 

functions. However, if there is a high density (<1013 cm-2 [28]) of electron-accepting 

levels (surface states) on the semiconductor surface, the electrons near the surface are 

trapped in the surface states even before the junction, and the band is bent. Furthermore, 

when bonded to a metal, if the surface states are not compensated even by charge transfer 

between the semiconductor and the metal, the band bending remains determined by the 

surface states and takes a value independent of the metal species. In this case, the Fermi 
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level pinning occurs because the Fermi level does not change and remains fixed. Such a 

junction (Fig. 1.3 b) is called a Bardeen contact, and the band bending is determined by 

the potential difference between the conduction band and the surface state and the carrier 

concentration. It is difficult to obtain an ideal Schottky contact because of the presence 

of crystal defects such as dangling bonds on the actual semiconductor surface. 

Figure 1.4a, b shows the band alignment of a n-type semiconductor contacted to 

an electrolyte which contains redox pair. As in the case of metal junctions, charge transfer 

equilibrium is achieved by ensuring that the Fermi level in the semiconductor is aligned 

with the redox equilibrium potential (redox level). However, unlike metals, the band 

bending is not determined solely by the work function of the semiconductor and, the 

difference between the vacuum level and the redox level, and there is a need to consider 

the potential shift due to surface adsorbed ions (Fig. 1.4a). When surface states exist in 

high density (1012 cm-2 [29]), the band bending is determined the potential difference 

between the conduction band and the surface state and the carrier concentration in a 

similar manner to bonding with metals, regardless of the redox potential (Fig 1.4b). 

Also, if the redox reaction does not proceed significantly, the charge transfer will 

be insufficient, and the surface states will determine the band bending. Furthermore, when 

there are multiple redox pairs, equilibrium is achieved between the Fermi level and the 

significantly more progressive reaction. 
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Figure 1.3 band alignment at n-type semiconductor/metal interface. (a) low density of surface states 

(<1013 cm-2) (b) high density of surface states (>1013 cm-2) Here, ΦM and ΦS are the work functions of 

the metal and semiconductor, respectively. 

 

Figure 1.4 band alignment at n-type semiconductor/electrolyte contains redox pair. (a) low density of 

surface states (<1012 cm-2) (b) high density of surface states (>1012 cm-2) Here, ΦRedox and ΦS are the 

difference between vacuum level and redox level, and functions of the metal and semiconductor, 

respectively. 
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1.4 n-GaN for photoelectrochemical application 

Si-doped n-type GaN is one candidate for well-defined photoanodic materials for 

water splitting due to its chemical stability, [30-32] relatively longer diffusion length of 

carriers, [33,34] and proper band edge positions. [30,35-39]. GaN is a wurtzite and has 

+c, -c, m, and a planes. Among these, the growth technology for the +c plane is the most 

mature. In addition, the crystallinity of n-GaN is higher than that of p-GaN. By using n-

GaN, very high external quantum efficiency was reported in a photoelectrochemical cell, 

and it was over 40 % in UV region (< 360 nm) using monochromatic light [40]. Owing 

to these advantages, n-GaN has been used for clarifying the mechanism of carrier 

transport through electrochemical measurement. [36,41-43] Winnerl et al. investigated 

the electrochemical properties of n-GaN etched in HCl and passivated by oxidation.20 

Their results indicate the possibility that surface states due to Ga dangling bonds on the 

n-GaN (0001) caused Fermi level pinning. However, Chen and Kuo,[44] and Sato et al. 

[45] have reported that the Ga dangling bonds are theoretically compensated with the 

dissociative adsorption of H2O onto the GaN surface. To confirm whether or not the Ga 

dangling bonds cause the pinning in the presence of H2O molecules, the evidence for the 

origin of pinning should be obtained experimentally.  

In addition to the surface states, it is suggested that redox reactions may affect the 

band alignment. In 1.0 mol/L KOH aqueous solution, a clear generation of hydrogen from 

the counter electrode due to n-GaN photoelectrochemical reaction was observed when 

+1.0 V counter electrode bias was applied to the working electrode.[46] In 1.0 mol /L 

NaCl, the overpotential for water reduction in neutral water electrolyte was higher than 

that in acidic 1.0 mol/L HCl and basic 1.0 mol/L KOH.[47] These situations were similar 

when acidic, neutral, and basic were 0.5 mol/L Na2SO4, 0.5 mol/L H2SO4, and 1.0 mol/L 

NaOH (III-nitride photoelectrodes, respectively.  

The electrolyte dependence was also evaluated and it was summarized that the 
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NaOH aqueous electrolyte is relatively good except in the case of non-oxygen evolution 

reactions such as HCl aqueous electrolyte.[48] The overpotential evaluated from the 

comparison between the flat band potential obtained from the Mott-Schottky plot and the 

turn-on voltage of the photocurrent was found to be larger in the case of H2SO4 acidic 

aqueous solution than in the case of NaOH basic aqueous solution. This may be due to 

the difference in photovoltage generated in n-GaN and slower reaction rate in oxidation 

of water (H2O) molecule in HCl than OH- in NaOH. Therefore, the effect of electrolytes 

on the band bending, which determines carrier splitting, and photovoltage shoule be 

investigated. 

 

  1.5 Overview 

In this dissertation entitled “Elucidation of Electronic Structure at n-GaN and 

Electrolyte interface”, n-GaN (0001)/electrolyte was used as the model case of 

semiconductor/electrolyte interface for water splitting to clarify the effect of adsorption, 

surface states and redox reaction on the band bending. To suppress the effect of redox 

reaction and analyze the effect of surface adsorption, the band bending under ultra-high 

vacuum (UHV) and water vapor was compared. Then, the effect of surface states and 

redox reaction was evaluated at n-GaN/electrolyte interface. 

In chapter 2, the effect of surface adsorption on band bending will be discussed by 

comparison between the band bending under ultra-high vacuum (UHV) and water 

vapor. 

In chapter 3, method to evaluate band bending at semiconductor/electrolyte will be 

introduced.  

In chapter 4, the effect of surface state on band bending will be discussed by introduced 

evaluation method with n-GaN contains abundant surface states. 
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In chapter 5, the effect of redox reaction on band bending will be discussed by 

introduced evaluation method with n-GaN/various electrolytes system. 

In chapter 6, conclusion of this research will be given. 
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Chapter 2 Band bending at n-GaN/H2O interface 
To improve the performance of semiconductor photoelectrodes for water splitting, 

the amount of band bending in the depletion layer of a semiconductor should be 

accurately ascertained, since it determines the splitting efficiency of photogenerated 

carriers. Band bending has been determined by X-ray photoelectron spectroscopy (XPS) 

from the valence band maximum (VBM), which has been calculated from Ga 3d peak 

using the energy difference between VBM and Ga 3d (ΔEVBM-3d). This work validates 

several values for ΔEVBM-3d which have been reported previously, by analyzing the 

spectrum around the VBM and its distance from Ga 3d for n-GaN(0001) surface under 

both ultra-high vacuum (UHV) and ambient H2O. ΔEVBM-3d is estimated to be between 

17.36 eV and 17.55 eV. By adopting 17.5 eV as ΔEVBM-3d, the amounts of band-bending 

were 0.5 eV under UHV and 0.1 eV under a relative humidity of 46% respectively. For 

the latter condition, surface photo voltage of 20 meV was observed upon Xe lamp 

irradiation, confirming the existence of band bending even with H2O adsorption on the 

surface. The origin of such band bending seems to be Fermi level pinning to the sub-

surface states which cannot be compensated by H2O. 

 

2.1 Introduction 

Efforts have been made to improve STH in hydrogen production using 

photoelectrochemical reactions [1-6]. For further efficiency improvement, the cause of 

pinning [7,8] needs to be clarified in order to control the band bending. 

n-GaN is a promising material for elucidating the carrier transport mechanism in 

photoelectrochemical reactions [15,19-21] due to its chemical stability [9-11], long 

carrier diffusion length [12,13], and suitable band edge location [9,14-18]. Winnerl et al. 

investigated the electrochemical properties of n-GaN etched in hydrochloric acid[20] . 
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Their results suggest that the surface state caused by Ga dangling bonds on n-GaN(0001) 

may be responsible for the Fermi level pinning. However, Chen and Kuo, [22] and Sato 

et al [23] reported that Ga dangling bonds are theoretically compensated by the 

dissociative adsorption of H2O on the GaN surface. In order to confirm whether Ga 

dangling bonds cause pinning in the presence of H2O molecules, it is necessary to obtain 

experimental evidence for the origin of pinning. 

As this experimental approach to elucidate the relation between band bending and 

the origin of the pinning, X-ray photoelectron spectroscopy (XPS) is an effective 

experimental approach. Bermudez et al. investigated the band bending of GaN (0001) in 

the vicinity of the pristine and H2O dosed surface of GaN under UHV conditions.[24] 

They reported a reduction in band bending by ~0.14 eV with the removal of the surface 

states upon H2O adsorption, resulting in a residual band bending of ~0.52 eV. The H2O 

coverage was estimated to be 0.46 ML. The residual band bending was therefore 

attributed to bulk defects. Lorenz et al. reported that the band bending for GaN (0001) in 

UHV was reduced by 0.5 eV with the H2O coverage of 0.8 ML [25,26], resulting in a flat-

band condition. Zhang and Ptasinska used ambient pressure X-ray photoelectron 

spectroscopy (AP-XPS) to clarify the correspondence between the surface chemistry and 

the band structure for the GaN (0001) surface, which mimics in situ conditions as a 

photoelectrode.[27] They reported a reduction in band bending by 0.2 eV under an 

ambient pressure of 0.1 mbar H2O at room temperature, and a band bending of ~0.4 eV 

was reported to exist under this ambient H2O vapor. Such variation in the reported amount 

of band bending with H2O adsorption on the GaN (0001) surface emphasizes the necessity 

of further experimental investigation, so that we can discuss the correspondence between 

theoretical prediction and experimental evidence.  

Furthermore, there exists a significant drawback in the estimation of GaN band 

bending using binding energies obtained by XPS. In those previous reports using XPS, 



２７ 
 

the energy difference between the VBM and Ga 3d (ΔEVBM-3d) in the bulk of GaN was 

assumed to be 17.76 ± 0.03 eV.[28,29] However, Bermudez pointed out the problem that 

the VBM estimated by subtracting this value from the Ga 3d was not consistent with the 

direct evaluation by linear extrapolation.[30] The value 17.76 ± 0.03 eV was evaluated as 

the ΔEVBM-3d by fitting valence band spectra from a surface sensitive method, XPS (with 

~16 Å as an information depth), with the valence band density of state obtained by 

theoretical calculation.[28] Recently, by a similar fitting method, the value 17.25 

and 17.29 eV were evaluated as the ΔEVBM-3d for GaN.[31] They mentioned the difference 

from 17.76 ± 0.03 eV was possibly caused by uncertainty in spectrum broadening or extra 

surface state signals in the band edge. In addition, the value of the ΔEVBM-3d in GaN is 

evaluated as 17.5 eV by soft X-ray emission (SXE) [32], a bulk sensitive method with an 

information depth of ~500 Å. [33-35] Although the ΔEVBM-3d value of 17.76 ± 0.03 eV 

has been widely used, it needs critical validation because of the aforementioned variation 

in proposed values.  

In this study, we examined the validity of these values as the ΔEVBM-3d for GaN by 

comparing the VBM obtained by using different evaluation methods: linear extrapolation 

of the valence band spectrum and subtracting ΔEVBM-3d from Ga 3d using the XPS spectra 

for n-GaN (0001) surface under both ultra-high vacuum (UHV) and ambient H2O. In 

addition, surface photovoltage (SPV) under Xe lamp irradiation was measured and used 

for validation. On the basis of the present results, we accurately determined the band 

bending at the GaN surface and its shift under ambient H2O vapor. Furthermore, we 

compared our results with the values calculated from the data reported in other literature, 

using the validated value of ΔEVBM-3d. 
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2.2 Method 

2.2.1 Sample preparation and experiment 

The experiments were performed at the AP-XPS endstation [36,37] at SPring-8 

BL07LSU.[38] The photon energy and flux of incident X-rays were 735 eV and 1.2 × 

1015 s-1 cm-2, respectively. Binding energy was calibrated by fitting XPS spectrum near 

Fermi edge in Pd (111) by Fermi-Dirac function. The sample was n-GaN with a Ga-polar 

(0001) surface (thickness of n-GaN: 2.5 μm), grown on a Si substrate by metal organic 

vapor phase epitaxy (MOVPE). The carrier density evaluated by Hall effect measurement 

was 4 × 1018 cm-3 at room temperature. The donor density evaluated by Mott-Schottky 

plot was 9 × 1018 cm-3. The clean surface of n-GaN was prepared by cycles of 0.5 keV 

nitrogen ion bombardment followed by annealing at 1100 K in N2 (1.0 × 10-6 mbar). The 

sample temperature was measured by a K-type (chromel-alumel) thermocouple 

sandwiched between the GaN (0001) surface and the tantalum foil fixed to the sample 

holder. After cleaning, the (1 × 1) surface was confirmed by low energy electron 

diffraction (LEED) (see Figure A.1 in the Appendix A. On the clean GaN (0001) surface, 

no carbon was detected in C 1s XPS spectra and the atomic ratio of oxygen to gallium 

was at ca. 10%. Base pressure of analysis chamber was 4.1 × 10-10 mbar before the 

experiment. The n-GaN (0001) surface was exposed to ambient pressure H2O vapor after 

the XPS measurements in UHV. The H2O was outgassed by freeze–pump–thaw cycles. 

The adsorbed states of H2O on solid surfaces at ambient conditions were changed as a 

function of relative humidity.[39] For AP-XPS measurements in this study, the relative 

humidity was ~46% (2 mbar H2O pressure and 270 K). The temperature of the sample 

was kept constant by cooling it with a water chiller (Julabo FP50-HE). The band bending 

was calculated by using the peak position of Ga 3d XPS spectra. SPV was evaluated as 

the difference of the peak location with and without Xe lamp irradiation as light source 
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for carrier photogeneration. The flux density of the Xe lamp for carrier generation (which 

has higher energy than GaN band gap, 3.4 eV) was 1.3 × 1016 s-1 cm-2 because it was 

focused by using a lens. 

 

2.2.2 Evaluation method for band bending  

Conventionally, the amount of band bending near a GaN crystal surface has been 

evaluated from the energy position of the VBM determined by linear extrapolation of the 

edge to the baseline. However, the results have contained notable errors because the 

spectral feature of VBM is overlapped with that of the surface-state. To make an accurate 

evaluation, we adopted the following equation (eq. (2.1)) that does not contain the value 

of VBM for analyzing the amount of band bending at the GaN surface. [24,27] (see Figure 

1 for reference): 

𝐵𝑎𝑛𝑑	𝑏𝑒𝑛𝑑𝑖𝑛𝑔	 +	𝐸!"	$%	& 	= 	𝛥𝐸'()*+ 	+ 	Band	gap	 + 	𝛥𝐸,*+($%,                      (2.1) 

where 𝐸!"	$%	& is the binding energy of Ga 3d at the surface and 𝛥𝐸'()*+ is the difference 

between the Fermi level and the conduction band minimum. 𝐸-.	$/	0 is acquired as the 

peak location of Ga 3d in the photoelectron spectrum by XPS. 𝛥𝐸'()*+ is calculated by 

equation (2.2) following Boltzmann distribution: 

𝛥𝐸'()*+ = k𝑇ln J 1
2!
K,                                                                                                    (2.2) 

where k  is Boltzmann factor, 𝑇  is temperature, 𝑛  is carrier concentration and 𝑁3  is 

effective density of state for the conduction band. 𝑁4  is obtained by the following 

equation (2.3): 

𝑁3 = 2 J567
∗89

:#
K
$
# ,                                                                                                       (2.3) 
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where m∗  is effective mass of an electron in the conduction band of GaN and h  is 

Planck’s constant. The value of m∗  is given by 0.20	m<  with the mass of electron in 

vacuum, m<.[40] Therefore, 𝛥𝐸'()*+ was 0.02 V for both at 280 K under UHV and at 

270 K under ambient H2O vapor. For the value of the band gap for wurtzite GaN, 3.4 eV 

[41] was used.  

ΔEVBM-3d in equation (1) is the constant of wurtzite GaN. The value of 17.76 ± 0.03 

eV has been used for this constant in previous reports.[24,27] Recently, the values of 

17.25 and 17.29 eV were reported as ΔEVBM-3d.[31] All the values were evaluated as the 

ΔEVBM-3d by the fitting of valence band spectra by XPS with Al Kα excitation, a surface 

sensitive measurement due to a probing depth of ~16 Å.[28] The problem is that the 

valence band spectrum near the surface is extended in the direction of the conduction 

band due to the surface states, leading to an underestimation of the energy difference EVBM 

s between the VBM and EF to be EVBM ss (see in Figure 1). As a result, ΔEVBM-3d was 

overestimated as ΔEVBM ss-3d s. Alternatively, ΔEVBM-3d was evaluated as 17.5 eV for n-GaN 

(0001) [32] by bulk sensitive SXE with its probing depth of ~500 Å. [33-35] In this case, 

the effect of surface state on VBM can be eliminated. The value of ΔEVBM-3d is essential 

for an accurate evaluation of band bending and it is to be validated through further 

analysis. 



３１ 
 

Figure 2.1 Evaluation of the band bending in the vicinity of GaN surface. EF, ECBM, EVBM, and EGa 3d 

are Fermi level, energy of conduction band minimum, valence band maximum, and Ga 3d, 

respectively. SS means surface states. The ΔEVBM-3d has been widely adopted as 17.76 ± 0.03 eV, but 

we found that 17.5 eV obtained by SXE for n-GaN (0001) [32] leads to more consistent evaluation 

of the band bending for GaN. The length of depletion layer in the vicinity of the GaN/vacuum 

interface was calculated as ~8 nm from the band bending of 0.5 eV under UHV. 
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  2.3 Results and discussion 

2.3.1 Position of valence band maximum 

To examine the validity of these values for ΔEVBM-3d, the VBM position evaluated 

by the linear extrapolation of the valence band spectrum to the baseline was compared 

with the VBM obtained by subtracting ΔEVBM-3d from the peak energy of Ga 3d obtained 

by XPS. The binding energy of the VBM by linear extrapolation has the possibility of 

underestimation due to surface states, whereas the VBM evaluated by the subtraction 

should be correct if ΔEVBM-3d is the constant for a bulk GaN. The VBM spectra under UHV 

and after exposure to H2O vapor are shown in Figure 2 a, b. By linear extrapolation, the 

VBM under UHV was estimated as 3.07 ± 0.23 eV (Figure 2 c). In order for this value to 

match the value of VBM by subtracting ΔEVBM-3d from 20.394 ± 0.004 eV obtained as Ga 

3d peak energy (Figure 3a), ΔEVBM-3d should be 17.32 ± 0.23 eV. The value 17.76 ± 0.03 

eV, which has been used as ΔEVBM-3d, is out of this range. The assumption that ΔEVBM-3d = 

17.76 ± 0.03 eV leads to the VBM at 2.63 ± 0.03 eV, which is 0.44 ± 0.26 eV closer to 

the Fermi level than the VBM obtained by extrapolation. In principle, subtraction of 

ΔEVBM-3d from Ga 3d peak energy should yield a VBM position which is more distant 

from the Fermi level than the VBM obtained by the extrapolation, because the linear 

extrapolation should underestimate the binding energy of the VBM due to the effect of 

surface states on the valence band spectrum (Figure 1). Bermudez pointed out the same 

problem in his review:[9] subtracting the value, 17.76 ± 0.03 eV, from Ga 3d peak energy 

yielded the VBM binding energy of 2.4 eV, which is smaller than the value by linear 

extrapolation, 2.89 eV, reported by Kočan et al.42 Although the reason for this discrepancy 

was not mentioned in the review, we believe that the problem was the use of 17.76 ± 0.03 

eV as the constant. By subtracting 17.25 eV, 17.29 eV and 17.5 eV as the ΔEVBM-3d from 

the position of Ga 3d in UHV, 20.394 ± 0.004 eV, the VBM was estimated as 3.14 eV, 
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3.10 eV and 2.9 eV, respectively. These values are closer to the value of VBM by linear 

extrapolation, 3.07 ± 0.23 eV, and the differences are in an error range (Figure 2c).  

Similarly, under ambient H2O vapor, the VBM was obtained as 3.43 ± 0.23 eV by 

linear extrapolation (Figure 2d). Subtracting this value from the 20.796 ± 0.003 eV 

obtained as Ga 3d peak energy (Figure 3b) yields ΔEVBM-3d as 17.36 ± 0.23 eV. On the 

other hand, by subtracting 17.25 eV, 17.29 eV, 17.5 eV and 17.76 ± 0.03 eV from 20.796 

± 0.003 eV, the VBM values of 3.55 eV, 3.51 eV, 3.3 eV and 3.04 ± 0.03 eV are obtained, 

respectively. The ΔEVBM-3d 17.25 eV, 17.29 eV and 17.5 eV led to VBM which are 

consistent with the value 17.36 ± 0.23 eV obtained by linear extrapolation, while 17.76 ± 

0.03 eV yielded the inconsistent VBM, considering the possibility of underestimating 

VBM by linear extrapolation due to the surface states (Figure 2d). We therefore believe 

that 17.25 eV, 17.29 eV and 17.5 eV are acceptable values as ΔEVBM-3d. 
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Figure 2.2 XPS spectrum for the valence band on n-GaN (0001) surface under UHV condition at 

280 K (a) and under 2 mbar ambient H2O vapor at 270 K (b). The incident photon energy was 735 

eV. The enlarged view of the valence band spectrum under UHV is shown as (c). The VBM was 

evaluated as 3.07 ± 0.23 eV under UHV (the cross point with a red error bar) below the Fermi level 

by the linear extrapolation with least square fitting. The VBM evaluated by subtracting ΔEVBM-3d 

from the energy of Ga 3d peak were 3.14 eV (the white circle), 3.10 eV (the black circle), 2.9 eV 

(the blue circle) and 2.63 ± 0.03 eV (the green circle) based on ΔEVBM-3d =17.25 eV, 17.29 eV, 17.5 

eV and 17.76 ± 0.03 eV, respectively. The enlarged view of the valence band spectrum under 

ambient H2O vapor is shown as (d). The VBM evaluated by the linear extrapolation was 3.43 ± 0.23 

eV (the cross point with red error bar). The VBM evaluated by subtracting ΔEVBM-3d from the energy 

of Ga 3d peak were 3.55 eV (the white circle), 3.51 eV (the blue circle), 3.3 eV (the black circle) and 

3.04 ± 0.03 eV (the green circle) based on ΔEVBM-3d =17.25 eV, 17.29 eV, 17.5 eV and 17.76 ± 0.03 

eV, respectively. 
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2.3.2 Band bending reduction under H2O vapor 

For further discussion about the validity of these values, the band bending was 

evaluated. As shown in Figure 3a, the peak position of Ga 3d in UHV was evaluated as 

20.394 ± 0.004 eV by fitting the Ga 3d spectrum. Therefore, the upward band bending 

evaluated by Eq. (1) was 0.28 eV, 0.32 eV and 0.5 eV based on ΔEVBM-3d =17.25 eV, 17.29 

eV, and 17.5 eV, respectively. After n-GaN was exposed to H2O vapor, the Ga 3d peak 

was shifted to 20.796 ± 0.003 eV (Figure 3b), indicating a reduction in band bending by 

0.402 eV. Similar amount of change in the band bending was also observed in N 1s XPS 

spectra between UHV and ambient H2O vapor (see Figure A2a, b in the Appendix A). 

The upward band bending evaluated by Eq. (1) was -0.13 eV, -0.09 eV and 0.1 eV based 

on ΔEVBM-3d =17.25 eV, 17.29 eV and 17.5 eV, respectively. The negative values might 

suggest a complete disappearance of the depletion layer in the vicinity of GaN surface, 

but negative band bending with substantial amplitude does not seem realistic since there 

is no structure on the surface with H2O adsorption to accumulate such a large amount of 

negative charge. 
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Figure 2.3 XPS spectra for Ga 3d on the n-GaN (0001) surface under (a) UHV at 280 K (the black 

circles) and under (b) 2 mbar ambient H2O vapor at 270 K (the black squares). These peaks were 

normalized for comparison. The incident photon energy was 735 eV. The lines are the result of fitting 

to find out the peak location. The EGa 3d s, the peak location of Ga 3d, was evaluated as 20.394 ± 0.004 

eV under UHV and 20.796 ± 0.003 eV under 2 mbar ambient H2O vapor, respectively. 
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2.3.3 Surface photovoltage under H2O vapor 

To obtain further evidence for validating the values of ΔEVBM-3d, SPV under 

ambient 2 mbar H2O vapor was evaluated by the shift of the peak location of Ga 3d under 

Xe lamp irradiation (Figure 4a, b). SPV, or the reduction in upward band bending under 

illumination, is caused by the accumulation of photogenerated carriers in the depletion 

layer of GaN. Figure 4b is the enlarged view around the peak in Figure 4a. In Figure 4b, 

the peak location of Ga 3d before Xe lamp irradiation is set at zero. Under Xe lamp 

irradiation, the relative shift of the peak location was +20 meV in binding energy scale. 

The same amount of peak shift was also observed in N 1s (see Figure A3a, b in the 

Appendix A). The shift by SPV cannot be observed in the case of negative band bending. 

To allow this amplitude of SPV, the upward bending of GaN should be equal to or larger 

than 20 meV under ambient 2 mbar H2O vapor without Xe lamp irradiation. Therefore, 

the negative band bending -0.13 eV and -0.09 eV based on ΔEVBM-3d =17.25 eV and 17.29 

eV are not consistent with the SPV effect. To obtain the positive band bending equal to 

or larger than 20 meV, ΔEVBM-3d should be equal to or larger than 17.36 eV based on Eq. 

(2.1). 

 

 2.3.4 Recommended value of ΔEVBM-3d and reconsidered band 

bending 

As described in 3.2, to obtain the VBM consistently by both the linear 

extrapolation of the VBM spectrum and the subtraction of ΔEVBM-3d from the Ga 3d peak 

energy, ΔEVBM-3d should be equal to or smaller than 17.32 ± 0.23 eV. On the other hand, 

as described in 3.3 and 3.4, the observed value of SPV and the band bending analysis 

under ambient 2 mbar H2O vapor suggested that ΔEVBM-3d should be equal to or larger than 

17.36 eV. As such, the genuine value of ΔEVBM-3d should be between 17.36 eV and 17.55 
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eV. The value obtained by SXE, ΔEVBM-3d =17.5 eV fits in this range although error range 

for SXE is not clear, and we will hence adopt this value for discussing the band bending 

at the n-GaN/H2O interface. 

 

Figure 2.4 (a) (a) XPS spectra for Ga 3d on the n-GaN (0001) surface under 2 mbar ambient H2O 

vapor at 270 K before Xe lamp irradiation (the black dots and line denoted by “Before Xe lamp ON”), 

with irradiation (“Xe lamp ON”: the red dots and line) and after shutting off Xe lamp (“Xe lamp OFF”: 

the blue dots and line). Dots and lines are experimental data and results of peak fitting, respectively. 

The energy and flux of X-rays for XPS were 735 eV and 1.2 × 1015 s-1 cm-2. The photon flux density 

(which has higher energy than GaN band gap, 3.4 eV) of the Xe lamp for carrier generation was 

1.3×1016 s-1 cm-2. (b) The enlarged view around the maximum intensity, with the peak locations 

indicated by the triangles. The peak location before Xe lamp irradiation is set to zero in the binding 

energy axis. The peak location is shifted by +20 meV under Xe lamp irradiation in binding energy 

scale. After shutting off the Xe lamp, the peak location approached zero. 
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As shown in Figure 3a, the peak position of Ga 3d in UHV was evaluated as 

20.394 ± 0.004 eV by fitting the Ga 3d spectrum. Adopting 17.5 eV as ΔEVBM-3d in Eq. 

(1), the upward band bending was evaluated as 0.5 eV (Figure 5). If the amount of band 

bending is re-calculated using both ΔEVBM-3d = 17.5 eV and the peak location of Ga 3d 

reported in the literature, a similar amplitude of band bending was obtained: 0.4 eV for 

the data by Gutt et al. [25] and 0.4 eV for the data by Bermudez et al. [24] (Table 1). The 

band bending in UHV should be governed by Fermi level pinning at the surface states on 

GaN (0001). The pinning level was 2.9 eV above the VBM position. The pinning state 

was considered to be the unoccupied Ga dangling bonds, in reference to theoretical 

analysis.[43] 

After n-GaN was exposed to H2O vapor, the Ga 3d peak was shifted to 20.796 ± 

0.003 eV (Figure 3b). Correspondingly, the upward band bending was reduced to 0.1 eV 

after exposure to H2O vapor. As we discussed in our previous report [44], the band 

bending is reduced by the adsorption of water molecules on the GaN surface because the 

dissociative adsorption of water molecule compensates for the surface states originating 

from the Ga dangling bonds. The dissociative adsorption was confirmed by the increase 

of OH group in O 1s (see Figure A4a, b in the Appendix A). However, band bending still 

remained after exposure to H2O vapor. 
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Figure 2.5 The band diagram under UHV at 280 K (black) and under 2 mbar ambient H2O vapor at 

270 K (blue). The band bending was evaluated as 0.5 eV under UHV and 0.1 eV under ambient H2O 

vapor by adopting 17.5 eV as ΔEVBM-3d in Eq. (1). The band bending was caused by Fermi level pinning 

at the surface states above the VBM around 2.9 eV under UHV and 3.3 eV, respectively. Based on the 

band bending, the lengths of depletion layer were calculated as 8 nm under UHV and 4 nm under 

ambient H2O vapor, respectively. 

 

To examine the consistency of our result, band bending after exposure to H2O 

vapor was compared with the previous reports. In Table. 1, the band bending (BB) values 

are listed for this study and the previous results by Bermudez et al. [24], Lorenz et al. 

[26], Zhang and Ptasinska.[27] The values marked by * are the original values in the 

reports, which are positioned corresponding to the evaluation methods. The BB values 

under UHV by linear extrapolation were based on the VBM evaluated by the present 

authors using the spectra in the reports. [24, 26, 27] The authors’ estimation of VBM for 

the spectrum by Lorenz et al. differed from the original value by 0.5 eV and both values 

are listed in the table. The other BB values under UHV were calculated using the data in 

the reports based on both Eq. (1) and ΔEVBM-3d (either the conventionally used 17.76 ± 
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0.03 eV or 17.5 eV as our recommendation). The BB values after exposure to H2O vapor 

were offset from the values under UHV by the reported shift in Ga 3d peak locations from 

UHV to H2O ambient. 

The upward band bending in the report of Bermudez et al. was calculated as 0.3 

eV with 0.46± 0.03 ML of H2O adsorption after water vapor exposure of 1 Langmuir.[24] 

Lorenz et al. reported that the upward band bending was completely flattened after water 

adsorption following water vapor exposure of 20 Langmuir [26], on the basis of their 

assumption that the band bending under UHV was 0.4 eV, which had been evaluated by 

Gutt et al. based on the VBM position (2.9 eV vs. EF) obtained by the linear extrapolation. 

[25] However, our linear extrapolation using the spectrum under UHV condition reported 

by Lorenz et al. suggests that the VBM was smaller than 2.9 eV, leading to the band 

bending under UHV being larger than 0.4 eV. To eliminate such ambiguity associated 

with linear extrapolation of the VBM, we evaluated the band bending using both the Ga 

3d peak location under UHV, which was obtained by ultraviolet photoelectron 

spectroscopy using He I and He II excitations as well as x-ray source, and Eq.1 with 

ΔEVBM-3d = 17.5 eV; the band bending under UHV calculated as 0.7 eV. Lorenz et al. 

reported that the band bending was shifted by 0.5 eV after water adsorption. Therefore, 

we consider the band bending in the experiment by Lorenz et al. to have actually been 0.2 

eV after water adsorption. In the report of Zhang and Ptasinska, the band bending was 

calculated as -0.1 eV under relative humidity of 1%.[27] In their report, the 𝛥𝐸'()*+ 

was described as 0.6 eV, which is larger than the value for unintentionally doped GaN in 

other reports (~ 0.1 eV). If we apply both ΔEVBM-3d = 17.5 eV and	𝛥𝐸'()*+~0.1 eV to 

their results, the band bending under ambient H2O would be ~0.7 eV.  

Our measurement and the reexamination of the reported values mentioned above 

suggest that the band bending of GaN after compensation of Ga dangling bonds is 0.1-0.3 

eV regardless of the growth method of GaN (MOVPE or molecular beam epitaxy) or the 
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surface preparation of GaN. The result by Zhang and Ptasinska deviates from this range 

but is subject to the ambiguity of 𝛥𝐸'()*+. The carrier concentration in their GaN was 

calculated as ~ 1 × 108 cm-3 by Eq. (2.2) based on their 𝛥𝐸'()*+  of 0.6 eV. Carrier 

concentration in n-type semiconductor is also evaluated by the following equation (2.4): 

𝑛 = =
>?@%

,                                                                          (2.4) 

where 𝜌  is resistivity and 𝜇A  is electron mobility. According to Eq. (2.4), the carrier 

concentration in their sample should be larger than 1 × 1016 cm-3 based on the resistivity 

(< 0.5 Ohm cm) and typical value of the electron mobility of ~ 1 × 103 cm2 V-1 s-1 at 300 

K.45 The carrier concentration which was obtained by Eq. (2.2) was contrary to the 

inequality obtained by Eq. (2.4). Therefore, the value of 𝛥𝐸'()*+  in their evaluation 

should be reconsidered to evaluate the band bending.  

It has been suggested that band bending should decrease as the amount of H2O 

vapor exposure increases due to the compensation of the Ga dangling bonds. However, 

the residual band bending under ambient H2O was evidenced in both this study and the 

preceding reports [24,26,27] (with the reconsideration of band bending), and the 

amplitude of the bending seems to be insensitive to the amount of H2O vapor exposure. 

The Ga dangling bonds which caused the Fermi level pinning under UHV should be fully 

compensated after water vapor exposure. Therefore, the upward band bending of 0.1 eV 

was considered to be caused by Fermi level pinning at the sub-surface states in GaN, 

which are not compensated by dissociative adsorption of water molecules on the surface. 

The pinning level was 0.1 eV below the CBM, and the origin of pinning was considered 

to be a nitrogen vacancy (VN) [46,47] or a complex defect related with an oxygen 

substituting for nitrogen (ON) decorated along dislocation. [48,49] Fernández-Garrido et 

al. and Koleske et al. reported nitrogen is lost more quickly than Ga by annealing at 

temperatures above ~800 °C. [50,51] In our study, the VN should be formed by the 
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annealing process and the presence is consistent with N-to-Ga atomic ratio of 78% which 

was obtained by XPS. B-C. Chung, and M. Gershenzon reported the ON was formed by 

the incorporation of H2O into N-site in GaN grown by MOVPE.[52] In our study, ON 

should be formed by the incorporation of H2O into VN and the presence was suggested by 

the Ga-O bond observed at the O 1s by XPS. Therefore, it is probable that complex defects 

related to VN or ON pinned the Fermi level even under ambient H2O in our experiment.  

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.1 Band bending (BB) for GaN (0001) under UHV and after exposure to H2O vapor shown 

with the evaluation method. The original values of BB in previous reports are indicated by “*1” 
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corresponding to their evaluation methods. 𝛥𝐸%&'() is the reported value for the difference between 

the conduction band minimum and the Fermi level. The amount of adsorption was defined as a 

monolayer (ML). Bermudez et al. used the different definition of 1 ML from Lorenz et al. The 

coverage in Lorenz et al. was converted by using the definition of 1 ML which was adopted by 

Bermudez et al. and indicated as “*2”. 

 

 Evaluation method  

(The value of ΔEVBM-3d) 

BB under UHV 

/eV 

BB after exposure to H2O 

vapor /eV [# of ads. layer] 

𝜟𝑬𝐅"𝐂𝐁𝐌 

/eV 

This study  Linear extrapolation 

Eq. 1 (17.76 ± 0.03 eV) 

Eq. 1 (17. 5 eV) 

Eq. 1 (17. 29 eV) 

Eq. 1 (17. 25 eV) 

0.35 ± 0.23  

0.79 ± 0.03 

0.5 

0.32 

0.28 

0.04 ± 0.32 

0.38 ± 0.03 

0.1 

-0.09 

-0.13 

[-] 

-0.02 

Bermudez et al. [24] Linear extrapolation 

Eq. 1 (17.76 ± 0.03 eV) 

Eq. 1 (17. 5 eV) 

0.4 

0.66 ± 0.03*1 

0.4 

0.3 

0.52 ± 0.03*1 

0.3 

[0.46 ML] 

0.07 

Lorenz et al. [26] Linear extrapolation 

{revised by the author} 

Eq. 1 (17.76 ± 0.03 eV) 

Eq. 1 (17. 5 eV) 

0.4*1 

{0.9} 

0.96 ± 0.03 

0.7 

-0.1 

{0.4} 

0.46 ± 0.03 

0.2 

[~0.8 ML*2] 

0.1 

Zhang and Ptasinska 

[27] 

Linear extrapolation 

Eq. 1 (17.76 ± 0.03 eV) 

Eq. 1 (17. 5 eV) 

0.2 

0.6 ± 0.03*1 

0.3 

0  

0.4 ± 0.03*1 

0.1 

[-] 

0.6 

  

In this study, the effect of SPV by X-ray for XPS on the band bending was 

neglected. The surface photovoltage caused by the accumulation of photogenerated 
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carriers under X-ray irradiation decreases band bending. If we remove the effect of 

reduction in the band bending due to SPV by X-ray for XPS, the band bending under 

ambient H2O will be larger than 0.1 eV. Therefore, the effect of SPV by X-ray for XPS 

on the band bending does not make any difference in the conclusion that the Fermi level 

was pinned at sub-surface states. 

 

2.4 Conclusion 

Band bending for GaN (0001) was investigated under UHV and ambient H2O. 

The energy difference ΔEVBM-3d for GaN should be between 17.36 and 17.55 eV. ΔEVBM-

3d = 17.5 eV, which was evaluated by bulk sensitive SXE, is recommended instead of the 

conventionally used 17.76 eV. With this constant, the band bending was estimated to be 

0.5 eV under UHV and 0.1 eV under a relative humidity of 46%. For the latter condition, 

a SPV of 20 meV was observed upon Xe-lamp irradiation with a photon flux density 

(above a photon energy of 3.4 eV) of 1.3×1016 s-1 cm-2. By re-evaluating the band bending 

for the previous reports using ΔEVBM-3d = 17.5 eV and reported Ga 3d peak locations, it 

appears that the band bending for GaN (0001) after passivation of Ga dangling bonds is 

0.1-0.3 eV regardless of the growth method of GaN (MOVPE or molecular beam epitaxy) 

or the surface preparation of GaN. Upon H2O adsorption, Ga dangling bonds on the GaN 

surface are considered to be passivated with the dissociative absorption of H2O, but sub-

surface states in the vicinity of GaN (0001) surface, such as VN or a complex defect related 

to ON decorated along dislocation, may still pin the Fermi level. 
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Chapter 3 Evaluation method for band bending at 
n-GaN/electrolyte interface 

The band alignment at the interface between an electrolyte and n-GaN photoanode 

was investigated by observing open-circuit potential (OCP) of the GaN as a function of 

irradiated Xe-lamp intensity. The OCP drifted to negative values almost linearly with 

respect to the logarithm of light intensity, similarly to the behavior of open-circuit voltage 

in solar cells. For the smaller light intensity than 10-2 mW/cm2, OCP value was less 

dependent on light intensity and it was sensitive to both the surface treatment of GaN and 

the surface damage which was introduced intentionally prior to the photoelectrochemical 

analysis by the irradiation of accelerated Ar atoms, high-energy electrons, and γ-ray. The 

relationship between OCP and light intensity can be obtained without modifying the 

surface by photocurrent and it would be a good indicator how the surface treatment of a 

photoelectrode affects the photocatalytic activity. 

 

3.1 Introduction 

For semiconductor photoelectrochemistry to split water upon sunlight irradiation, 

alignment of semiconductor band edges with respect to redox potentials for the evolution 

of hydrogen and oxygen from water is of crucial importance.[1] Two essential factors are 

involved in the alignment: 1) the position of semiconductor band edges with respect to 

the standard electrode potential and 2) the band bending inside the depletion region of the 

semiconductor adjacent to an electrolyte.[2] Both of these are related to the atomistic 

nature at the semiconductor/electrolyte interface: the former is affected by the electrical 

double layer at the interface[3] and the latter is determined by the energy level of mid-

gap states originating from the chemical bonds of the semiconductor exposed to the 

electrolyte.[4] These may be affected by a lot of factors such as pH of the electrolyte,[5] 
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the existence of an oxidized layer[6] and/or atomistic disorder on the semiconductor 

surface, and crystal defects inside the semiconductor. Due to such complexity, it is not 

straightforward to characterize the band alignment at the interface. 

Mott-Schottky plot by measuring the capacitance of the depletion layer at the 

surface vicinity of a semiconductor photoelectrode under the externally-applied DC bias 

is widely used for analyzing the position of semiconductor band edges with respect to the 

standard electrode potential.[7] If we obtained Mott-Schottky plot under light irradiation, 

we would be able to know how band edges are aligned at the semiconductor/electrolyte 

interface corresponding to the operation environment as a photocatalyst. For a 

photoanode, however, photocurrent under a reverse bias can lead to surface corrosion, 

and the analysis of the band alignment simultaneously damages the surface. [8,9] We here 

propose a non-destructive method for clarifying such band alignment at the 

semiconductor/electrolyte interface: measurement of circuit potential (OCP) under light 

irradiation. Under open-circuit condition, almost no anodic current exists even under light 

irradiation and the surface can be almost free from corrosion. From a viewpoint of physics, 

OCP of a semiconductor photoanode corresponds to the quasi-Fermi level of electrons. 

OCP should move to the negative direction with increased light intensity incident on its 

surface. For an ideal situation like a Schottky junction between a metal and a 

semiconductor, the relationship between OCP and the logarithm of light intensity will 

follow a linear relationship owing to the accumulation of photo-generated carriers inside 

the semiconductor and the resultant reduction of band bending, approaching a situation 

with nearly flat band under a sufficiently-large light intensity.[10] Defects in a 

semiconductor facilitates the recombination of photo-generated carriers and will prevent 

such a drift of OCP to the negative direction. Furthermore, the metal/semiconductor 

interface tends to be accompanied by a lot of mid-gap states and lock the quasi-Fermi 

level at the energy of interfacial states regardless of the intensity of irradiated light: a 
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phenomenon known as Fermi-level pinning. For the interface between an electrolyte and 

a semiconductor photoelectrode, we can expect a similar behavior of the quasi-Fermi 

level, i.e., OCP, with respect to the intensity of irradiated light. In other words, the 

relationship between OCP and light intensity will provide us an insight on how ideal a 

semiconductor photoelectrode is, or how the defects in both bulk semiconductor and the 

electrolyte/semiconductor interface affect the accumulation of photo-generated carriers 

and the resultant energy of the quasi-Fermi level. 

As a proof of concept for such analysis of OCP under light irradiation, we have 

chosen n-type GaN photoanode because epitaxial GaN layer has relatively high crystal 

quality and is stable in electrolytes for photoelectrochemical experiments. [11-14] 

Starting from such ideal photoelectrode, we tried to damage it by the irradiation of high-

energy particles such as Ar atoms, electrons and photons (γ-ray). Through the observation 

of OCP behavior under light irradiation for such intentionally damaged GaN 

photoelectrodes, we aimed at clarifying the sensitivity of OCP on the defects and 

interfacial non-idealities of semiconductor photoelectrodes. 

 

3.2 Method 

3.2.1 Sample preparation and experiment 

N-type GaN epitaxial layers were prepared on sapphire substrates by metalorganic 

vapor-phase epitaxy (MOVPE). The layers were doped by Si at a carrier density of 

1.6×1017 cm-3. Some GaN layers were bombarded with high-energy particles to introduce 

damages. For the irradiation of Ar atoms, Ar+ ions are accelerated at 1 kV and then 

introduced to a conductive aperture. The ions are neutralized and irradiated to the surface 

of GaN in vacuum at room temperature for 3 min. For the irradiation of high-energy 

electrons, they were accelerated at 1 MV and irradiated to the surface of GaN with 1015 
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cm-2 dose in the atmosphere at room temperature. For the irradiation of γ-ray, they were 

emitted from 60Co and irradiated to the surface of GaN with 1 MGy (for SiO2) in N2 

ambient at room temperature. These particles are expected to generate different defects 

in the GaN layer. The beam of Ar atoms is attenuated in the surface vicinity of GaN and 

it will generate defects on the surface. In contrast, high-energy electrons and γ-ray will 

penetrate to the depth of GaN layer due to relatively weak interaction with the atoms 

composing the layer. Especially, γ-ray will generate defects almost uniformly in the GaN 

bulk rather than electrons. 

 

3.2.2 Evaluation method for band bending 

As-grown GaN layers and those irradiated with Ar atoms, electrons and γ-ray 

were processed into photoelectrodes using epoxy-resin. A photoelectrode was put in a 

pH=14 

electrolyte with NaOH. Before the OCP measurement, the surface of the as-grown GaN 

electrode was reduced in an electrolyte by applying cathodic current with static potential 

mode at -1.6 V vs. Ag/AgCl or with cyclic voltammetry mode from -1.5 V to 0 V vs. 

Ag/AgCl. The surface of the damaged GaN surface was reduced in an electrolyte by 

cathodic current with static potential mode at -1.6V vs. Ag/AgCl. The light from a Xe 

lamp was irradiated onto the surface of the photoelectrode. The intensity was adjusted 

from 10-5 to 102 mW/cm2 using neutral density filters. Under the light irradiation, OCP of 

the photoelectrode was measured with respect to an Ag/AgCl reference electrode, which 

potential is +0.2 V with respect to Normal Hydrogen Electrode (NHE). 
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3.3 Results and discussion 

3.3.1 OCP behavior with varied light intensity for an GaN 

photoelectrode 

As shown in Fig. 3.1, there is almost no hysteresis in the behavior of OCP versus 

the light intensity irradiated on the surface of GaN photoelectrode, indicating that the 

surface of the electrode hardly changed during the analysis. This is the merit of analyzing 

OCP with no photocurrent, as expected. OCP with respect to an Ag/AgCl reference 

electrode moved to the negative direction almost linearly with the logarithm of light 

intensity above a light intensity 10-2 mW/cm2, until it reached flat-band potential (FBP) 

at a light intensity of 102 mW/cm2. Here, the FBP value of -1.4 V was obtained from the 

Mott-Schottky plot under dark in a different experiment. Below an intensity of 10-2 

mW/cm2, OCP stayed at approximately 0.9 eV below FBP. Such a behavior is similar to 

so-called “Fermi-level pinning.” This tendency indicates that the quantum states would 

exist at ca. 0.9 eV below the conduction band edge and these states pinned the quasi-

Fermi level of GaN in the weak light intensity regime. The origin of such mid-gap pinning 

states would be an oxidized layer on the surface of GaN and/or the dangling bonds on the 

GaN surface facing to the molecules in an electrolyte. It is clear that the quasi-Fermi level 

of electrons exceeded the redox potential of H2 evolution, i.e., water splitting becomes 

possible, when the light intensity exceeded ca. 1 mW/cm2. Figure 3.2 depicts the change 

of band lineup at the electrolyte/n-GaN interface under light irradiation. If irradiated light 

is weaker than a threshold, most of the photo-generated carriers will recombine via the 

mid-gap states in the surface vicinity and carriers will not accumulate in spite of the 

increased light intensity. Therefore, the independence of OCP from light intensity would 

indicate the existence of non-negligible interfacial states. 
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Figure 3.1 Open-circuit potential (OCP) of n-type GaN photoanode as a function of the light intensity 

of a Xe lamp with Imax=0.1 W/cm2 in a NaOH solution with pH=14. The light intensity was varied 

in the ascending direction (filled symbols) and then it was changed to the descending direction (open 

symbols). The standard electrode potential of the reaction 2H+ + 2e- = H2 (1) at this pH and the flat-

band potential of the n-type GaN electrode under dark condition are shown as references. 

 

Figure 3.2 Supposed band lineup of n-type GaN photoanode under small, medium, and large light 

intensity. The lines at the semiconductor/electrolyte interface indicates the quantum states originating 

from the imperfection such as the surface dangling bonds and the defects of GaN. Arrows to the lines 

indicate the recombination of photogenerated carriers. 
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3.3.2 OCP behavior for the GaN photoelectrode with the damaged 

surface 

Figure 3.3 Open-circuit potential (OCP) versus light intensity plot for a variety of n-type GaN 

irradiated with high-energy particles: electrons, γ-ray and Ar atoms. The correspondence between such 

treatment for damaging GaN and each data series is indicated at the left-hand side of the plot. There 

are two data series for the GaN without irradiation. The different behavior, especially the difference 

in OCP value at the lowest light intensity, is attributed to the initial treatment of GaN surface in the 

electrolyte prior to light irradiation. 

 

In order to investigate the impact of defect states in GaN on the OCP dependence 

of light intensity, the surface of the n-GaN electrodes was damaged with high-energy 

electrons, γ-ray and accelerated Ar atoms. Such treatments changed the value of OCP as 

shown in Figure 3.3. There are two data series for the GaN without irradiation. The 

different behavior, especially the difference in OCP value at the lowest light intensity, is 

attributed to the initial treatment of GaN surface in the electrolyte prior to light irradiation. 
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The behavior of OCP seems to be very sensitive to the existence of an oxidized layer 

and/or roughness on the surface of GaN and even a small difference in the initial surface 

reduction procedure would result in different surfaces of GaN. The impact of the 

irradiation with either high-energy electrons or γ-ray is within such a variation of the OCP 

behavior associated with the initial surface treatment. These irradiation treatments would 

generate defects in the bulk of GaN layer rather than the surface and it might be said that 

the bulk defects are less affective on photocatalytic activities than the surface defects. 

Light intensity larger than ca. 0.1 mW/cm2 makes the OCP behavior almost similar, 

indicating that such a subtle difference both on the surface and in the bulk of the GaN 

becomes almost invisible under strong-enough light irradiation. In contrast, irradiation 

with accelerated Ar atoms resulted in the dramatic change in the behavior of OCP. The 

value under small light intensity is shifted to the positive direction and OCP is locked to 

that value up to a larger light intensity (ca. 0.1 mW/cm2). This tendency indicates the 

existence of high-density defect states which were introduced to the GaN surface by the 

bombardment of high-energy and heavy Ar atoms, and the energy of these defect states 

are closer to the middle of the bandgap of GaN than the states associated with the oxidized 

layer on the GaN photoelectrode. As a result of such severe surface damage, it became 

difficult for the quasi-Fermi level of electrons to exceed the redox potential of hydrogen 

evolution, i.e., water splitting was impossible, even under strong light irradiation. 
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3.4 Conclusion 

The dependence of OCP of a semiconductor photoelectrode on the irradiated light 

intensity gives us an insight on how the defects, especially those on the surface of a 

semiconductor, affect the photocatalytic activity. The quantum states at the 

electrolyte/semiconductor interface seems to be very impactful on the increase of quasi-

Fermi-level splitting with light intensity, which is the driving force of 

photoelectrochemical reactions. A good surface modification for boosting photocatalytic 

activity, such as the introduction of co-catalyst and surface coating, should never lock the 

OCP at a certain value with an increase in light intensity. The proposed method of 

observing OCP under light irradiation is a concise and effective method for screening 

good photoelectrodes with appropriate surface modification. 
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Chapter 4 Surface states and band bending at n-
GaN/1M NaOH interface 

To clarify the effect of surface states on the band alignment at a 

semiconductor/electrolyte interface, light-induced drift of open-circuit potential (OCP) 

for an n-GaN was analyzed under photoanode operation in NaOH (pH=14). Below the 

threshold,  OCP seemed affected by carrier recombination via the defect states in the 

surface vicinity of GaN.  When the surface of n-GaN was treated with Ar plasma, the 

impact of the defect states became more dominant and OCP almost stayed at the dark 

value for a wide range of photon flux, and the OCP hardly exceeded the redox potential 

for hydrogen evolution even under strong light irradiation. Based on the analysis, the 

surface state derived from VGaON is considered to be the origin of the Fermi level pinning 

at n-GaN/1M NaOH interface. Furthermore, although theoretical calculation in previous 

reports have quantitatively shown that a surface states density of 1013 cm-2 is required for 

complete Fermi level pinning to occur , our measurement revealed that the Fermi level is 

pinned at the surface state with a density of less than 1012 cm-2. Light-induced drift in OCP 

will provide us the band alignment at the semiconductor/electrolyte interface on 

photoelectrochemistry. 

 

4.1 Introduction 

 After the development of the first photoelectrochemical water splitting [1], the 

modification of semiconductor surfaces using electrocatalysts [2,3] and protective layers 

[4,5] is now being carried out to increase the efficiency and the lifetime.To optimize their 

materials and structures toward the highest efficiency and the longest life time, both the 

mechanism and kinetics of carrier transport at the interface between a semiconductor and 

an electrolyte should be understood. 
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Some reports suggested that the surface state, stemming from dangling bonds or 

adsorbed molecules on the surface of a semiconductor, mediated the interfacial carrier 

transport.[6-11] Also, other reports suggested that surface states function as 

recombination centers or traps[12-17] for photo-generated carriers. Surface states 

influence on band alignment by Fermi level pinning:[18-20] Fermi level is fixed at the 

energy level of surface states regardless of the free energy in the medium adjacent to a 

semiconductor, such as a metal or an electrolyte. The pinning is caused by capturing 

electrons at high density surface states. Since the pinning affects the band bending, it has 

a significant impact on the interfacial charge transfer and the progress of water splitting 

reaction. However, experimental evaluation on the impact of surface states is still difficult.  

One of methods for evaluation is impedance spectroscopy.[21-25] Although this 

technique clarifies the surface states distribution and the band edge potential, equivalent 

circuit model includes some uncertainty especially for the semiconductor/electrolyte 

interface. Also, the technique can be utilized under illumination.[23-25] However, 

applied bias voltage should be restricted to protect  the surface of photoelectrodes from 

photocorrosion during measurement.[25] In addition, it is uncertain whether the Fermi 

level is pinned at the surface states evaluated by Impedance spectroscopy only. Recently, 

operand X-ray photoelectron spectroscopy has been used.[26-28] Lichterman et al. 

reported the band alignment at TiO2/KOH interface using this technique.[28] However, 

the result was easily affected by the evaporation of the thin-film electrolyte on the 

semiconductor surface and by the limited conductivity of the electrolyte due to bubbles 

formed by electrochemical reaction. 

In this work, the band alignment at semiconductor/electrolyte interface was 

evaluated by open-circuit potential (OCP) measurement under illumination [29] and 

impedance analysis to evaluate the effect of surface states. In Section 3, we discussed the 

behavior of OCP in n-GaN. Under dark and weak illumination, OCP, which corresponds 
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with the quasi-Fermi level, in n-GaN is pinned at the surface state, whereas under strong 

illumination, the quasi-Fermi level is free from pinning due to filling of surface states 

with photogenerated carriers. When defects were introduced into n-GaN by Ar atom, 

higher light intensity was required due to the release from pinning. This difference in light 

intensity is thought to be due to the difference in the density of the pinning surface states.  

To clarify presence of the pinning surface states, in this section, we will compare the 

pinning observed by this OCP with the density of surface states evaluated by impedance 

spectroscopy. We will further discuss the origin of the surface states, and obtain insight 

into the determinants of band bending. .In section 2, we clarified that Ga dangling bonds 

on the GaN surface are considered to be passivated with the dissociative absorption of 

H2O, but sub-surface states in the vicinity of GaN(0001) surface, such as VN or a complex 

defect related to ON decorated along dislocation, may still pin the Fermi level. There is a 

need to clarify whether Fermi level pinning due to the sub-surface states occur in the 

electrolyte as well. 

We try to clarify it, the impact of surface states on the band alignment will be 

investigated by OCP measurement under illumination and impedance spectroscopy  on 

n-GaN with and without Ar plasma exposure. 

 

 4.2 Method 

4.2.1 Sample preparation 

In this research, the photoanode was (0001) n-GaN layer on a Si substrate grown 

by metal organic chemical vapor phase epitaxy (MOVPE), provided by NuFlare 

Technology. The carrier concentration of the undamaged n-GaN was approximately 4 × 

1018 cm-3 as estimated by hall measurement. Before electrochemical measurement, to 

remove organic compounds on the surface, the electrode was cleaned with ultrasound in 
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acetone and isopropanol for 2 min, respectively. Then, it was rinsed in ultra-pure water 

and dried with nitrogen blow. The ohmic contact was formed on the surface of n-GaN 

with indium. The contact was covered with epoxy resin so that there is no electrical 

contact between the indium contact and an electrolyte. 

In order to increase the density of surface state intentionally, the undamaged n-

GaN chip was exposed to Ar plasma for 1.5 min. The capacitive coupled plasma of Ar 

was excited at 75 W input power and 2.0 Pa pressure. Therefore, unlike the Ar fast atom 

beam used for defect introduction in Section 3, no acceleration is performed, and the 

defects should be more concentrated near the surface. 

 

4.2.2 Evaluation method for surface defect states 

The GaN photoelectrodes were analyzed in the experimental system shown in Fig. 

4.1. Each sample was fixed on an electrochemical cell made of UV-transparent quartz 

glass. The photoelectrode was contacted with 1 M NaOH solution (pH = 14) via a circular 

hole (6 mm in diameter) opened on the wall of the cell. Before the measurement, the cell 

was purged by 0.11 MPa Ar gas to remove the dissolved gas. All measurements were 

done in three-electrodes configuration with a potentiostat. A platinum wire and an 

Hg/HgO/1 M NaOH electrode (+0.11 V vs. standard hydrogen electrode (SHE) at 290 K) 

were used as counter and reference electrode, respectively.  

To measure light intensity dependence of OCP, 325 nm He-Cd laser was used as 

a light source. The laser light was TEM multimode and the beam diameter (1/e2) was 1.78 

mm. The photon energy (3.82 eV) is enough to induce the intra-band transition of carriers 

(3.42 eV in bandgap for GaN). Laser spot size was optically expanded to 6.0 mm in 

diameter to cover the hole entirely. A blackout curtain was employed to define the dark 
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condition. The irradiated light intensity was varied from 2.9 × 10-5 to 1.6 × 102 mW/cm2 

with ND filters. The corresponding photon flux ranged from 109 to 1016 s-1 cm-2. 

Using this setup, light intensity dependence of OCP was measured for the n-GaN 

photoelectrodes in 1 M NaOH solution. Laser light at each setpoint intensity was 

irradiated and the value of OCP jumped from a value under the dark condition to a value 

under illumination. Since the OCP value showed a slight drift after the onset of light 

irradiation, the value after stabilization was used as the value corresponding to the light 

intensity. To examine the variation of OCP by physical or chemical surface modification 

after illumination, the light-intensity dependence of OCP was measured with both 

increasing and decreasing light intensity.  

Impedance measurement was also conducted to obtain Mott-Schottky plot under 

the dark condition after the OCP measurement. DC bias voltage in impedance 

measurement was increased from -0.2 V to +1.1 V vs. reversible hydrogen electrode 

(RHE). At each DC bias voltages, impedance was measured by applying a small AC 

signal with frequencies from 2.0	 ×	10B	and 1.0	 ×	105	Hz. 

 

Figure 4.1 An experimental setup. The electrochemical cell was enclosed in a blackout curtain. A n-

GaN working electrode (WE) was faced to 1 M NaOH solution through a window on the cell. An 

Hg/HgO/1 M NaOH reference (RE) and a platinum counter (CE) electrode were put on the electrolyte 
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in the atmosphere. Laser was irradiated to n-GaN surface through a hole in the curtain. The laser beam 

was expanded and attenuated outside the curtain.  

4.3 Results and discussion 

4.3.1 Band edge potential of n-GaN photoelectrode 

Figure 4.2 Band alignment at the surface of n-type semiconductor contacted with electrolyte. 𝜙%( is 

the flat-band potential, 𝐸'* is the conduction band edge potential at the surface, 𝐸+* is the valence 

band edge potential at the surface, 𝐸', is the conduction band edge potential in the bulk, 𝐸+, is the 

valence band edge in the bulk, χ is electron affinity of semiconductor and 𝐸% is the Fermi level. Band 

edge potential at the surface can be estimated from the flat-band potential and the potential difference 

between the Fermi level and the conduction band edge in the bulk. The Fermi level can be evaluated 

as OCP. 

 

Fig. 4.2 summarizes the band alignment under the dark condition, which will be 

elucidated through electrochemical analysis for the n-GaN photoelectrode. The 

conduction-band-edge potential, ECs, was evaluated by Mott-Schottky plot as the inverse 

square of the capacitance in the surface depletion region of n-GaN, 𝐶C1D, as a function of 

applied bias in Fig. 4.3a, b. Flat-band potential, 𝜙'*, was estimated by fitting linear region 

with the following relationship,[30]  
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where, e is the elemental charge, ϵ is the relative permittivity of 10.4 [31], ϵI  is the 

permittivity of vacuum, 𝑁J  is the donor density, 𝜙  is the applied potential, k  is the 

Boltzmann constant and 𝑇 is the absolute temperature.  

To obtain Cint, the experimental data has been fitted using the equivalent circuit 

models in Fig. 4.3(c) presented in the literatures [6,32]. The experimental data is 

represented by symbols and the lines show fits according to the Eq. (4.1). For an ideal 

semiconductor/electrolyte system, a linear dependence of the inverse square of the 

interface capacitance on the applied bias potential is expected [30]. For n-GaN without 

Ar plasma treatment, such a linear dependence is observed between –0.2 V and +1.1 V 

vs. RHE. From this linear dependence, the flat band potential is evaluated as -0.64 V vs. 

RHE. This value is in good agreement with previous reports [33]. The fitting according 

to the M-S equation evaluates the donor density ND as 3.1 × 1019 cm-3. This value deviates 

from the carrier concentration evaluated by Hall measurement, 4 × 1018 cm-3. Such a 

difference has been reported and discussed in previous studies. ref. This difference affects 

the conduction band edge potential evaluated by the relationship, 

 

𝐸)& = 𝜙'* −
89
<
ln JK!

∗

1
K                                                                                        (4.2) 

 

where, ECs is the potential of conduction band edge at the surface, NC
* is the 

effective density of states in the conduction band and n is the net carrier concentration. 

Even if all donors are activated and the carrier concentration is 3.1 × 1019 cm-3, the 

difference is insignificant, approximately 50 meV, as calculated by Eq. (4.2). The band 

edge potential at the surface of n-GaN without Ar plasma treatment was evaluated as -

0.62 V vs. RHE with NC
* calculated as 2.13 × 1018 cm-3 from effective mass for the 
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electron of 0.20 m0 [32], where m0 is the rest mass of the electron. Using this value and 

the bandgap of GaN (3.42 eV), the valence-band-edge potential EVs at the surface of an 

undamaged n-GaN photoelectrode is deduced to be + 2.80 V vs. RHE. Also, the vacuum 

level at the surface is -4.7 V vs. RHE, with the electron affinity of 4.1 eV [38]. 

To obtain, Cint (ZCPE), the experimental data is fitted using the equivalent circuit 

models (Fig. 4.3c) presented in a previous work [6,32]. The experimental data is 

represented by symbols and the lines show fits according to the Mott-Schottky equation. 

For an ideal semiconductor/electrolyte system, a linear dependence of the inverse square 

of the interface capacitance on the applied bias potential is expected [30].  

For n-GaN without Ar plasma treatment, a linear dependence is observed between 

–0.2 V and +1.1 V vs. RHE. From this linear dependence, the flat band potential is 

evaluated as -0.64 V vs. RHE. This value is in good agreement with previous reports [33]. 

Furthermore, the fitting according to the Mott-Schottky equation evaluates the donor 

density 𝑁J as 3.1 × 1019 cm-3. For n-GaN with Ar plasma treatment, a significant deviation 

of the capacitance values from the linear behavior is observed for potentials between +0.4 

V and +0.7 V vs. RHE. Linear behavior was observed between -0.2 V and +0.4 V, and 

between +0.7 V and +1.1 V. This behavior is discussed in Fig. 4.4. When the Fermi level 

reaches the energy levels of the surface states, the electrons begin to occupy the empty 

surface states. The Fermi level is pinned at these traps. As a result, a horizontal M-S plot 

is observed because the capacitance of the depletion layer is independent of the potential 

change. The linear M-S gradient is again observed when the surface states are completely 

filled. Here, the charges of the acceptor-like and donor-like surface states are denoted as 

QA and QD, and the capacitances as CA and CD, respectively. The potential used to occupy 

all acceptor-like surface states is -QA/CA, resulting in a shift from Ufb to Ufb'. Similarly, 

the potential used to completely deplete all donor-like surface state is +QD/CD, resulting 

in a shift from Ufb to Ufb''. 
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Figure 4.3 Mott-Schottky plot for an n-GaN photoelectrode (a) without and (b) with Ar plasma 

treatment. The capacitance was obtained from fitting impedance data at each DC bias with the 

equivalent circuit shown in (c). 𝐶𝑃𝐸  and Rp are constant-phase element and resistance in the 

semiconductor/electrolyte interface, respectively. Rs is the series resistance including the contribution 

of both the electrolyte and the semiconductor. If the exponent α is whithin a slight deviation from 

ideality (1.0 ≥ α > 0.9), the CPE parameter Q can be interpreted as an approximation of the interface 

capacity Cint. The fitting was done in frequency range between 2.0	 ×	10-	and 1.0	 ×	10.	Hz. The 

solid line was analyzed by the M-S equation in Equation (4.1). The red and blue lines in (b) are without 

and with activated donor-like surface states, respectively. 

Rp

Rs

CPE
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Figure 4.4 A Mott-Schottky plot of the semiconductor influenced by the charging and discharging 

of the surface states. [34,35] 

 
Therefore, there is a need to clarify the Fermi level in Ar plasma treated n-GaN in 

order to evaluate its flat band potential. Since the Fermi level corresponds to OCP and the 

value was +0.8 V vs. RHE under dark condition, the blue line in Fig. 4.3(b) was analyzed 

by eq. (4.1). As a result, the flat band potential was 0.00 V, and the donor density was 3.8 

× 1020 cm-3. The donor density of n-GaN is increased by Ar plasma treatment due to the 

creation of nitrogen vacancy-related shallow donors in the near-surface region [36,37]. 

When the acceptor-like surface state is inactivated, the flat band potential becomes -0.69 

V vs. RHE, which is close to the potential of n-GaN without Ar plasma treatment. 

, which was evaluated  Therefore, the conduction band edge potential was evaluated as -

0.67 V vs. RHE and 0.00 V vs. RHE without and with activated acceptor-like surface 

states, respectively. 

 

4.3.2 Surface states distribution 

To determine the energy distribution of the surface states, the potential 

dependence of the interfacial capacitance can be used, as demonstrated by Sachsenhauser 

et al. [6] The capacitance evaluated by impedance measurement can be divided into the 

capacitance in the space charge region and the capacitance originating from the surface 
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state. Since the capacitance in the space charge region, CL)M, depends on the thickness of 

the depletion region, it satisfies the following equation (4.3): 

𝐶NEO = ^
PFF)2+

5QR(R,-(
./
0 S

                                                                                      (4.3) 

The capacitance of the surface state, Css, also depends on the accumulation of 

carriers in the surface states. This accumulation occurs when the Fermi level and the level 

of the surface state are aligned. Therefore, the capacitance derived from the surface states 

reaches its maximum when the Fermi level is aligned with the potential of the surface 

states. 

Because the capacitive contribution of the surface state is frequency dependent, 

[39,40] it should be considered as a frequency-dependent constant phase element (CPE), 

ZCPE, which is given by 

𝑍ETU =
=
V
(𝑖𝜔)(W                                                                                              (4.4) 

where 𝑄 and 𝛼 are the CPE parameters. If the exponent α is within a slight deviation from 

ideality (1.0 ≥ α > 0.9), the CPE parameter Q can be interpreted as an approximation of 

the interface capacity 𝐶XAY .[39] As mentioned in section 4.3.1, we considered the 

equivalent circuit in Fig. 4.3 (c). In our measurement, since the value of α was between 

1 and over 0.9  under all DC bias, therefore, ZCPE was interpreted as an approximation of 

the interface capacitance Cint. Therefore, an equivalent circuit with CPE in Fig. 4.3(c) was 

replaced by the capacitance, Cint, was used for the impedance fitting. 

The potential dependences of 𝐶XAY in n-GaN with and without Ar plasma treatment 

are shown in Fig. 4.5a and b, respectively. Since 𝐶XAY = CSCR + CSS, CSS, can be evaluated 

by subtracting the value of CSCR calculated using eq. (4.3) and from 𝐶XAY . For n-GaN 

without Ar plasma treatment, calculated value of CSCR agrees with Cint, indicating that CSS 

is negligible. However, for n-GaN with Ar plasma treatment, above 0.3V, there is a 
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discrepancy between the experimental value of Cint and the calculated value of CSCR, 

indicating the presence of surface states in the bandgap of the GaN electrodes. When the 

Fermi level of GaN is aligned with the energy of the surface states, charge transfer occurs, 

and the effective surface state capacitance, CSS, must be considered as well as the 

capacitance of the space charge region CSCR.  

 

Figure 4.5 Interface capacitance, 𝐶XAY = CSCR + Css, plotted with respect to the applied potential to 

a GaN electrode (a)without and (b) with Ar plasma treatment, respectively. The solid line is calculated 

CSCR by eq. (4.3) with dope density, ND, and flat band potential, 𝜙/0 , obtained by Mott-Schottky plot 

(Figure. 4.4). The ND and 𝜙/0 were 3.1 × 1019 cm-3 and -0.64 V vs. RHE without Ar plasma treatment, 

and 4.9×1020 cm-3 and -0.69 V vs. RHE with Ar plasma treatment, respectively.  

 

 The effective density of surface states, Nss, is estimated by  

𝑁00 =
E11
P
				                                                                                                       (4.5) 

The NSS values for n-GaN without and with Ar plasma treatment in 1M NaOH is 

shown in Figure 4.6. For the Ar plasma treated sample alone, the presence of surface 

states was confirmed above +0.3 V vs. RHE. The NSS peak value for the surface treated 



７６ 
 

with Ar plasma was 7.4×1012 eV-1 cm-2, at around 0.7 V vs. RHE. Since the band edge 

potential of Ar plasma treated n-GaN is 0.00 eV vs. RHE with potential shift by charged 

acceptor-like surface states, the surface states seem to exist at about 0.7 V from the 

conduction band edge. Comparing the position of this surface states with previous studies, 

the origin is considered to be the 2-/- level of the VGaON complex [41]. This is consistent 

with the decrease in nitrogen and increase in oxygen after Ar plasma irradiation, as 

evidenced by XPS spectra (Appendix.B.1).  

 

Figure 4.6 Surface states density NSS, which was estimated by eq.(4.5), on GaN(0001) with (squares) 

and without Ar plasma treatment (circles). For n-GaN with Ar plasma treatment, the surface states 

above 0.3 V vs. RHE was observed. 

 

 

 

 

 

 

 



７７ 
 

4.3.3 Fermi level pinning observed by OCP measurement 

 

Figure 4.7 Open-Circuit potential (OCP) plotted with respect to logarithm of light intensity. The 

values for n-GaN with and without Ar plasma are shown as circles and squares. 

 

(i) n-GaN without Ar plasma treatment 

Since the electric contact is in equilibrium with n-GaN, OCP of n-GaN in NaOH 

electrolyte corresponds to EF in Fig. 4.2 under the dark condition. The value shifted to the 

negative direction with increasing illumination intensity. The value of OCP is plotted in 

Fig. 4.7 with respect to the logarithm of illumination intensity. 

For n-GaN without Ar plasma treatment, OCP was +0.51 V vs. RHE under the 

dark condition. The band alignment under the dark condition is deduced as in Fig. 4.8a 

and the band bending was 1.2 V. With increasing photon flux, OCP approached to the 

flat-band potential and band bending was reduced accordingly. Under the photon flux of 

3.7 ×1016 s-1 cm-2, OCP was -0.22 V vs. RHE and the band alignment is deduced as Fig. 

4.8b, where the band bending became 0.8 V. Here, it is assumed that the band edge 

potential under illumination stays at the position under the dark condition. 
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Under a photon flux of 1.2	 × 	10=5	s(=	cm(5 , the value of OCP seems to be 

affected significantly by the surface states as will be discussed below (section 4.3.3 (iii)). 

This pinning position was 1.1 V below conduction band edge. Above a photon flux of 

1.2	 × 	10=5	s(=	cm(5, the behavior of OCP is considered to be almost free from the 

impact of the surface states and the accumulation of photocarriers in the depletion region 

of n-GaN seems to be responsible for the reduction of band bending. The linear 

relationship between OCP and the logarithm of light intensity is often observed for open-

circuit voltage in photovoltaic cells. 
 

(ii) n-GaN with Ar plasma treatment 

For the GaN photoelectrode exposed to Ar plasma, OCP was +0.80 V vs. RHE, 

unlike the situation for the undamaged GaN under the dark condition. The band alignment 

under the dark condition is deduced as in Fig. 4.8c. As described in Figure 4.4, the flat 

band potential of Ar plasma treated n-GaN shifts to the positive direction due to activated 

acceptor-like surface states.Therefore, there was a difference between -0.65 V vs. RHE 

(without activated acceptor-like surface states) and +0.00 V (with activated acceptor-like 

surface states). The potential drop due to surface states and band bending were 0.67 V 

and 0.80 V, respectively. With increasing photon flux, OCP shifted from +0.8 to +0.6 V 

vs. RHE in a very gradual manner in the photon flux range from 109 s-1 cm-2 to 1015 s-1 cm-

2. This gradual shift of OCP might be caused by the pinning of Fermi level at the energy 

level of surface states with high density which were introduced by the exposure to Ar 

plasma. The origin of surface states is considered to be the 2-/- level of the VGaON 

complex [41]. Surface states originating from the defects may pin the Fermi level. Above 

a photon flux of 1015 s-1 cm-2, OCP shifted drastically from +0.4 to +0.15 V vs. RHE with 

the increase in photon flux. In this range, the surface states due to the defects seems to be 

filled with photo-generated electrons and the Fermi level was free from pinning. However, 
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the OCP hardly exceeded the redox potential for hydrogen evolution (0 V vs. RHE) even 

under strong light irradiation. Under the photon flux of 3.7 ×1016 s-1 cm-2, OCP was +0.14 

V vs. RHE and the band alignment is deduced as Fig. 4.8d and the band bending was 0.8 

V. The band bending was equal to the dark state. This is thought to be because the 

photogenerated carriers accumulated in the acceptor-like surface states and not in the 

depletion layer. 

 

Figure 4.8 B Band alignment at the semiconductor/electrolyte interface under dark and light 

irradiation. (a) and (b) are for the n-GaN without Ar plasma treatment while (c) and (d) are for the n-
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GaN with Ar plasma treatment. (a) and (c) are under dark while (b) and (d) are under the maximum 

illumination. The band edge potential is the value obtained from Mott-Schottky plot. For n-GaN with 

Ar plasma treatment, the potential shift by 0.67 eV due to activated acceptor-like surface states should 

be consideredwas observed. (a) and (b) are for the n-GaN without Ar plasma treatment while (c) and 

(d) are for the n-GaN with Ar plasma treatment. (a) and (c) are under dark while (b) and (d) are under 

the maximum illumination.  Here, we used 4.44V as the difference between vacuum level and 

hydrogen redox.[42]  

 

(iii) Origin of pinning in n-GaN with and without Ar plasma treatment 

For the n-GaN treated by Ar plasma, the the pinning position was 0.8 V below 

conduction band edge CBM  and surface states derived from VGaON (discussed in section 

4.3.2) are considered to be origin of pinning. For n-GaN without Ar plasma treatment, the 

pinning position was 1.1 V below conduction band edge. As mentioned in Section 3, for 

pristine n-GaN surfaces, it has been suggested that Fermi level is pinned at surface states 

related to VN or ON after water adsorption. As shown in the previous study [41], the defect 

states seem to originate from VGaON are located at 1.24 eV- 2.1 eV, and it is possible that 

the sample without Ar plasma irradiation were also pinned to these defects. 

Furthermore, although theoretical calculation in previous report [43] mentioned 

that quantitative considerations showed that a surface states density of 1013 cm-2 is 

required for complete Fermi level pinning to occur, our measurement for n-GaN without 

Ar plasma treatment clarified Fermi level was pinned at the surface states, the density of 

which is less than 1012 cm-2 as in Fig. 4.6. 

The difference between the photon flux density at which Fermi level is free from 

pinning can be attributed to the large difference in the surface state density. The surface 

states function as the recombination centers for electrons and their negative contribution 
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to the accumulation of photo-generated carriers depends on the effective density of 

surface states. 

 

4.4 Conclusion 

Observation of OCP for a semiconductor photoelectrode as a function of the 

logarithm of irradiation light intensity provides us an insight into the behavior of photo-

generated carriers in the surface vicinity of the photoelectrode. From the pinning position, 

the band bending with and without Ar plasma treatment were 0.8 V and 1.1 V , 

respectively, under dark condition. Regardless of the Ar plasma treatment, the surface 

state derived from VGaON is considered to be the origin of the Fermi level pinning  at n-

GaN/1M NaOH interface. The difference in the flux density at which the Fermi level 

becomes unpinned is due to the large difference in the density of the surface states. The 

surface states act as electron recombination centers, and the negative contribution to the 

accumulation of photogenerated carriers depends on the effective density of the surface 

states. Furthermore, although theoretical calculation in previous reports have 

quantitatively shown that a surface states density of 1013 cm-2 is required for complete 

Fermi level pinning to occur, our measurement for the GaN without Ar plasma treatment 

revealed that the Fermi level is pinned at the surface state with a density of less than 1012 

cm-2. The difference in the flux density at which the Fermi level becomes unpinned is due 

to the large difference in the density of the surface states. The surface states act as electron 

recombination centers, and the negative contribution to the accumulation of 

photogenerated carriers depends on the effective density of the surface states. Ionic 

species in the electrolyte or adsorbed on the surface should terminate the electric force 

lines and be involved in the Fermi level pinning. 
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The above-mentioned behavior of photo-generated carriers and resultant 

dependence of OCP on irradiation light intensity was demonstrated for an n-GaN 

photoelectrode in NaOH electrolyte, and Ar plasma irradiation on the GaN surface was 

found to have detrimental impact on the accumulation of photo-generated carriers in the 

GaN electrode. 
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Chapter 5 Impact of ionic species on the band 
bending at n-GaN/ electrolytes interface 

To clarify the effect of ionic species and pH on the band alignment at a 

semiconductor/electrolyte interface, including the conduction/valence band edges, quasi-

Fermi levels and the band bending in the depletion region, light-induced drift of open-

circuit potential (OCP) for an n-GaN was analyzed under photoanode operation. This 

evaluation clarified that the surface states derived from VGaON may determine the band 

bending, regardless of electrolyte used in the experiment. In addition, for n-GaN in 

Na2SO4 and H2SO4, the radiative recombination was considered to be dominant 

recombination process. For n-GaN in HCl, the holes are removed by the reduction 

reaction of Cl- to Cl2 (+1.3 V vs. SHE), which facilitates the accumulation of electrons. 

After the potential reached at H+/H2 redox level, electrons can be used by the reducing 

H+ to H2. When the quasi-Fermi level is over the H+/H2 redox level, electrons and holes 

start to be used for radiative recombination inside the n-GaN as well as the reduction 

reaction of H+. For n-GaN in NaOH, similar mechanism of electron accumulation to n-

GaN in HCl may occurred. The holes may be removed by the reduction reaction of OH- 

to H2O (+1.23 V vs. SHE), which facilitates the accumulation of electrons. However, the 

reaction rate of OH-/H2O, a four-electron reaction, is slower than that of Cl-/Cl2, a two-

electron reaction, and the rate of hole removal is smaller. Therefore, the number of 

electrons accumulated in n-GaN facing to NaOH solution is less than that the case of HCl 

solution. Although the band bending is decided by the surface states derived from VGaON 

in these electrolytes without illumination, it is affected by the redox pair, which is 

contained in electrolytes under illumination. 
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5.1 Introduction 

 Since the first photoelectrochemical water splitting [1], to implement 

photoelectrochemical solar to hydrogen conversion, the surface of semiconductor has 

been modified with electrocatalysts [2,3] and protective layers [4,5]. However, the 

activity of the catalyst and lifetime of semiconductor are affected by pH and redox pair 

contained in electrolytes as well as the surface modification.   

In n-GaN, which is useful both as an electronic component [8,9] and as a 

photocatalyst/electrode material for hydrogen generation [10-14], its carrier transport has 

been studied [15], and it has been reported that its overvoltage and lifetime vary 

depending on the electrolyte. 

In 1.0 mol/L KOH aqueous solution, a clear generation of hydrogen from the 

counter electrode due to n-GaN photoelectrochemical reaction was observed when +1.0 

V counter electrode bias was applied to the working electrode [16]. In 1.0 mol /L NaCl, 

the overpotential for water reduction in neutral water electrolyte was higher than that in 

acidic 1.0 mol/L HCl and basic 1.0 mol/L KOH [17]. These situations were similar when 

acidic, neutral, and basic were 0.5 mol/L Na2SO4, 0.5 mol/L H2SO4, and 1.0 mol/L NaOH 

III-nitride photoelectrodes, respectively.  

The electrolyte dependence was also evaluated and it was summarized that the 

NaOH aqueous electrolyte is relatively good except in the case of non-oxygen evolution 

reactions such as HCl aqueous electrolyte [18]. The overpotential evaluated from the 

comparison between the flat band potential obtained from the Mott-Schottky plot and the 

turn-on voltage of the photocurrent was found to be larger in the case of H2SO4 acidic 

aqueous solution than in the case of NaOH basic aqueous solution [18]. This may be due 

to the difference in photovoltage generated in n-GaN and slower reaction rate in oxidation 

of water (H2O) molecule in HCl than OH- in NaOH. Therefore, the effect of electrolytes 
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on the band bending, which determines carrier splitting, and photovoltage should be 

investigated. 

In sections 2 to 4, it is suggested that the band bending at the interface between n-

GaN and the electrolyte is determined by the pinning of the Fermi level to the sub-surface 

crystal defect, VGaON. Under light irradiation, the photogenerated carriers fill the surface 

levels and resolve the pinning. They then accumulate in the depletion layer and the band 

bending is reduced. However, when the redox reaction proceeds significantly, the 

accumulated photogenerated carriers are used for the reaction and the amount of band 

bending relaxation is expected to decrease. Therefore, the band alignment may be affected 

by the electrolyte used. 

In this study, to evaluate the effect of redox species in electrolytes on the band 

alignment, we evaluated the band alignment of the n-GaN/electrolyte interface by 

measuring the open-circuit potential (OCP) under illumination [19] and Mott-Schottky 

analysis. Under dark and weak illumination, the quasi-Fermi level is fixed in the surface 

state, but under strong illumination, the quasi-Fermi level should approach the flat band 

potential because photogenerated carriers fill in the surface state and accumulate in the 

depletion layer. The effect of redox reactions on the band bending can be clarified by the 

OCP as a function of illumination intensity. 

We try to demonstrate our proposed framework of analysis using a model system, 

n-GaN/ electrolytes interface. By analyzing the band alignment of the GaN interface with 

various electrolytes, we will clarify the effect of redox reactions on the band alignment. 
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5.2 Method 

5.2.1 Sample preparation  

In this research, the photoanode was (0001) n-GaN layer on a Si substrate grown 

by metal organic chemical vapor phase epitaxy (MOVPE), provided by NuFlare 

Technology. The carrier concentration of the undamaged n-GaN was approximately 4 × 

1018 cm-3 as estimated by hall measurement. Before electrochemical measurement, to 

remove organic compounds on the surface, the electrode was cleaned with ultrasound in 

acetone and isopropanol for 2 min, respectively. Then, it was rinsed in ultra-pure water 

and dried with nitrogen blow. The ohmic contact was formed on the surface of n-GaN 

with indium. 

 

5.2.2 Evaluation method 

The GaN photoelectrodes were analyzed in the experimental system shown in Fig. 

1. Each sample was fixed on an electrochemical cell made of UV-transparent quartz glass. 

The photoelectrode was contacted with 1 M NaOH solution (pH = 14) , 0.2M Na2SO4 

(pH:6.3), 1M HCl solution (pH: 0.0) or 0.5M H2SO4 solution (pH: 0.0) via a circular hole 

(6 mm in diameter) opened on the wall of the cell. Before the measurement, the cell was 

purged by 0.11 MPa Ar gas to remove the dissolved gas. All measurements were done in 

three-electrodes configuration with a potentiostat. A platinum wire was used as counter 

electrode. For NaOH, Hg/HgO/1 M NaOH electrode (+0.11 V vs. standard hydrogen 

electrode (SHE) at 290 K) was used, but for the others, Ag/AgCl/KClsat. electrode (+0.20 

V vs. SHE) was used as reference electrode. 

To measure light intensity dependence of OCP, 325 nm He-Cd laser was used as 

a light source.  The laser light was TEM multimode and the beam diameter (1/e2) was 

1.78 mm. The photon energy (3.82 eV) is enough to induce the intra-band transition of 
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carriers (3.42 eV in bandgap for GaN). Laser spot size was optically expanded to 6.0 mm 

in diameter to cover the hole entirely. A blackout curtain was employed to define the dark 

condition. The irradiated light intensity was varied from 2.9 × 10-5 to 1.6 × 102  mW/cm2 

with ND filters. The corresponding photon flux ranged from 109 to 1017 s-1 cm-2. 

Using this setup, light intensity dependence of OCP was measured for the n-GaN 

photoelectrodes in 1 M NaOH solution (pH:14), 0.2M Na2SO4 (pH:6.3), 1M HCl solution 

(pH: 0.0) and 0.5M H2SO4 solution (pH: 0.0), respectively. Laser light at each setpoint 

intensity was irradiated and the value of OCP jumped from a value under the dark 

condition to a value under illumination as shown. Since the OCP value showed a slight 

drift after the onset of light irradiation, the value after stabilization was used as the value 

corresponding to the light intensity. To examine the variation of OCP by physical or 

chemical surface modification after illumination, the light-intensity dependence of OCP 

was measured with both increasing and decreasing light intensity. 

Impedance measurement was also conducted to obtain Mott-Schottky plot under 

the dark condition after the OCP measurement. DC bias voltage in impedance 

measurement was increased from -0.2 V to +1.3 V vs. reversible hydrogen electrode 

(RHE). At each DC bias voltages, impedance was measured by applying a small AC 

signal with frequencies from 2.0 × 104 and 1.0 × 102 Hz. 
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5.3 Results and discussion 

5.3.1 Band edge potential of n-GaN photoelectrode 

Figure 5.1 Mott-Schottky plot for an n-GaN photoelectrode in (a)NaOHaq., (b)Na2SO4aq., (c)HClaq. and 

(d) H2SO4aq. The capacitance was obtained from fitting impedance data at each DC bias with the 

equivalent circuit shown in (e). 𝐶123  and Rp are capacitance and resistance in the 

semiconductor/electrolyte interface, respectively. Rs is the series resistance including the contribution 

of both the electrolyte and the semiconductor. The fitting was done in frequency range between 

2.0	 ×	10-	 and 1.0	 ×	10.	Hz.  The solid line was analyzed by the Mott-Schottky equation in 
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Equation (5.1). 

To obtain the band bending at the n-GaN/electrolytes interface without 

illumination, the conduction-band-edge potential, ECs, was evaluated by Mott-Schottky 

plot as the inverse square of the capacitance in the surface depletion region of n-GaN, 

𝐶C1D, as a function of applied bias in Fig. 5.1a, b, c and d. Flat-band potential, 𝜙'*, was 

estimated by fitting linear region with the following relationship, [20]  

=
E&'(
# = 5

<FG)2*
J𝜙 − 𝜙'* −

H9
<
K,                                                                 (5.1) 

where, e is the elemental charge, ϵ is the relative permittivity of 10.4 [21], ϵI  is the 

permittivity of vacuum, 𝑁J  is the donor density, 𝜙  is the applied potential, k  is the 

Boltzmann constant and 𝑇 is the absolute temperature.  

To obtain,      the experimental data Cint is fitted using the equivalent circuit models 

(Fig. 4.3c). The experimental data is represented by symbols and the lines show fits 

according to the Mott-Schottky equation. A linear dependence of the inverse square of 

the interface capacitance on the applied bias potential is expected [20]. For each condition, 

a linear dependence is observed. From this linear dependence, the flat band potentials 

were evaluated as -0.64 V vs. RHE in NaOHaq., -0.60 V vs. RHE in Na2SO4aq., -0.50 V vs. 

RHE in HClaq., -0.70 V vs. RHE in H2SO4aq., respectively.  

Using these values of flat-band potential, the conduction band edge potential of 

n-GaN was evaluated by the relationship, 

𝐸)& = 𝜙'* −
H9
<
ln J2!

∗

1
K,                                           (5.2) 

where, 𝐸)& is the potential of conduction band edge at the surface, 𝑁4∗ is the effective 

density of states in the conduction band and 𝑛 is the net carrier concentration, which was 

evaluated as 4	 × 	10=Z	cm($ by hall measurement. Therefore, the conduction band edge 

potential at the surface of n-GaN were evaluated as -0.62 V vs. RHE in NaOHaq., -0.58 V 
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vs. RHE in Na2SO4aq., -0.48 V vs. RHE in HClaq., -0.68 V vs. RHE in H2SO4aq., respectively, 

with 𝑁4∗  calculated as 2.13 × 10=Z	cm($  from effective mass for the electron of 

0.20m0,[21] where m0 is the rest mass of the electron. Using this value and the bandgap 

of GaN (3.42 eV), the valence-band-edge potential EVs at the surface of an n-GaN 

photoelectrode were deduced to be + 2.80 V vs. RHE in NaOHaq., +2.84 V vs. RHE in 

Na2SO4aq., +2.92 V vs. RHE in HClaq., +2.72 V vs. RHE in H2SO4aq., respectively. Also, 

the vacuum level at the surface were -4.7 V vs. RHE in NaOHaq. and Na2SO4aq., -4.6 V vs. 

RHE in HClaq., -4.8 V vs. RHE in H2SO4aq.., with the electron affinity of 4.1 eV. 

These values of band edge potential except in HClaq. and H2SO4aq. are in good 

agreement with previous reports. [11, 22, 23] In these reports, this variation in the band 

edge potential of 59 mV/pH was expected to be due to the adsorption of H+ ions on the 

semiconductor surface [24]. In HClaq., the value is -0.48 V vs. RHE, which is far from this 

pH dependence, but similar values were reported in previous studies. [25-27] This may 

be due to the effect of surface adsorption of Cl- ions as well as H+. In H2SO4aq., the value 

is -0.68 V vs. RHE, which is slightly different from this pH dependence. The band edge 

potential reported by previous studies have large deviation between -0.6 V vs. RHE and 

> 1.1 V vs. RHE. [28-30]. This may be due to the effect of surface adsorption of SO4
- ions 

as well as H+. Furthermore, the fits according to the Mott-Schottky equation evaluates the 

donor density 𝑁J as 3.1 × 1019 cm-3 in NaOHaq., 1.6 × 1019 in Na2SO4aq., 2.0 × 1019 in HClaq., 

1.4 × 1019 vs. RHE in H2SO4aq., respectively. There was no significant difference in the 

dope concentration among the solutions. 
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5.3.2 Fermi level pinning observed by OCP measurement 

Since the electric contact is in equilibrium with n-GaN, OCP of n-GaN in NaOH 

electrolyte corresponds to EF under the dark condition. The value shifted to the negative 

direction with increasing illumination intensity. The value of OCP is plotted in Fig. 5.2 

with respect to the logarithm of illumination intensity. 

  

Figure 5.2 Open-Circuit potential (OCP) plotted with respect to logarithm of photon flux density. OCP 

was measured for the n-GaN photoelectrodes in (blue square) NaOHaq. (pH:14), (green square) Na2SO4 

aq. (pH:6.3), HCl aq. (pH: 0.0) and H2SO4 aq. (pH: 0.0), respectively. Also, redox potentials of hydrogen 

evolution reactions are shown as broken lines at 0 V vs. RHE.  

 

H
+
/H2 redox = 0 V 
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(i) n-GaN/ NaOHaq. 

For n-GaN/ NaOHaq., OCP was +0.51 V vs. RHE under the dark condition. The 

band alignment under the dark condition is deduced as in Fig. 5.3a and the band bending 

was 1.2 V. With increasing photon flux, OCP approached to the flat-band potential and 

band bending was reduced accordingly.  

Upon light irradiation, OCP shifted to the negative direction. For the photon flux 

below 1012 s-1 cm-2, OCP was constant at +0.51 V vs. RHE with increasing photon flux. 

Above a photon flux of 1.2	 × 	10=5	s(=	cm(5, the value of OCP drifted to the negative 

direction in an almost linear manner with the logarithm of light intensity, and the value 

approached to the flat-band potential of -0.62 V vs. RHE obtained by Mott-Schottky plot 

(Fig. 5.1a).      Below a photon flux of 1.2	 × 	10=5	s(=	cm(5, the value of OCP seems to 

be affected significantly by the surface states. This pinning position was 1.1 V below 

CBM. Above a photon flux of 1.2	 × 	10=5	s(=	cm(5, the behavior of OCP is considered 

to be almost free from the impact of the surface states and the accumulation of 

photocarriers in the depletion region of n-GaN seems to be responsible for the reduction 

of band bending. The linear relationship between OCP and the logarithm of light intensity 

is often observed for open-circuit voltage in photovoltaic cells. The slope was ~150 

mV/dec. 

 

(ii) n-GaN/ Na2SO4 aq. 

For n-GaN/ Na2SO4 aq., OCP was +0.47 V vs. RHE under the dark condition. The 

band alignment under the dark condition is deduced as in Fig. 5.3b and the band bending 

was 1.1 V. With increasing photon flux, OCP approached to the flat-band potential and 

band bending was reduced accordingly.  

Upon light irradiation, OCP shifted to the negative direction. For the photon flux 
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below 3.3 ×	109 s-1 cm-2, OCP was constant at +0.47 V vs. RHE with increasing photon 

flux. Above a photon flux of 3.3	 ×	10[	s(=	cm(5 , the value of OCP drifted to the 

negative direction in an almost linear manner with the logarithm of light intensity, and 

the value approached to the flat-band potential of -0.60 V vs. RHE obtained by Mott-

Schottky plot (Fig. 5.1b). Under a photon flux of 3.3	 ×	10[	s(=	cm(5, the value of OCP 

seems to be affected significantly by the surface states. This pinning position was 1.1 V 

below CBM. Above a photon flux of 3.3	 ×	10[	s(=	cm(5 , the behavior of OCP is 

considered to be almost free from the impact of the surface states and the accumulation 

of photocarriers in the depletion region of n-GaN seems to be responsible for the 

reduction of band bending. The linear relationship between OCP and the logarithm of 

light intensity is often observed for open-circuit voltage in photovoltaic cells. The slope 

was ~80 mV/dec. 

 

(iii) n-GaN/ HCl aq. 

For n-GaN/ HCl aq., OCP was +0.61 V vs. RHE under the dark condition. The band 

alignment under the dark condition is deduced as in Fig. 5.3c and the band bending was 

1.1 V. With increasing photon flux, OCP approached to the flat-band potential and band 

bending was reduced accordingly.  

Upon light irradiation, OCP shifted to the negative direction. For the photon flux 

below 2.0 ×	109 s-1 cm-2, OCP was constant at +0.61 V vs. RHE with increasing photon 

flux. Above a photon flux of 2.0	 ×	10[	s(=	cm(5, the value of OCP drifted to 0 V vs. 

RHE radically (250 mV/dec) in an almost linear manner with the logarithm of light 

intensity. After the OCP reached at 0V vs. RHE, the value approached gently (70 mV/dec) 

to the flat-band potential of -0.50 V vs. RHE obtained by Mott-Schottky plot (Fig. 5.1c). 

Under a photon flux of 2.0	 ×	10[	s(=	cm(5 , the value of OCP seems to be affected 
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significantly by the surface states. This pinning position was 1.1 V below CBM. Above a 

photon flux of 2.0	 ×	10[	s(=	cm(5, the behavior of OCP is considered to be almost free 

from the impact of the surface states and the accumulation of photocarriers in the 

depletion region of n-GaN seems to be responsible for the reduction of band bending.       

The slope were ~250 mV/dec (photon flux: 	1.2	 × 	10==	s(=	cm(5 - 8.0	 ×

	10=5	s(=	cm(5 ) and ~70 mV/dec(photon flux: 	8.0	 × 	10=5	s(=	cm(5 - 7.5	 ×

	10=\	s(=	cm(5). 

 

(iv) n-GaN/ H2SO4 aq. 

For n-GaN/ H2SO4 aq., OCP was +0.40 V vs. RHE under the dark condition. The 

band alignment under the dark condition is deduced as in Fig. 5.3d and the band bending 

was 1.1 V. The Fermi level was also positioned at 1.1 V below CBM. With increasing 

photon flux, OCP approached to the flat-band potential and band bending was reduced 

accordingly. 

Upon light irradiation, the value of OCP drifted to the negative direction in an 

almost linear manner with the logarithm of light intensity, and the value approached to 

the flat-band potential of -0.70 V vs. RHE obtained by Mott-Schottky plot (Fig. 5.1d). 

Unlike the other electrolytes, no pinning was observed. The linear relationship between 

OCP and the logarithm of light intensity is often observed for open-circuit voltage in 

photovoltaic cells. The slope was ~80 mV/dec. 

 

(v) Origin of pinning in n-GaN 

The Fermi level of n-GaN was located at 1.1 eV below CBM in all solutions used 

in the experiments. As shown in the previous study [31-33], the defect states derived from 

VGaON are located at ~1.1 eV. Therefore, the surface states originated from VGaON are 
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considered to be origin of pinning. However, the density of surface states is not enough 

to cause Fermi level pinning at 1.1 eV below conduction band edge. Therefore, the 

negative charge present in the electrolyte is considered to contribute to the pinning. In fig. 

5.2, the unpinning light intensity is positively correlated with increasing pH, except in 

HCl. This result suggests that OH- ions in electrolyte terminate electric flux lines from 

donor in the depletion layer in n-GaN. In HCl, the Cl- ions terminate them, instead of OH-. 

Therefore, the reactive anion species should be the origin of carrier annihilation via redox 

reactions. Since these reactions are likely to be triggered by specifically adsorbed OH- 

and Cl-, the unpinning light intensity is thought to correspond to the amount of 

specifically adsorbed OH- and Cl-. In a previous study [34], the pH dependence of Ga-

H2O, Ga-OH, and N-H coverage on the GaN (10-10) was discussed theoretically. The 

coverage of Ga-OH changed by less than one order of magnitude between pH 14 and 7, 

while the unpinning light intensity changed by two orders of magnitude. Therefore, it is 

possible that the coverage on the GaN (0001) surface differs by several orders of 

magnitude from that on GaN (10-10), or that N-H and Ga-H2O, which vary by orders of 

magnitude with respect to pH, affect the elemental reactions involving OH. 
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Figure 5.3 Band alignment at the n-GaN/ NaOHaq. (a), Na2SO4aq.(b), HClaq. (c) and in H2SO4aq. 

(d) interface under dark condition. The band edge potential is the value obtained from Mott-Schottky 

plot. Here, we used 4.44V as the difference between vacuum level and hydrogen redox.  

 

5.3.3 OCP under light irradiation and carrier recombination 

mechanism 

When the Fermi level was free from pinning, the value of OCP drifted to the 

negative direction in an almost linear manner with the logarithm of light intensity. Since 

the light intensity dependence of OCP has similar characteristics to the open-circuit 

voltage of solid-state solar cells, the same theory can be applied. However, there is a need 

to note that the difference in OCP with and without illumination (difference between 

quasi-Fermi level for majority carrier with and without illumination) is different from the 

open-circuit voltage in photovoltaic (difference between quasi-Fermi level for electrons 

and holes). Therefore, the model for surface photovoltage, Vspv (Vspv = OCP (illumination) 

– OCP (dark)), analysis should be used. 

 According to the model which has been proposed by Reshchikov et al., [35] Vspv 

can be described as 

𝑉spv =
A8]
P
ln J4^)

O)
+ 1K,                                                         (5.3) 

where 

𝑐 = 1 − e−𝛼𝑊,                                                                         (5.4) 

𝑅I = 𝐶n1𝑁ss′𝑁𝑐∗		exp	(−
|ϕFB−OCP(dark)|

𝑘𝑇
	).                                                         (5.5) 

Here, n is ideality factor, P0 is photon flux density, 𝛼 is light absorption coefficient, 

𝑊 is length of depletion layer, R0 is the bulk-to-surface flow rate of free electrons under 
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dark conditions, 𝐶A=  is effective electron capture cross section,𝑁00′  is the density of 

unoccupied surface states,𝑁4∗ is the effective density of states in the conduction band.  R0 

stands for the rate of thermionic transitions of electrons between the surface states and 

bulk without illumination, where such transitions obey Boltzmann statistics. Free 

electrons from the bulk region can overcome the barrier height and be trapped by surface 

states. Under high photon flux (cP0/R0>>1), eq. (5.3) can be approximated to be  

𝑉spv ≈
A8]
P
{ln(PI) + ln(𝑐) − ln(𝑅I)}	.                                                             (5.6) 

Therefore, the ideality factor can be evaluated by using eq. (5.6) in linear region in Fig 

5.2 under high photon flux density. In the curves in Fig. 5.2, the slopes of (dVspv) / (dlog 

P0 ) are 150 mV/dec (NaOH), 80 mV/dec (Na2SO4), 250 meV/dec and 70 mV/dec (HCl) 

and 80 mV (H2SO4), respectively, which are 2.5, 1.2, 4.2 and 1.3,  1.3 times higher than 

kT/e of 60 mV/dec. For n-GaN (HCl), the slope of ~250 mV/dec and ~70 mV/dec 

correspond to the radical shift (photon flux between 1.2 × 1011 s-1 cm-2 and 8.0 × 1012 s-1 

cm-2) and the linear behavior (photon flux between 8.0 × 1012 s-1 cm-2 and 7.5 × 1016  s-1 

cm-2), respectively. When Shockley-Read-Hall (SRH) recombination or radiative 

recombination in the depletion region are dominant, the ideality factor is close to 2 or 1, 

respectively [36]. Therefore, for n-GaN in Na2SO4 and H2SO4, the radiative recombination 

was considered to be dominant recombination process. For n-GaN in HCl, under photon 

flux between	1.2	 × 	10==	s(=	cm(5and 8.0	 ×	10=5	s(=	cm(5, the ideality factor of 4.2 

is much higher than 2. It means more photogenerated electrons can accumulate in the 

depletion layer. It is thought that the holes are removed by the reducing Cl- to Cl2 (+1.3 

V vs. SHE), which facilitates the accumulation of electrons. Then, the quasi-Fermi level 

for electron, OCP, drifted to negative potential and reached at H+/H2 redox potential of 0 

V vs. RHE. After the potential reached at H+/H2 redox level, electrons can be used by t 

reduction reaction of H+ to H2. When the quasi-Fermi level is over the H+/H2 redox level, 
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the ideality factor is 1.3. It means electrons and holes start to be used for radiative 

recombination and redox reaction above photon flux of 8.0	 ×	10=5	s(=	cm(5 . This 

hypothesis is supported by the no observation of radical shift in other electrolytes which 

do not contain hole scavenger such as Cl-. For n-GaN in NaOH, the ideality factor of 2.5 

is also over 2. In this case, similar mechanism of accumulation to n-GaN in HCl may 

occurred. The holes may be removed by reducing OH- to H2O (+1.23 V vs. SHE), which 

facilitates the accumulation of electrons. However, the reaction rate of OH-/H2O, a four-

electron reaction, is slower than that of Cl-/Cl2, a two-electron reaction, and the number 

of removed holes is smaller. Therefore, the number of electrons accumulated in NaOH is 

less than that in HCl, and its ideality factor is considered to be 2.5, which is smaller than 

that in HCl. 

 

5.4 Conclusion 

Effect of electrolytes on the band bending of n-GaN is analyzed by Mott-Schottky 

plot and OCP as a function of the logarithm of irradiation light intensity. The variation in 

band edge potentials except in HClaq. and H2SO4aq. are in good agreement with 59 mV/pH 

was expected to be due to the adsorption of H+ ions on the semiconductor surface. In 

HClaq., the value is -0.5 V vs. RHE, which is far from this pH dependence due to the effect 

of surface adsorption of Cl- ions as well as H+. In H2SO4aq., the value is -0.5 V vs. RHE, 

which is far from this pH dependence due to the effect of surface adsorption of SO4
- ions 

as well as H+. Although the band edge potential was different, the Fermi level of n-GaN 

was located at 1.1 eV below CBM in all solutions used in the experiments. Regardless of 

electrolyte in the experiment, the surface states derived from VGaON are considered to be 

origin of pinning. In addition, no pinning was observed in sulfuric acid. Sulfuric acid 

removes more O from the surface than hydrochloric acid, which may have reduced the 
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amount of VGaON. 

When the Fermi level was free from pinning, the value of OCP drifted to the 

negative direction in an almost linear manner with the logarithm of light intensity. For n-

GaN in Na2SO4 and H2SO4, the radiative recombination was considered to be dominant 

recombination process. For n-GaN in HCl, the holes are removed by the reducing Cl- to 

Cl2 (+1.3 V vs. SHE), which facilitates the accumulation of electrons. Then, the quasi-

Fermi level for electron, OCP, drifted to negative potential and reached at H+/H2 redox 

potential of 0 V vs. RHE. After the potential reached at H+/H2 redox level, electrons can 

be used by the reducing H+ to H2. When the quasi-Fermi level is over the H+/H2 redox 

level, electrons and holes start to be used for radiative recombination and redox reaction. 

For n-GaN in NaOH, a mechanism for the electron accumulation in n-GaN may take place 

similarly to the case in HCl. The holes may be removed by reducing OH- to H2O (+1.23 

V vs. SHE), which facilitates the accumulation of electrons. However, the reaction rate 

of OH-/H2O, a four-electron reaction, is slower than that of Cl-/Cl2, a two-electron reaction, 

and the amount of holes removed is smaller. Therefore, the number of electrons 

accumulated in NaOH is less than that in HCl. Although the band bending is decided by 

the surface states derived from VGaON in these electrolytes without illumination, it is 

affected by the redox pair, which is contained in electrolytes under illumination. To 

enhance the carrier transport in n-type semiconductor, amount of the reactive anion which 

is contained in the electrolyte should be reduced. 
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Chapter 6 Conclusions 
6.1 Overview of the dissertation 

In this dissertation entitled “Elucidation of Electronic Structure at n-GaN and 

Electrolyte Interface”, n-GaN(0001)/electrolyte was used as the model case of 

semiconductor/electrolyte interface for water splitting to clarify the determinant of the 

band bending. n-GaN(0001) surface was chosen because of its defined surface of +c plane, 

chemical stability and band edge potential that straddles the redox potentials of water 

oxidation and reduction reactions. To suppress the effect of redox reaction and analyze 

the effect of surface adsorption, the band bending under ultra-high vacuum (UHV) and 

water vapor was compared. Then, the effect of surface states and redox reaction was 

evaluated at n-GaN/electrolyte interface. 

In chapter 2, band bending for GaN(0001) was investigated under UHV and 

ambient H2O. The energy difference ΔEVBM-3d for GaN should be between 17.36 and 17.55 

eV. ΔEVBM-3d = 17.5 eV, which was evaluated by bulk sensitive SXE, is recommended 

instead of the conventionally used 17.76 eV. With this constant, the band bending was 

estimated to be 0.5 eV under UHV and 0.1 eV under a relative humidity of 46%. For the 

latter condition, a SPV of 20 meV was observed upon Xe-lamp irradiation with a photon 

flux density (above a photon energy of 3.4 eV) of 1.3×1016 s-1 cm-2. By re-evaluating the 

band bending for the previous reports using ΔEVBM-3d = 17.5 eV and reported Ga 3d peak 

locations, it appears that the band bending for GaN(0001) after passivation of Ga dangling 

bonds is between 0.1 eV and      0.3 eV regardless of the growth method of GaN (MOVPE 

or molecular beam epitaxy) or the surface preparation of GaN. Upon H2O adsorption, Ga 

dangling bonds on the GaN surface are considered to be passivated with the dissociative 

absorption of H2O, but sub-surface states in the vicinity of GaN(0001) surface, such as 

VN or a complex defect related to ON decorated along dislocation, may still pin the Fermi 
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level. 

In chapter 3, it was evidenced that the dependence of OCP of a semiconductor 

photoelectrode on the irradiated light intensity gives us an insight on how the defects, 

especially those on the surface of a semiconductor, affect the photocatalytic activity in an 

electrolyte. The quantum states at the electrolyte/semiconductor interface seem to      

suppress the increase of quasi-Fermi-level splitting with light intensity, which is the 

driving force of photoelectrochemical reactions. According to this fining, a guiding 

principle for high-efficiency photocatalysts is deduced: a good surface modification for 

boosting photocatalytic activity, such as the introduction of co-catalyst and surface 

coating, should never lock the OCP at a certain value with an increase in light intensity. 

The proposed method of observing OCP under light irradiation is a concise and effective 

method for screening good photoelectrodes with appropriate surface modification. 

In chapter 4, the influence of the surface states at the electrolyte/semiconductor 

interface was further investigated by introducing crystal defects on the GaN surface by 

the irradiation of Ar ions. From the pinning position, the band bending with and without 

Ar plasma treatment were 1.2 V and 1.5 V, respectively, under dark condition. Regardless 

of the Ar plasma treatment, the surface state derived from VGaON is considered to be the 

origin of the Fermi level pinning at n-GaN/1M NaOH interface. Furthermore, although 

previous reports have quantitatively shown that a density of ~1013 cm-2 is necessary for 

the surface state to pin the Fermi level, our measurement revealed that the Fermi level is 

pinned at the surface state with a density of less than 1012 cm-2. The difference in the flux 

density at which the Fermi level becomes unpinned is due to the large difference in the 

density of the surface states. The surface states act as electron recombination centers, and 

the negative contribution to the accumulation of photogenerated carriers depends on the 

effective density of the surface states. Ionic species in the electrolyte or adsorbed on the 

surface should terminate the electric force lines and be involved in the Fermi level pinning. 
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In chapter 5, Effect of ionic species in electrolytes on the band bending of n-GaN 

was analyzed by Mott-Schottky plot and OCP as a function of the logarithm of irradiation 

light intensity. The variation in band edge potentials with pH, 59 mV/pH, was expected 

to be due to the adsorption of H+ ions on the semiconductor surface. Except in HCl and 

H2SO4 solutions, the obtained band-edge energy in each electrolyte followed this 

tendency. In HClaq., the value is -0.5 V vs. RHE, which is far from this pH dependence 

due to the effect of surface adsorption of Cl- ions as well as H+. In H2SO4aq., the value is -

0.5 V vs. RHE, which is far from this pH dependence due to the effect of surface 

adsorption of SO4
- ions as well as H+. Although the band edge potential was different, the 

Fermi level of n-GaN was located at 1.1 eV below CBM in all the solutions used in the 

experiments. Regardless of electrolyte in the experiment, the surface states derived from 

VGaON are considered to be the origin of pinning. In addition, no pinning was observed in 

sulfuric acid. Sulfuric acid removes more O from the surface than hydrochloric acid, 

which may have reduced the amount of VGaON. When the Fermi level was free from 

pinning, the value of OCP drifted to the negative direction in an almost linear manner 

with the logarithm of light intensity. For n-GaN in Na2SO4 and H2SO4, the radiative 

recombination was considered to be the dominant recombination process. For n-GaN in 

HCl, the holes are removed by the reduction reaction of Cl- to Cl2 (+1.3 V vs. SHE), which 

facilitates the accumulation of electrons. Then, the quasi-Fermi level for electrons, i.e., 

OCP, drifted to negative potential with an abrupt slope with respect to the logarithm of 

light intensity and reached at H+/H2 redox potential of 0 V vs. RHE. After the potential 

reached at H+/H2 redox level, electrons can be used by the reduction reaction of H+ to H2. 

When the quasi-Fermi level is over the H+/H2 redox level, electrons and holes are started 

to be used for radiative recombination and redox reaction. For n-GaN in NaOH, a similar 

mechanism of electron accumulation in n-GaN in HCl was suggested by the behavior of 

OCP under light irradiation. The holes may be removed by the reduction reaction of OH- 
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to H2O (+1.23 V vs. SHE), which facilitates the accumulation of electrons. However, the 

reaction rate of OH-/H2O, a four-electron reaction, is slower than that of Cl-/Cl2, a two-

electron reaction, and the rate of holes removal is smaller. Therefore, the number of 

electrons accumulated in NaOH is less than that in HCl. Although the band bending is 

decided by the surface states derived from VGaON in these electrolytes without 

illumination, it is affected by the redox pair in electrolytes under illumination.      

 

6.2 A general conclusion 

Band alignment, which governs carrier separation and transport, is essential for 

improving the efficiency of water splitting based on photoelectrochemistry. However, 

there are still many unknowns about the determinants of band bending and the 

relationship between redox and quasi-Fermi level. In this study, our XPS experiments at 

the GaN/water molecule adsorption interface revealed that the sub-surface states, which 

is derived from VN or ON related defects, is the origin of pinning at GaN/water molecule 

adsorption interface. In addition, we show that the Fermi level is determined by the 

presence of 1012 cm-2 sub-surface states, which originate from VGaON, at the interface 

between n-GaN and the electrolyte. It was also shown that the redox pair in the electrolyte 

was affected by the amount of change in the quasi-Fermi level under light irradiation. 

These results indicate that the electric force line from the donors in n-GaN must be 

terminated by anions in electrolyte, and that recombination can be suppressed by 

increasing the activity of the reaction using minority carriers.  

6.3 Recommendation for future research 

For further elucidation of the carrier transport efficiency in GaN based PEC 

devices, the effect pf polarity and doping on the band bending should be investigated by 

using the evaluation technique. Due to the lower polarization field in semi-polar GaN, 
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band bending is poor and most carrier electrons in semi-polar GaN do not flow easily, so 

electron-hole recombination occurs more efficiently in semi-polar GaN than in polar GaN. 

In addition, the   

To simulate the carrier transport in n-GaN photoelectrode system, the carrier 

injection into reactive anion species should be considered. It can be evaluated by the cross 

section of carriers by reactive anion. 

To improve quantum efficiency for achieving STH of 10%, the material, which 

has narrower band gap for further utilization of solar spectrum, should be investigated by 

using the evaluation technique which is applied in this dissertation. With this evaluation 

technique, the origin of Fermi level pinning and recombination center will be clarified. 

Based on the clarified origin, a design principle to improve the quantum efficiency will 

be derived. In addition, to enhance the carrier transportation to reactants from 

semiconductor electrodes, co-catalyst or protective layer has been loaded. Different 

bonding states should appear when the n-GaN surface atoms are not in direct contact with 

the electrolyte but in contact with the catalyst/protective film. As a result, the interfacial 

state distribution changes, and the pinning origin is also expected to change. With the 

surface modification, the interface state and recombination mechanism are possibly 

modulated. For the system, the origin will be elucidated and the strategy for ideal contact 

with co-catalyst/protective layer will be clarified.  
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Appendix A Band bending at n-GaN/H2O 
interface 
A.1 Surface preparation 

The sample was n-GaN with a Ga-polar (0001) surface (thickness of n-GaN: 2.5 

mm/u-GaN:2.0 mm/AlGaN 450 nm/AlN 250 nm), grown on a Si substrate by metal 

organic vapor phase epitaxy (MOVPE). The clean surface of n-GaN was prepared by 

cycles of 0.5 keV nitrogen ion bombardment followed by annealing at 1100 K in N2 (1.0 

× 10-6 mbar). After cleaning, the (1 × 1) surface was confirmed by low energy electron 

diffraction (LEED) (Figure A1). 

 

Figure A1 The low energy electron diffraction (LEED) pattern for a n-GaN(0001) surface confirming 

(1 × 1) reconstruction after a cleaning process of nitrogen ion bombardment followed by annealing. 

The incident electron energy was 73 eV. 
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A.2 Verifying reduction in the surface band bending under 
ambient H2O vapor by N 1s 

To verify the fitting of Ga 3d, the difference of the band bending between UHV 

and ambient H2O vapor was confirmed by the shift of peak of N 1s in Figure A2a, b. As 

we showed in Figure 2.3a, b, the shift of Ga 3d from UHV to ambient H2O vapor was 

0.402 ± 0.007 eV for Ga 3d. The shift of N 1s was 0.41 ± 0.005 eV. They are consistent 

with each other, indicating that the shift of the band bending occurs due to the H2O 

adsorption on the surface of GaN(0001).  

Figure A2 XPS spectra for N 1s on n-GaN(0001) surface under (a) UHV at 280 K (the black squares 

and line) and under (b) 2 mbar ambient H2O vapor at 270 K (the black circles and line). lines are the 

result of peak fitting for XPS spectra. These peaks were normalized for comparison. The peak 

locations were evaluated as 397.93 ± 0.001 eV under UHV and 398.34 ± 0.004 eV under ambient 

H2O vapor, respectively. 
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A.3 SPV under ambient H2O vapor in N 1s spectra 

 To verify the SPV in Ga 3d spectra under Xe lamp irradiation, the spectra shift 

was confirmed by the N 1s peak shift in Figure A3a, b. The peak location of N 1s 

shifted by +20 meV under Xe lamp irradiation in binding energy scale. The amplitude 

of shift by SPV is consistent with the SPV evaluated in the shift of the peak location of 

Ga 3d.  

 

Figure A3 (a) XPS spectra for N 1s on the n-GaN(0001) surface under 2 mbar ambient H2O vapor at 

270 K before Xe lamp irradiation (the black circles and line denoted by “Before Xe lamp ON”), with 

irradiation (“Xe lamp ON”: red circles and line) and after shutting off Xe lamp (“Xe lamp OFF”: 

blue circles and line). Circles and lines are experimental data and result of peak fitting, respectively. 

The energy and flux of probe X-rays were 735 eV and 1.2 × 1015 s-1 cm-2. The photon flux density 

(which has higher energy than GaN band gap, 3.4 eV) of the pump Xe lamp was 1.3×1016 s-1 cm-2. 

(b) The enlarged view around the peak maximum is indicated by a triangle. The peak location before 

Xe lamp irradiation is set to zero. The peak location is shifted by +20 meV under Xe lamp 

irradiation in binding energy scale. After shutting off the Xe lamp, the peak location approached 

zero. 
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A.4 Dissociative adsorption confirmed by increase of OH 
groups in O 1s spectra 

Dissociative adsorption of water molecules produces OH groups on the GaN 

(0001) surface. OH groups in O 1s spectra are shown in Figure A4a under UHV and 

Figure A4b under 2 mbar ambient H2O vapor. According to our previous report1, O 1s 

spectra were deconvoluted to five peaks including that originating from the water vapor. 

Under UHV condition, the peaks at 531.88 eV, 532.96 eV and 533.84 eV can be assigned 

to adsorbed O atom, OH groups and intact water molecules. The peak at 530.74 eV 

(labeled Ox) is probably attributed to O atoms adsorbed on Ga adatoms. As we discussed 

in our previous report1, the presence of water (presumably present in the background) is 

seen in a trace amount even under UHV conditions because the GaN surface is highly 

active for water adsorption. Under and H2O vapor, 531.08 eV, 532.22 eV, 533.30 eV, 

534.18 eV and 536.03 eV can be assigned to Ox, adsorbed O atom, OH groups, intact 

water molecules and H2O vapor. Area Ratio of OH groups to O atoms were 0.29 under 

UHV and 1.3 under 2 mbar ambient H2O vapor, respectively. This increase in the ratio of 

OH groups to O atoms experimentally confirm the dissociative adsorption of water 

molecules in the GaN surface. 
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Figure A4 O 1s spectra under (a) UHV conditions and (b) 2 mbar ambient H2O vapor conditions. 

The incident photon energy was 735 eV. Black dots, blue lines, and red lines are experimental data, 

fitting peaks with Voigt function, and the sum of the fitting peaks, respectively. The scales of the 

vertical axes are the same. No corrections are made for the attenuation of the signal due to the water 

vapor. 

 

(1) Sato, M.; Imazeki, Y.; Takeda, T.; Kobayashi, M.; Yamamoto, S.; Matsuda, I.; Yoshinobu, J.; 

Nakano, Y.; Sugiyama, M. Atomistic-Level Description of GaN/Water Interface by a Combined 

Spectroscopic and First-Principles Computational Approach. J. Phys. Chem. C 2020, 124, 12466-

12475. 
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Appendix B Surface states and band bending at n-
GaN/1M NaOH interface 
B.1 XPS spectrum without and with Ar plasma treatment 

Figure B1 shows the XPS of n-GaN with and without Ar plasma treatment, where 

B1a, B2b, and B2c are Ga 3d, N 1s, and O 1s, respectively. a and b show that the N/Ga 

peak area ratio was 68% before Ar plasma irradiation, but became 9.6% after irradiation, 

indicating that the nitrogen was removed. In addition, the peak area ratio of O/Ga 

increased from 29% to 102%, indicating that the oxygen content increased. The peak 

separation results show that the O atom (Ga-O) has increased, especially Ga-O, indicating 

the formation of ON. Due to the dissolution of gallium oxide on the surface by chemical 

or electrochemical reaction, gallium vacancies are created, which combine with adjacent 

anti-site defects caused by oxygen atoms occupying nitrogen sites1. 
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Figure B1 (a) Ga 3d, (b)N 1s, (c)O 1s spectra for GaN without (black line) and with Ar plasma 

treatment (red line). The incident photon energy was 735 eV. (d) Peak fitting of O 1s for GaN 

without Ar plasma and (e) with it. Black dots, blue lines, and red lines are experimental data, fitting 

peaks with Voigt function, and the sum of the fitting peaks, respectively. 

 

 

(1) J. M. Hwang, J. T. Hsieh, H. L. Hwang and W. H. Hung, A damage-reduced process 

revealed by photoluminescence in photoelectrochemical etching GaN, Materials 

Research Society Internet Journal of Nitride Semiconductor Research 5 , 2000 , pp. 873 

- 879 
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