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ABSTRACT 

Climate change and increasing global energy consumption drive the need for clean 

and renewable alternatives to fossil fuels. Photoelectrochemical solar fuel devices offer a 

potential solution to capture and store clean and renewable solar energy in chemical bonds. 

Nevertheless, degradation of semiconductor electrodes is one of the major impediments to 

the implementation of practical stable solar fuels systems. 

Herein, we investigate the corrosion mechanisms and the corrosion kinetics of 

CdTe and ZnTe cathodes under the conditions for hydrogen-evolution reaction in strong 

acid and strong alkaline media. The effects of catalyst over-layer on CdTe’s and ZnTe’s 

corrosion pathways are discussed as well as potential protective coatings for ZnTe 

cathodes. Then, we address the original physical pinhole defects in amorphous a-TiO2 

grown by atomic-layer deposition (ALD) on GaAs anodes. In addition, we explore new 

pinhole formation during electrochemical experiments and provide simulation for the 

propagation of the corroding GaAs substrate after new exposure to the electrolyte through 

microscopic pinholes. Finally, we develop a fabrication procedure for GaAs micro-island 

structures to provide defect isolation on the a-TiO2 film. The micro-island structures 

combined with dissolution measurements of the ALD a-TiO2 films were used to study the 

distribution and the evolution of pinholes from pre-existing defect spots in the protective 

coatings.  
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NOMENCLATURE 

AFM. Atomic force microscopy 

CA. Chronoamperometry 

CB. Conduction band 

CV. Cyclic voltammetry 

Eg. Band gap energy 

HER. Hydrogen evolution reaction 

Hg/HgO. Mercury-mercury oxide electrode 

Hg/HgS. Mercury-mercurous sulfate electrode 

ICP-MS. Inductively coupled plasma mass spectrometry 

n++. Degenerately-doped n-type material 

n+. highly-doped n-type material 

OER. Oxygen evolution reaction 

p++. Degenerately-doped p-type material 

p+. highly-doped p-type material 

OCV. Open-circuit voltage 

RHE. Reversible hydrogen electrode. The reversible potential for HER 

SCE. Saturated calomel electrode 

SEM. Scanning electron microscopy 

VB. Valence band 

XPS. X-ray photoelectron spectroscopy 
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C h a p t e r  1  

INTRODUCTION 
 

  

Global energy demand 

The global energy demand has been rising since the Industrial Revolution mostly 

because of population growth and modernization of developing countries. The current 

energy demand is expected to continue to increase in the next decades.1 Currently, the 

majority of the global energy supply rely on burning fossil fuels, detrimental to the 

environment. 

Since the Industrial Revolution, the anthropogenic greenhouse gas emission has 

been observed to increase at 2.2 %/year from 2000 to 2010 and will likely continue to 

increase at a higher rate; the majority of the greenhouse gas was reported to come from 

CO2 emission from the industrial processes.2 At the current emission rate, the atmospheric 

CO2 concentration is predicted to exceed 550 ppm in 2100.3 The increasing CO2 

concentration is found to have a strong correlation in the increase in the average 

temperature change.1,3 Out of all anthropogenic CO2, ~30 % will also be absorbed by the 

ocean, causing ocean acidification which is detrimental to marine organisms.1 

Although CO2 is the most prominent air contaminant from fossil fuel combustion, 

sulfur and nitrogen in fossil fuels can also release SO2 and NOx pollutants. These pollutants 

react with atmospheric water vapor and other gases to form fine particulate matter (PM2.5), 

which is one of the main causes of severe air pollution in major cities.  

 

Solar energy 

To sustainably meet the increasing global energy demand, clean, renewable, and 

abundant energy source is needed. Solar energy is one of the most promising candidates.4 

The terrestrial solar energy flux is ~36,000 TW,5 substantially higher than other renewable 
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options, namely, hydro, geothermal, and wind energy.6 Nevertheless, energy storage is still 

needed for the solar energy to reliably meet the daily energy demand. Figure 1.1 shows the 

net load, which is calculated by taking the forecasted load and subtracting the forecasted 

electricity production from renewable energy sources (wind and solar). When there is an 

excess supply during the morning, the electricity grid would face a risk of potential 

overgeneration. On the other hand, in the evening where solar energy is not available, the 

grid would require energy from other sources.  

 

Figure 1.1. Net load (energy demand subtracted by energy supply) of renewable energy 
source. (reproduced)7 

Solar fuel conversion system 

Lithium-ion batteries or redox flow batteries offer a possible solution to energy 

storage, yet they are challenging to implement because of high cost and low performance 

for large-scale application. On the other hand, chemical fuels, including hydrogen (H2), 

have higher energy density and potentially lower cost of production. Solar fuels conversion 

system is one of the options to directly convert solar energy into chemical bonds. The work 

in this thesis focuses on photoelectrochemical (PEC) water-splitting, but the principles are 

also applicable to other solar fuels production, including CH4, C2H4, CH3OH.  
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The reaction for water-splitting (Eq. 1.1) has a free energy requirement of ∆G = 

237.2 kJ mol-1, which corresponds to ∆E° 1.23 V per electron. 

2H2O(l) à 2H2(g) + O2(g) (Eq. 1.1) 

In acidic solutions, the following half-reactions are expected: 

2H+ + 2e- à H2(g) (Eq. 1.2) 

2H2O(l) à O2(g) + 4H+  + 4e-. (Eq. 1.3) 

In alkaline solutions, the following half-reactions are expected 

2H2O(l)  + 2e- à H2(g) + 2OH- (Eq. 1.4) 

4OH-(aq) à O2(g) + 2H2O(l) + 4e- (Eq. 1.5) 

here, Eq. 1.2 and Eq. 1.4 correspond to oxygen evolution reactions (OER) and Eq. 1.3 and 

Eq. 1.5 correspond to hydrogen evolution reactions (HER).  

One of the prominent PEC water-splitting system designs focused on in this work 

consists of semiconducting light-absorber electrodes with cathodes and anodes doing HER 

and OER, respectively. In a PEC device, at least one of the electrodes is a semiconductor 

material which can generate carriers. Upon illumination, an electron-hole pair is generated 

and driven by the potential gradient in the semiconductor materials to their respective side 

of the device (Fig. 1.2). In order to drive the water-splitting reaction (Eq. 1.1), the electron-

hole pair would need to have at least 1.23 eV for the minimum thermodynamic 

requirement. Nevertheless, in a practical solar fuels device, pH difference, solution 

resistance, or non-radiative recombination reduce the electron-hole pair energy, thus 

requiring the light-absorbers to provide the voltage higher than the thermodynamic 

minimum.8  
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Figure 1.2. Schematics of the band alignment of a semiconductor in acid. (reproduced 
from Royal Society of Chemistry, RSC)9 

In order to supply sufficient potential, the semiconducting materials must have 

large bandgaps, typically ~2.2 eV. However, materials with a 2.2 eV bandgap only absorb a 

small portion of the solar spectrum (Fig. 1.3). Instead of single-layer light-absorbing 

materials, tandem device structures can be utilized to allow for broader absorption while 

providing enough potential to drive the water-splitting reaction. One of the bandgap 

combinations for a tandem device is with a 1.7 eV bandgap top-cell and a 1.1 eV bandgap 

bottom-cell.8 Silicon (Si) is one of the most promising materials for the bottom cell because 

of its 1.1 eV bandgap, suitable band edge position, as well as established fabrication 

processes. The suitable top-cell with 1.7 eV bandgap still needs further development.  
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Figure 1.3. AM1.5 G irradiation (100 mW cm-2) with the shaded areas corresponding to 
the absorption upperbound of semiconductors with 2.3-eV, 1.7-eV, and 1.1-eV bandgap. 

 

Stability of semiconductor electrodes 

One of the major impediments for realizing practical solar fuels devices is their 

stability under operation.10 Since the devices typically need to operate under corrosive 

strong acid or strong alkaline electrolyte, the solar fuel devices typically have operational 

stability in an order of 1,000 to 10,000 of hours.11 Unlike corrosion behaviors of metals, the 

corrosion mechanisms of semiconductor electrodes are still lacking. 

A general framework for defining stability of photoelectrodes is outlined in 

Fig. 1.4a, based on the relative energy levels of conduction band (CB) edge and the 

potentials of cathodic corrosion and solvent reduction (HER).12,13 If a competition for 

photogenerated electrons exists for cathodic corrosion reaction and HER (quasi-stable, type 

b), the semiconductor stability will be critically determined by the position of the quasi 

Fermi level (Eqf) or the kinetic over-potential. If the cathodic corrosion is 

thermodynamically more difficult compared with the HER, the semiconductor 

photocathode can be kinetically stabilized against cathodic corrosion by selectively steering 

all photogenerated electrons to perform HER. This framework also applies to OER where 
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the energetic levels between the semiconduction decomposition and OER need to compete 

for the generated holes. Manipulating the energetics at this semiconductor-electrolyte 

interface may allow for a stable device from otherwise thermodynamically unstable 

materials. For example, catalyst loading on the electrode’s surface may lower the band 

edge such that HER is more energetically favorable than the decomposition of the 

semiconductors (Fig. 1.4b). Understanding the kinetic effects towards the semiconductor 

corrosion will not only be useful for validating this framework, but also expand our 

fundamental understanding on stabilization of practical solar fuels devices.  

 

Figure 1.4. Band alignment diagram outlining different corrosion behaviors (a) General 
framework for defining the photocathode stability (p-type semiconductor) based on the 
relative energetic positions of the conduction band (ECB), decomposition potential 
(Edecomp), and solvent reduction (Esolv). Three types of photocathodes can be classified: (i) 
Stable: Edecomp<ECB<Esolv; (ii) quasi-stable: ECB<Edecomp<Esolv; (iii) unstable: ECB<Esolv< 
Edecomp. (Adapted from Gerischer et al12) (b) Proposed kinetic effects of HER catalysts 
over the semiconductor stability for the quasi-stable type.  

Protective coatings 

Instead of developing materials that are intrinsically stable under operation, 

applying protective coatings to the electrodes is also another promising way to increase the 

overall stability of the solar fuels devices. Since the generated electrons/holes need to reach 

the electrode surface to evolve oxygen/hydrogen, the main requirement for the protective 
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coatings of solar fuels devices is to provide electronic conductivity while separating the 

semiconductors from the electrolyte and providing sufficient transmission of the light to the 

underlying substrates. Although protective coatings are needed for both photoanodes and 

photocathodes, this work focuses on the protection for photoanodes as the anodes are 

typically prone to both passivation and decomposition because of the higher applied 

oxidative potential at the anode side. 

Amorphous TiO2 (a-TiO2) grown by atomic layer deposition (ALD) is one of the 

promising protective layers for photoanodes.14 These a-TiO2 films mitigate parasitic 

absorbance due to a large band gap (3.3 eV), prevent corrosion due to the stability of a-

TiO2 in alkaline and acidic media, and can maintain ohmic contact with the solution even 

with 100 nm thick films due to interaction of a Ti3+ defect band with metal catalysts.14–16 

PEC systems incorporating an a-TiO2 protection layer have been demonstrated to be stable 

for hundreds of hours in both alkaline and acidic media.11  

Although a-TiO2 film has been shown to increase the stability of the devices under 

operation, the failure modes for the film are still not fully understood. Microscopic defects 

and pinholes have been hypothesized to be the dominating attribution to the device 

failure.11,14,17–19 These pinholes are especially detrimental to non-passivating substrates 

such as III-V or II-VI semiconductors, since any exposure of the substrate to the electrolyte 

would rapidly corrode the underlying electrodes.17 Understanding the origins and the 

evolution of these pinholes on a-TiO2 would allow for better corrosion mitigation 

techniques and eventually realizing stable solar fuels devices.  
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Contents of this thesis 

In this thesis, intrinsic stability and corrosion mechanisms of CdTe and ZnTe under 

conditions for HER are presented. Failure modes of ALD a-TiO2 films are investigated and 

fabrication processes for GaAs micro-island structures are developed to accompany defect 

isolation in the a-TiO2 films. 

• In Chapter 2, chemical and electrochemical corrosion behaviors of CdTe and ZnTe 

cathodes are presented. The effects of Pt catalysts and a-TiO2 are also discussed. 

• In Chapter 3, short-term failure modes of GaAs anodes coated a-TiO2 is presented. 

The correlation between atmospheric particulates and microscopic pinholes on the 

as-deposited a-TiO2 is discussed. Simulation of the corrosion front at the exposed 

GaAs substrates is also provided. 

• In Chapter 4, fabrication procedures for GaAs micro-island structures are presented 

The evolution of new pinhole sites developed from defect spots in the a-TiO2 film 

is discussed.  

• In Appendix, preliminary results for the growth of oxynitride films for corrosion 

studies is presented. 
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C h a p t e r  2  

CHEMICAL AND ELECTROCHEMICAL CORROSION BEHAVIORS OF 
CdTe AND ZnTe ELECTRODES UNDER CONDITIONS RELEVANT 

FOR HYDROGEN EVOLUTION REACTION 
 

The following chapter discusses the chemical and electrochemical corrosion of 

CdTe and ZnTe substrates. 

 

Content in this chapter is drawn from the following publication: 

• Buabthong, P., Jiang, J., Yu, W., Moreno-Hernandez, I., Papadantonakis, K. M., 

Brunschwig, B. S., Lewis, N. S. “Chemical and Electrochemical Corrosion 

Behaviors of CdTe and ZnTe Electrodes under Conditions Relevant for Hydrogen 

Evolution Reaction.” In preparation. 
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Abstract 

The corrosion behaviors of CdTe and ZnTe electrodes for hydrogen evolution 

reaction (HER) were studied in 1.0 M H2SO4 (aq) and 1.0 M KOH (aq) under applied 

potential as -100 mV vs. RHE and under open-circuit potential (OCV). Chemical corrosion 

was observed in both CdTe and ZnTe in acidic solution with the corrosion rate of 

0.33 nm hr-1 and 0.10 nm hr-1 for CdTe under biased and under OCV, and 11 nm hr-1 for 

ZnTe in both conditions. Reduction of Cd2+ was found to be the primary pathway of CdTe 

corrosion in alkaline solution. Both oxidation of Te2- and reduction of Zn2+ were found to 

be the main corrosion pathway for ZnTe. Corrosion of CdTe in alkaline media can be 

mitigated by applying a thin Pt catalyst layer to compete with the reductive corrosion 

reaction. However, protective coating is needed to reduce the dissolution of ZnTe in the 

alkaline solution.  
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Introduction 

Photoelectrochemical (PEC) water-splitting is one of the attractive ways to store 

solar energy into clean hydrogen fuels. Nevertheless, degradation of semiconductor 

photoelectrodes is a well-known impediment to implementing efficient and practical solar 

fuels systems.1,2 A great deal of information is available about the corrosion and 

passivation processes that lead to failure of photoanodes3,4, and much less is defined about 

the behavior of photocathodes, except for largely phenomenological observations of limited 

(seconds-hours) lifetimes of such systems in aqueous media.5–7 

Silicon (Si) is one of the promising candidates for photoelectrodes, due to its small 

band gap, a suitable band edge position, and earth abundance.8 Extensive efforts have been 

made to protect Si photoelectrodes in acid and base.6,7,9 Recent developments provide a 

new opportunity to more fully understand, control, and mitigate failure of a variety of 

photoelectrodes for solar fuels production. Of specific interest are II-VI semiconductors 

such as CdTe and ZnTe, whose band gaps can be tuned by alloying, and pair well with 

stabilized Si photoanodes to potentially produce high-efficiency (>20% solar-to-hydrogen) 

tandem photoelectrochemical cells.8 

CdTe and ZnTe have been demonstrated as photocathodes in photoelectrochemical 

fuels production system.10–12 The stability of CdTe and ZnTe under hydrogen evolution 

reaction have been studied but only to a limited extent where the device degradation was 

inferred from the decrease in photocurrent density.10,13 The Pourbaix diagrams of CdTe and 

ZnTe can help provide theoretical guidelines for thermodynamic stability of the electrodes. 

However, experimental validation is still needed to confirm these thermodynamic 

predictions. Additionally, investigations of the corrosion kinetics of CdTe and ZnTe 

photoelectrodes are still needed in order to fully understand the corrosion behaviors and 

evaluate the usability of CdTe and ZnTe, or CdZnTe as potential semiconductor materials 

for stable photocathodes. 

Herein, we describe the chemical and electrochemical corrosion behaviors of dark 

n-CdTe and n-ZnTe electrodes, biased at conditions relevant for hydrogen evolution 
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reaction (HER). The corrosion reactions of each condition were inferred from a 

comprehensive observation of the systems, namely, product dissolution, surface chemistry, 

and the morphology of the electrodes. We also examined the effect of Pt catalysts and thin 

TiO2 protective coatings on the stability of CdTe and ZnTe electrodes. 
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Results 

Dissolution of n-CdTe and n-ZnTe 

The corrosion mechanism of n-type semiconductors (n-SC), n-CdTe and n-ZnTe 

electrodes were tested at -100 mV vs. reversible hydrogen electrode (RHE). This primary 

potential (E) of interest is determined by the overpotential (η) of an active electrocatalyst 

(such as noble metals and metal phosphides) required to drive a current density (J) of 10 

mA cm-2.14 The position of the surface potential or quasi Fermi-level (Eqf) of an illuminated 

p-type semiconductor (p-SC) photoelectrode, in the presence of HER catalyst, should 

closely follow that of an n-SC electrode held at -0.1 V vs. RHE in the dark (Fig. S2.1). 

Hence, the thermodynamic environments regulating the semiconductor stability should be 

similar at the front surfaces of an n-SC in the dark and an illuminated p-SC with HER 

catalysts. Dark experiments moreover allow for probing the mechanism of semiconductor’s 

intrinsic corrosion under well-controlled conditions of HER (E~-100 mV vs. RHE), by 

eliminating any variation in the photoelectrochemical (PEC) response of illuminated 

electrode. Hence, these dark experiments will provide valuable insights into how the 

corrosion or dissolution of semiconductors under HER conditions correlates with the 

thermodynamic predictions from the Pourbiax diagrams.  

Chronoamperometry profiles of both n-CdTe and n-ZnTe biased at -100 mV vs. 

RHE in both 1.0 M  H2SO4(aq) and 1.0 M KOH(aq) in the dark exhibit very small current 

densities as shown in a representative Fig. S2.2. The current densities stayed in the 

magnitude of μA cm-2 range. 

Figure 2.1a shows the total dissolution product as a function of time of n-CdTe 

electrodes in the dark biased at -100 mV vs. RHE (“CA”, red) and under OCV (purple) in 

H2(g)-saturated 1.0 M H2SO4(aq) over 24 hours. The dissolution of each electrode was 

normalized to the electrode areas. The error bars represent variations between three 

electrochemical runs. The total dissolution concentrations are similar for both CA and 
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OCV. The dissolution in the first hour increased substantially from zero to 

~0.05 µmol cm-2, then continued to increase at a much slower rate after 2 hours, and 

increased to the maximum of ~0.05 µmol cm-2 at 24 hours. Figure 1b shows the dissolution 

rate of Cd and Te species H2(g)-saturated 1.0 M H2SO4(aq), measured after the initial spike 

in the first hour. Cd and Te dissolution was ~0.8 µmol cm-2 hr-1 and ~0.4 µmol cm-2 hr-1 for 

the samples held under -100 mV vs. RHE, respectively. On the other hand, Cd and Te 

dissolution was ~0.4 µmol cm-2 hr-1 and ~0.8 µmol cm-2 hr-1 for the samples held under 

OCV.  

 

Figure 2.1. Dissolution products of CdTe (a,c) Concentrations of dissolved Cd, Te 
species in the working compartment biased at -100 mV vs. RHE and OCV in the dark 
over 24 hours, normalized to the electrode area in H2(g)-saturated (a) 1.0 M H2SO4(aq) 
and (b) 1.0 M KOH(aq). (b, d) the dissolution rate measured after the initial dissolution in 
the first hour for the n-CdTe electrodes in (b)1.0 M H2SO4(aq) and (d) 1.0 M KOH(aq). 
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Figure 2.1c shows the total dissolution product as a function of time of n-CdTe 

electrodes in the dark biased at -100 mV vs. RHE (“CA”, red) and under OCV (purple) in 

H2(g)-saturated 1.0 M KOH(aq) over 24 hours. The total dissolution concentrations are 

higher for the sample held under open-circuit potential, which increased substantially from 

zero to ~0.08 µmol cm-2 within the first hour, then continued to increase at a much slower 

rate after 2 hours. On the other hand, in the total dissolution for the samples held 

under -100 mV vs. RHE, no initially dissolution spike was observed. Nevertheless, the total 

dissolution gradually increased to ~0.2 µmol cm-2 after 24 hours. Figure 2.1d shows the 

dissolution rate of Cd and Te species in H2(g)-saturated 1.0 M KOH(aq) measured after the 

initial spike in the first hour. For the samples held under -100 mV vs. RHE, both Cd and Te 

dissolution rates were similar at  ~0.25 µmol cm-2 hr-1. However, for the samples at open-

circuit potential, the Te dissolution rate was substantially higher at ~1.5 µmol cm-2 hr-1 

compared to that of Cd at ~0.08 µmol cm-2 hr-1. 

Similarly, ZnTe electrodes were tested under -100 mV vs. RHE and OCV while 

monitoring the dissolution products in the working-electrode compartment. Figure 2.2a 

shows the total dissolution product as a function of time of n-ZnTe electrodes in the dark 

biased at -100 mV vs. RHE (“CA”, red) and under OCV (purple) in H2(g)-saturated 1.0 M 

H2SO4(aq) over 8 hours. The total dissolution concentrations are similar for both the 

samples held under open-circuit potential and held at -100 mV vs. RHE. Unlike n-CdTe 

samples, no initial spikes were observed in the first hour; the dissolutions for n-ZnTe 

samples linearly increased from zero to 1.5 µmol cm-2 at 8 hours. Figure 2.2b shows the 

dissolution rate of Zn and Te species in H2(g)-saturated 1.0 M H2SO4(aq). Since the 

dissolution products increased linearly from the start, the rates were calculated from the 

whole time span of the electrochemical experiments. For all samples, both Zn and Te 

dissolution rates were similar at ~0.07 µmol cm-2 hr-1.  



19 

 

 

 

Figure 2.2. Dissolution products of ZnTe (a,c) Concentrations of dissolved Zn, Te 
species in the working compartment biased at -100 mV vs. RHE and OCV in the dark 
over 24 hours, normalized to the electrode area in H2(g)-saturated (a) 1.0 M H2SO4(aq) 
and (b) 1.0 M KOH(aq). (b, d) the dissolution rate for the n-ZnTe electrodes in (b)1.0 M 
H2SO4(aq) and (d) 1.0 M KOH(aq). 

Figure 2.2c shows the total dissolution product as a function of time of n-ZnTe 

electrodes in the dark biased at -100 mV vs. RHE (“CA”, red) and under OCV (purple) in 

H2(g)-saturated 1.0 M KOH(aq) over 8 hours. Similarly to the samples in 1.0 M H2SO4(aq), 

no initial spikes were observed in the first hour. Nevertheless, the total dissolution for the 

samples under OCV was  slightly higher, increasing linearly from 0 to ~1.75 µmol cm-2 

after 8 hours. The total dissolution concentration for the samples held at -100 mV vs. RHE 

linearly increased from 0 to 1.0 µmol cm-2 at 8 hours. Figure 2.2d shows the dissolution 

rate of Zn and Te species in H2(g)-saturated 1.0 M KOH(aq). Since the dissolution products 
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increased linearly from the start, the rates were calculated from the whole time span of the 

experiments. Both Zn and Te dissolution rates were similar at ~0.08 µmol cm-2 hr-1 for the 

samples held under -100 mV vs. RHE. On the other hand, the Zn dissolution rate was 

substantially higher in the samples under OCV at ~0.20 µmol cm-2 hr-1 compared to 

~0.01 µmol cm-2 hr-1 for Te. 

After the electrochemical experiments, all samples were inspected under a scanning 

electron microscope (SEM) for changes in the surface morphology. Figure 2.3 shows the 

SEM images of the n-CdTe electrodes (a) before and (b-e) after electrochemical testing. 

Before the experiments, the n-CdTe electrode had a smooth surface. After being tested for 

24 hours under -100 mV vs. RHE, the n-CdTe showed small amounts of pits and material 

deposits (Fig. 2.3b,c). The n-CdTe electrode tested in 1.0 M H2SO4(aq) (Fig. 2.3b) showed 

more pits than the one tested in 1.0 M KOH(aq) (Fig. 2.3c). Nevertheless, both surfaces did 

not show substantial etched pits. In contrast, n-CdTe samples tested under open-circuit 

potential contained higher morphology changes. The sample tested in 1.0 M H2SO4(aq) 

contained many microscopic deposits on the surface (Fig. 2.3d). The sample tested under 

OCV in 1.0 M KOH (aq) had etched pits throughout the surface (Fig. 2.3e).  
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Figure 2.3. SEM images of n-CdTe electrodes (a) before test, and (b-e) after the 
chronoamperometry (b) biased at -100 mV vs. RHE in the dark over 24 hours in 1.0 M 
H2SO4(aq), (c) biased at -100 mV vs. RHE in the dark over 24 hours in 1.0 M KOH(aq), 
(d) under OCV in 1.0 M H2SO4(aq), and (e) under OCV in 1.0 M KOH(aq). 

 

Figure 2.4 shows SEM images of the n-ZnTe electrodes (a) before and (b-e) after 

electrochemical testing. Before the experiments, the n-CdTe electrode had a relatively 

smooth surface, but still contained microscopic stripes on the surface which are most likely 

a result of wafer polishing (Fig. 2.4a). All n-ZnTe samples after testing contained some 

amount of etched pits at varying degrees. After being tested for 8 hours under -100 mV vs. 

RHE in 1.0 M H2SO4(aq), the sample developed triangular etched pits thoughout the 

surface (Fig. 2.4b). The sample tested under applied bias, but in 1.0 KOH (aq) showed 

fewer numbers of triangular etched pits, but with slightly larger in depth and lateral size 

(Fig. 2.4c). The sample tested under OCV in 1.0 M H2SO4(aq) mostly corroded uniformly 

throughout with no preferred etched orientation (Fig. 2.4d). The sample tested under OCV 

in 1.0 KOH (aq) also etched uniformly without any preferred orientation with more particle 

deposits on the surface. 
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Figure 2.4. SEM images of n-ZnTe electrodes (a) before test, and (b-e) after the 
chronoamperometry (b) biased at -100 mV vs. RHE in the dark over 24 hours in 1.0 M 
H2SO4(aq), (c) biased at -100 mV vs. RHE in the dark over 24 hours in 1.0 M KOH(aq), 
(d) under OCV in 1.0 M H2SO4(aq), and (e) under OCV in 1.0 M KOH(aq). 

 

Surface compositions of n-CdTe and n-ZnTe 

After the electrochemical operation, the electrodes were disassembled and 

transferred ex-situ to the loading chamber for x-ray photoelectron spectroscopy (XPS). 

Figure 2.5 shows the Cd 3d (Fig. 2.5a) and Te 3d (Fig. 2.5b) XPS peaks of n-CdTe 

electrodes (dark) before and after 24-hour electrochemical tests at different conditions. No 

substantial changes were observed in the Cd 3d spectra. Some shifts in Te 3d peaks were 

observed. However, the shifts were reported to be very small relative to regular XPS 

shifts.15 Before test, n-CdTe showed an elemental Te 3d 5/2 component at 572.8 eV, an 

elemental Te 3d 3/2 component at 583.1 eV, and a 3d 5/2 peak at 576.1 eV and a 3d 3/2 

peak at 586.5 eV corresponding to TeO2. For the samples tested under OCV in 1.0 M 

H2SO4(aq), the TeO2 peaks are gone, with only the elemental Te peaks remaining. After 

biased at -100 mV vs. RHE in 1.0 M H2SO4(aq), the surface contained small amounts of 
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TeO2 peaks and Te0, similarly to the one before testing. In 1.0 M KOH(aq), the TeO2 peaks 

remained in both applied potential and OCV cases. Nevertheless, new peaks at 572.2 eV, 

corresponding to Te2-, also arose in both conditions. Besides the TeO2 peaks, the n-CdTe 

after OCV in 1.0 M KOH(aq) had a Te 3d 5/2 peak at 572.5 eV and a Te 3d 3/2 peak at 

583.0 eV which correspond to Te0 and Te2-. 

 

Figure 2.5. XPS of (a) Cd 3d, (b) Te 3d peaks of n-CdTe electrodes (dark). From top to 
bottom: after 24 hours biased at -100 mV vs. RHE in H2(g)-saturated 1.0 M KOH(aq); 
after 24 hours left at open circuit voltage in H2(g)-saturated 1.0 M KOH(aq); after 24 
hours biased at -100 mV vs. RHE in H2(g)-saturated 1.0 M H2SO4(aq); after 24 hours left 
at open circuit voltage in H2(g)-saturated 1.0 M H2SO4(aq); before electrochemical test. 

Similarly, n-ZnTe samples were transferred ex-situ to the loading chamber after 

testing. The Zn 2p XPS peaks were reported to contain little shift between each species.16 

Therefore, only Te 3d peaks were used for the analysis of the surface compositions of 

n-ZnTe samples. Figure 6 shows Te 3d XPS spectra for the samples tested in (a) 1.0 M 

H2SO4 (aq) and (b) 1.0 M KOH. For the samples in 1.0 M H2SO4 (aq), Te2- peak and a 

small amount of Te-O (Te2+) were observed at 577.5 eV and 582 eV, respectively. After 

8 hours of electrochemical testing, more oxidative peaks at 582 eV were observed. On the 
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other hand, all oxidative peaks were reduced and the surface was only left with Te-Zn peak 

at 577.5 eV for the sample tested under -100 mV vs. RHE (Fig. 2.6a). For 1.0 M KOH (aq), 

the sample tested under applied potential showed the same surface composition where all 

the oxide was reduced into the Te-Zn peak. The sample left under OCV, however, 

contained a slightly shifted Te0 peak at ~579 eV.  

 

Figure 2.6. XPS of Te 3d peaks of n-ZnTe electrodes (dark) tested in (a) 1.0 M 
H2SO4(aq) and (b) 1.0 M KOH (aq). From top to bottom: after 8 hours biased at -100 mV 
vs. RHE, after 8 hours under OCV, and before electrochemical operation. 

Corrosion behaviors of Pt-coated n-CdTe and n-ZnTe 

For an analysis of the catalyst on the electrode’s corrosion, the samples were coated 

with sputtered 2-nm layer of Pt before the electrochemical operation. Figure 2.7 shows (a) 

CdTe and (b) ZnTe dissolution concentrations of the samples held at -100 mV vs. RHE in 

the dark over 24 hours in H2(g)-saturated 1.0 M KOH(aq). The concentrations were 

normalized to the electrode areas. The light red and light purple in both Fig. 2.7a and 

Fig. 2.7b represent the concentrations of the sample without Pt coating. For n-CdTe 

samples, dissolved Cd concentrations decreased from 0.008 μmol cm-2 to ~0 μmol cm-2  

after 24 hours of testing. Similarly, dissolved Te concentrations decreased from 
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0.015 μmol cm-2 to 0.005 μmol cm-2. On the other hand, both Zn and Te dissolution 

concentrations in the n-ZnTe stayed approximate at the same level (~0.5 μmol cm-2).   

 

Figure 2.7. Dissolution products as a function of time for Pt-coated (a) CdTe and (b) 
ZnTe samples held at -100 mV vs. RHE in H2(g)-saturated 1.0 M H2SO4 (aq). 

Corrosion behaviors of TiO2-coated n-ZnTe 

Amorphous a-TiO2 grown with atomic-layer deposition (ALD) was applied to 

n-ZnTe samples for an analysis of the protection layer. Figure 2.8 shows concentrations of 

the total dissolution products for a-TiO2-coated n-ZnTe samples. Figure 8a shows the total 

dissolution products of bare n-ZnTe samples tested under -100 mV vs. RHE (light orange), 

under OCV (light green), a-TiO2-coated n-ZnTe samples tested under -100 mV vs. RHE 

(orange), and under OCV (green). Both samples tested under applied bias and OCV 

showed decreases in the dissolution products after coated with a-TiO2 (Fig. 2.8a). 
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Additionally, the total dissolution products can be further reduced by applying 2-nm Pt 

catalyst overlayer after coated with a-TiO2 (Fig. 2.8b). 

 

Figure 2.8. Dissolution of protected ZnTe electrodes (a,c) Concentrations of dissolved 
Zn, Te species in the working compartment biased at -100 mV vs. RHE and OCV in the 
dark over 24 hours, normalized to the electrode area in H2(g)-saturated.  
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Discussion 

CdTe has been reported to form a native oxide layer in air, mainly consisting of 

TeO2 and CdTeO3, and the thickness of native oxide evolves over time.17 Chemical etching 

can obtain a consistent surface layer, and can decrease the surface roughness and remove 

structural damage resulting from the mechanical polishing process from factory production 

of CdTe substrates. Bromine/methanol (Br2/CH3OH) solutions of various concentrations 

are used as a common etchant.18 During the etching process, Br2 oxidizes the tellurium 

anions to neutrally charged tellurium, as shown in Equation 1.  

    (Eq. 2.1) 

Br2/CH3OH etching results in an enrichment of elemental Te at the surface.19 The 

enrichment of Te increases the leakage current20, and the leakage current could potentially 

lead to a degradation of the semiconductor in photoelectrochemical cells21. Passivating the 

Br2/CH3OH etched, Te rich surface with hydrogen peroxide can develop a thin insulating 

oxide layer and minimize the leakage current.22 The reaction is shown in Equations 2.2, 

2.3, and 2.4. Similar etching steps were also performed on the n-ZnTe samples to remove 

any residual native oxide layer. Nevertheless, the enrichment of elemental Te0 was not 

observed on the n-ZnTe samples (Fig. 6). 

   (Eq. 2.2) 

  (Eq. 2.3) 

   (Eq. 2.4) 

To study the electrochemical stability of n-CdTe, the n-CdTe electrodes were 

biased at -100 mV vs. RHE for 24 hours (Fig. 2.1). Here, the current densities for all the 

tested electrodes were in a range of ~ 0.01 mA cm-2 in both 1.0 M H2SO4 (aq) and 1.0 M 

2- - 0
2Br +Te 2Br +Te¾¾®

0
2 2 2 22H O +Te TeO +2H O¾¾®

2- +
2 2 2 23H O +Te 2H TeO +4H O+ ¾¾®

2 2 3 23H O +CdTe CdTeO +3H O¾¾®
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KOH (aq), indicating sluggish HER kinetics on bare n-CdTe and n-ZnTe electrodes in the 

dark which were expected for bare electrodes without any HER catalysts.  

To quantify the faradaic efficiencies of the corrosion, dissolution products were 

collected during the chronoamperometry measurements and analyzed using Inductively-

Coupled Plasma Mass Spectrometry (ICP-MS). If the corrosion reaction was a 2-electron 

charge transfer corrosion process, the faradaic efficiencies, or the amount of charge 

transferred in the corrosion process divided by the total amount of charge passed by the 

potentiostat, would be 2.76% in 1.0 M H2SO4(aq), and 0.94% in 1.0 M KOH(aq) for 

n-CdTe samples. If the corrosion reaction was a 6-electron corrosion process, then the 

corrosion faradaic efficiencies would be 8.28% and 2.82%, respectively. These low 

faradaic efficiencies indicate that if the corrosion was electrochemically driven, then only a 

small portion of the currents came from corrosion, and most of the currents were going 

toward HER. The corrosion rates are also in good accord with the dissolution rate of the 

n-CdTe samples at 0.33 nm/h in 1.0 M H2SO4(aq), and about 0.10 nm/h in 1.0 M KOH(aq), 

respectively. In the Pourbaix diagram drawn by Zeng, C. et. al.22, CdTe remains stable 

from pH -2 to 14 between 0 and -0.5 V vs. RHE, and in the Pourbaix diagram drawn by 

Dremlyuzhenko, S. G. et. al.23, CdTe is in the form of Cd2+ + Te at -100 mV vs. RHE from 

pH -2 to 2, and in the form of CdTe at -100 mV. vs. RHE at pH 14. Another calculated 

Pourbaix diagram is plotted in Fig. S2.3, showing similar species in pH 0 and pH 14 

ranges.23 The CdTe Pourbaix diagram predicts that at -100 mV vs. RHE, the following 

reactions should occur between CdTe and H+: 

pH 0:  CdTe + 2H+ = H2Te + Cd2+.  (Eq. 2.5) 

Notably, at ~0 V vs. RHE and pH 0, the formation of Te0 via an oxidation of Te2- anions 

should occur:  

pH 0:  CdTe + 2H+ = Te0 + Cd2+ + H2 (Eq. 2.6) 

At E< -0.5 V vs. RHE, the electrochemical reduction of Cd2+ cations of CdTe into Cd0 
should occur: 

pH 0:  CdTe + 2H+ + 2e- = Cd0 + H2Te. (Eq. 2.7) 
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For pH 14, a stable region of a CdTe phase slightly overlaps with the region of pH 14 at E< 

0 V vs. RHE. For E < -0.1 V vs. RHE, the electrochemical reduction of Cd2+ cations into 

Cd0 should occur as:  

pH 14:  CdTe + H2O + 2e-= Cd0 + HTe- +OH-. (Eq. 2.8) 

Experimentally, the n-CdTe electrode tested under bias at -100 mV vs. RHE in 1.0 M 

H2SO4 (aq) was less stable than in 1.0 M KOH(aq), both from the dissolution results and 

the change in the surface morphology (Fig. 2.3). The lower stability of the samples in 

1.0 M H2SO4(aq) is likely caused by the Cd2+ ions chemically leaching out from the 

n-CdTe lattice. 

At 0 hour of the blank samples, Cd concentration was close to 0, which agrees with 

the use of high purity acid or base, confirming no impurity was present in the setup, but Te 

concentrations were generally higher and contained larger error bars. The larger error is 

most likely due to both variations in the samples and sensitivity limits of the ICP-MS. In 

the standard calibration solutions used for ICP-MS, the most diluted standard solution for 

Cd had a concentration of 0.17 ± 6.1 μg/L, but for Te, it was 0.80 ± 46 μg/L. Since the 

aloquats for the ICP-MS measurements were diluted to 1/5 of the original concentration, Te 

errors can be magnified by 5 times to 233.464 μg L-1. Nevertheless, this systematic error is 

small compared to the differences between the concentrations in different experimental 

conditions. 

Since the corrosion faradaic efficiencies were small, less than 10% from previous 

calculations, to further investigate if the corrosion is driven by electrochemical reactions or 

chemical reactions, control samples of n-CdTe electrodes were tested at OCV in H2(g)-

saturated 1.0 M H2SO4(aq) and 1.0 M KOH(aq). In 1.0 M H2SO4 (aq), although the total 

dissolution products are similar for both OCV and applied potential, the dissolution rates 

for Cd and Te were different. Under applied potential, the dissolution rate for Cd was 

higher, and under OCV, the dissolution rate Te was higher (Fig. 2.1). The SEM images also 

show slightly more deposits on the surface after testing on the samples tested under OCV. 

Nevertheless, the Te 3d XPS peaks show similar surface composition for both samples. 
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Thus, Cd2+ likely leached out from the lattice under both conditions. However, on the OCV 

samples, the surface potential could be sufficiently high to allow dissolved Te to precipitate 

and form small deposits on the surface (Eq. 2.9). On the other hand, in the samples under 

applied potential, after Cd2+ was leached, Te ion in the lattice could react with the solution 

and form H2Te (aq) (Eq. 10). High Te0 in all samples are most likely from the etching step 

where CdTeO3 from Br2/CH3OH etching and H2O2 treatment (Eq. 2.4) was reduced to Te0 

by the negative potential. This is in agreement with the Cd peak shifts in XPS (Fig. 2.5a) 

and the Te0 on the surface (Fig. 2.5b). TeO2 and CdTeO3 from surface treatment (Eq. 2.3 

and Eq. 2.4) dissolved both in OCV and under -100 mV vs. RHE bias, and most of this 

surface oxide likely dissolved after being in the electrolyte for 1 hour, leading to high 

dissolution measured by ICP-MS in the first hour.  

CdTe(s) + 2H+(aq) ⟷ Cd2+(aq) + Te(s) + H2  (Eq. 2.9) 

CdTe(s) + 2H+(aq) ⟷ Cd2+(aq) + H2Te(aq)  (Eq. 2.10) 

In 1.0 M KOH(aq), the dissolution of the samples under OCV was similar to that in 

1.0 M H2SO4 (aq), while the dissolution of the samples under applied potential was 

substantially lower. For the samples held at OCV, almost all of the dissolution came from 

Te (Fig. 2.1d). The SEM image also shows much rougher morphology after testing for this 

sample. Unlike the samples in 1.0 M H2SO4, Te 3d XPS peaks representing TeOx still 

remained after the testing. Hence, under OCV, the samples likely underwent oxidative 

corrosion, leaching Te2- from the lattice, while leaving Cd to oxidize and form Cd2TeO6(s) 

(Eq. 2.11). For the samples held at -100 mV vs. RHE, the dissolution rates for both species 

were similar. Nevertheless, at this potential, Cd2+ was observed to be reduced to Cd0 

(Fig. 2.5). The Te 3d XPS peaks show more Te2- peaks compared to OCV. Hence, in 

addition to reduction of Cd2+ (Eq. 2.12, 2.14), reduction of residual metallic Te on the 

surface might also occur (Eq. 2.13).  

3CdTe(s) + 8H2O + 4OH- ⟷ Cd3TeO6(s) + 2TeO32- (aq) + 10H2  (Eq. 2.11) 
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CdTe(s)  + 3OH- ⟷ CdO22-(aq) +HTe-(aq) + H2O   (Eq. 2.12) 

Te(s) + H2 + OH-   ⟷ H2O(l) + HTe-(aq)     (Eq. 2.13) 

CdTe(s) + H2 + OH- ⟷ Cd(s) + HTe-(aq) + H2O    (Eq. 2.14) 

For n-ZnTe, the thermodynamic Pourbaix diagram is plotted in Fig. S2.4.23 The 

diagram predicts that at E = -0.1 V vs. RHE, the following reactions between ZnTe and 

H+/OH- should occur: 

pH 0: ZnTe + 2H+ = H2Te + Zn2+   (Eq. 2.15) 

pH 14: ZnTe + 3OH- = HTe- + ZnO22- + H2O.  (Eq. 2.16) 

At ~0 V vs. RHE and pH 0, the formation of Te0 via an oxidation of Te2- anions 
should occur as:  

pH 0: ZnTe + 2H+ = Te0 + Zn2+ + H2.   (Eq. 2.17) 

At E< -0.5 V vs. RHE, the electrochemical reduction of Zn2+ cations of ZnTe into 
Zn0 should occur: 

pH 0: ZnTe + 2H+ + 2e- = Zn0 + H2Te   (Eq. 2.18) 

pH 14: ZnTe + H2O + 2e-= Zn0 + HTe- +OH-.  (Eq. 2.19) 

Experimentally, unlike n-CdTe samples, all n-ZnTe electrodes sustained constant 

corrosion through the experiments. For the samples tested in 1.0 M H2SO4 (aq), the total 

dissolution for both samples under applied potential and under OCV increased linearly 

from 0 at the same rate. The dissolution rates for each species are also similar with Zn 

dissolution rate slightly higher for both potentials (Fig. 2.2). The SEM images show etched 

pits developed uniformly throughout the electrode surface (Fig. 2.4). The Te 3d peaks of 

the samples under both potential conditions are also similar with slightly higher TeO peaks 

in the samples tested under OCV (Fig. 2.6). Thus, the n-ZnTe electrodes most likely 

underwent chemical dissolution where Zn2+ ions were disassociated from the ZnTe lattice 

and leached into the solution (Eq. 2.20, 2.21). Although at this potential, the remaining Te2- 

could be oxidized to form metallic Te0(s) (Eq. 2.20), the dissolution rate of Zn from the 
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ZnTe was sufficiently high such that the surface morphology changed too fast to allow any 

Te(s) deposits. 

ZnTe(s) + 2H+(aq) ⟷ Zn2+(aq) + Te(s) + H2  (Eq. 2.20) 

ZnTe(s) + 2H+ ⟷ Zn2+  + H2 Te(aq)   (Eq. 2.21) 

For the samples tested in 1.0 M KOH (aq), the total dissolution of the samples 

under OCV was slightly higher. Nevertheless, the electrodes under both conditions still 

showed similar behaviors with the dissolution increasing linearly from 0 hours (Fig. 2.2). 

For the samples tested under bias at -100 mV vs. RHE, the dissolution rates for both 

species were similar. The SEM image for this sample shows some triangular etched pits, 

but not uniformly throughout the surface, indicating one facet of the lattice is more likely to 

corrode. Nevertheless, the Te 3d XPS peaks show similar surface composition to the 

samples before testing. Thus, at this lower biased potential, the n-ZnTe electrodes likely 

either underwent chemical dissolution (Eq. 2.22), or reduced Zn2+ to form Zn0 (Eq. 2.23). 

The reduction of Zn2+, however, would still likely cause the remaining Te to leach out since 

the etched pits are a few µm wide (Fig. 2.4). It is unlikely to have preferential etching of 

one element in micrometer scale. 

ZnTe(s)  + 3OH- ⟷ ZnO22-(aq) +HTe-(aq) + H2O  (Eq. 2.22) 

ZnTe(s) + H2 + OH- ⟷ Zn(s) + HTe-(aq) + H2O   (Eq. 2.23) 

For the samples under OCV in 1.0 M KOH(aq), although the total dissolution was 

similar, the dissolution rate for Zn was substantially higher than the dissolution of Te. The 

SEM image of the surface also shows severe corrosion on the surface. However, many 

particle deposits were also observed (Fig. 2.4). Since Zn dissolution was higher, these 

deposits are most likely Te(s). The Te 3d XPS peaks for this electrode also show a small 

shift toward Te0(s), which is in good accord with the hypothesized Te deposits. Thus, under 
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OCV, the Te2- in the n-ZnTe lattice likely got oxidized and formed Te0(s), and deposited 

onto the surface (Eq. 2.24).  

ZnTe(s) + 2OH- ⟷ Te(s) + ZnO22- + H2   (Eq. 2.24) 

In 1.0 M H2SO4 (aq), both CdTe and ZnTe underwent similar chemical dissolution. 

Hence, applying catalyst on the surface would not change the corrosion kinetics of the 

samples, except physically providing additional protective coating. With ~2 nm Pt catalyst 

applied to samples tested in 1.0 M KOH (aq), the dissolution of Cd and Te was greatly 

reduced compared to without Pt, with very small corrosion rates close to 0.0 nm/h, 

indicating that in PEC cells with catalyst, the corrosion of CdTe could be negligible. 

However, the dissolution of ZnTe samples with 2 nm Pt catalyst still remain at the same 

level. This is likely because, in n-CdTe, the samples corroded via reduction of Cd2+. When 

Pt catalyst was applied to the surface, the electrons were more kinetically favorable to drive 

HER through PT compared to reduction of Cd2+. On the other hand, the corrosion of ZnTe 

in 1.0 M KOH (aq) is attributed to both reduction of Zn2+ and oxidation of Te2-. Therefore, 

kinetically competing for the reducing electrons on n-ZnTe might be more challenging in 

1.0 M KOH (aq).  

ZnTe samples were further coated with amorphous a-TiO2 films. The total 

dissolution in these samples decreased substantially in both applied potential and OCV 

conditions. Additionally, once the samples were coated with a-TiO2, applying Pt still led to 

low dissolution. Hence, Pt likely does not catalyze oxidative and reductive corrosion of the 

n-ZnTe samples. Nevertheless, further investigation is still needed to fully understand the 

interfacial properties and the band energetics of the a-TiO2-coated ZnTe electrodes.  

Conclusion 

Corrosion kinetics of CdTe and ZnTe cathodes tested in 1.0 M H2SO4 (aq) and 

1.0 M  KOH (aq) were quantified for the conditions relevant for HER, namely, under 

biased -100 mV vs. RHE and under open-circuit potential. In 1.0 M H2SO4 (aq), both CdTe 
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and ZnTe underwent chemical corrosion with dissolution rates of 0.3 nm hr-1 and 

0.1 nm hr-1 for CdTe under bias and under OCV, and 11 nm hr-1 for ZnTe in both 

conditions. In 1.0 M  KOH (aq), CdTe corroded at 0.5 nm hr-1 and 1 nm hr-1 for under 

applied bias and OCV, respectively. Under applied potential, Cd2+ is reduced to form Cd0. 

The surface corroded uniformly under OCV. Electrochemical corrosion was also observed 

in ZnTe samples where the dissolution rates were substantially higher at 13 nm hr-1 and 

30 nm hr-1 for under applied bias and OCV, respectively. Both oxidation of Te2- and 

reduction of Zn2+ are the main corrosion mechanisms for ZnTe in 1.0 M KOH (aq). Pt 

catalyst overlayer offers a competing pathway for the carrier, reducing corrosion under 

applied potential, suggesting possible utilization of CdTe as a light-absorbing material for 

PEC cathodes . On the other hand, protective coating is needed to mitigate corrosion of 

ZnTe in alkaline solution.  
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Supporting Information 

Experimental Methods 

Materials and Chemicals 

n-CdTe(111) wafers with a carrier concentration 5.5 x 1017 cm-3 were purchased 

from JX Nippon Minging and Metals Corporation. All the other chemicals were used as 

received, including sulfuric acid (H2SO4, BDH ARISTAR® ULTRA, 93-98%, ultrapure 

for trace metal analysis), potassium hydroxide (KOH, Acros Organics, 99.98%, trace metal 

basis), bromine (Br2, Sigma-Aldrich, ≥99.99% trace metals basis),  methanol (CH3OH, 

≥99.8% ACS, VWR Chemicals), and hydrogen peroxide solution (H2O2, 30 % w/w in 

H2O, Sigma-Aldrich). Deionized H2O with a resistivity of ³18 MΩ∙cm was obtained from 

a Barnstead Nanopure station (Thermo Scientific). A platinum target (Pt, Kurt J Lesker, 

99.99%) was used in Pt deposition. 

Electrode Preparation 

CdTe pieces were cut from an n-CdTe(111) wafer that had been polished in factory. 

Then the back was soldered with In to make electrical contact. Pieces were etched for 30 s 

in a freshly prepared solution of 0.2%(v/v) Br2 /CH3OH, then rinsed vigorously with 

CH3OH and dried with N2, followed by 15 seconds exposure in 30 wt.% H2O2, then rinsed 

vigorously with water and dried with N2, and immersed in CH3OH until being dried with a 

stream of N2(g) before use. Pt deposition was performed in a sputterer (AJA International) 

with a base pressure of < 10−6 torr under an Ar atmosphere at 5 mTorr using RF power. ~2 

nm of Pt was deposited onto the front side of the prepared CdTe substrate. 

The samples were scratched with Ga-In eutectic (Sigma Aldrich, 99.99%) onto the 

back, followed by use of Ag paint (SPI Supplies) to attach to a Cu wire (McMaster-Carr). 

The wire was threaded through a glass tube (Corning Incorporation, Pyrex tubing, 7740 

glass). The area around the wire and the sample was coated with non-conductive epoxy 

(Hysol 9460) and allowed to dry overnight. Electrode areas were imaged using a high-
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resolution optical scanner (Epson perfection V370 with a resolution of 2400 psi) and then 

analyzed by ImageJ software.  

Electrochemical measurements 

Electrochemical measurements were conducted in a home-made dark box in a 

custom two-compartment electrochemical cell with a membrane separating the working 

electrode (with the reference electrode) from the counter electrode. A Nafion membrane 

was used for measurements in 1.0 M H2SO4(aq) and an anion exchange membrane (AEM) 

was used for measurements in 1.0 M KOH(aq). Each compartment contained 25 mL 

electrolyte which was filled by a pipette (Fisher Scientific, 5mL). The electrochemical cell 

was cleaned with aqua regia, rinsed thoroughly with H2O, dried in an oven, and cooled in 

air before use. 

A carbon rod (Alfa Aesar, ≥99.9995%, metals basis) placed in a fritted glass tube 

(Aceglass Inc., gas dispersion tube Pro-D) was used as the counter electrode. A 

mercury/mercurous sulfate (Hg/HgSO4 in saturated K2SO4(aq), CH Instruments, CH151) 

electrode and a mercury/mercury oxide (Hg/HgO in 1.0 M KOH(aq), CH Instruments, 

CH152) electrode were used as the reference electrode in 1.0 M H2SO4(aq) and in 1.0 M 

KOH(aq), respectively. 

All the electrochemical data were collected on a MPG-2 multichannel potentiostat 

or a SP-200 potentiostat (BioLogic Science Instruments). Prior to the measurements, the 

electrolyte was purged with H2(g) for 30 min to saturate H2(g) and remove O2(g). During 

the measurements, H2(g) bubbling was maintained to keep a saturated H2(g) and O2(g)-free 

environment. Vigorous stirring was kept before and during the measurements since the 

H2(g) purge started, using a magnetic stir bar driven by a model-train motor (Pittman). 

Chronoamperometric (CA) measurements were performed at a constant potential at -100 

mV vs. reversible hydrogen electrode (RHE). Open Circuit Voltage (OCV) measurements 

were performed with no potential applied to the working electrode. Each electrochemical 

experiment was run for 24 hours. At 0, 1, 2, 4, 8, and 24 hours of each experiment, 1 mL 

solution was taken out from the working compartment by a pipette (Fisher Scientific, 
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1000μL) for further analysis by ICP-MS. The sample taken at 0 hour was after a 30 min 

purge of H2(g) and right before the working electrode was put into the cell. After the 

samples were taken out, no solution was added to the compartment. 

Atomic-Layer Deposition (ALD) of TiO2 Thin Films 

a-TiO2 films were grown using tetrakis(dimethylamido)-titanium (TDMAT). For 

TiO2 films prepared from the TDMAT precursor, a Cambridge Nanotech S200 or Oxford 

Instruments FlexAL ALD system was used for deposition outside and inside the 

cleanroom. Each ALD cycle consisted of a 0.10 s exposure to TDMAT (Sigma-Aldrich, 

99.999%), a N2(g) (Airgas, 99.999%) purge, a 0.015 s exposure to H2O, and a final N2(g) 

purge. Research grade 20 sccm N2(g) was used for the N2(g) purges, and each N2(g) purge 

was 15 s in duration. During the deposition, the substrate and the TDMAT precursor were 

heated to 150 °C and 75 °C, respectively, while the H2O remained at room temperature. 

Most samples were prepared with 400 cycles and 1000 ALD cycles, producing a nominal 

thickness of 22 nm and 55 nm, respectively. The film thickness and refractive index were 

measured via spectroscopic ellipsometry (J.A. Woollam Co., alpha-SE) and were fit to a 

Cauchy model. 

Inductively-coupled plasma mass spectrometry (ICP-MS) analysis 

Inductively coupled plasma mass spectrometry (ICP-MS) data were collected on an 

Agilent 8800 Triple Quadrupole ICP-MS system. Calibration solutions were prepared by 

diluting the multi-element standard solutions with deionized water. The solution samples 

were collected from the electrochemical experiments. Acidic samples were diluted from 1 

mL to 5 mL using the deionized water, and alkaline samples were diluted from 1 mL to 5 

mL with 2 mL 1.0 M H2SO4(aq) and 2 mL H2O to make it acidic and appropriate for ICP-

MS. The total amount of the dissolved Zn, Cd, and Te species respectively in the working 

compartment at different hours was calculated by the ICP-MS results with the adjustment 

of volumes being taken into account. Then this amount was normalized to the geometric 

electrode area for comparison and was used to calculate the corrosion rate in thicknesses. 
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The faradaic efficiencies of the cathodic corrosion was calculated by dividing the charges 

transferred in the corrosion process by the total charges passed in the electrochemical 

experiment.  

Scanning-electron microscopy (SEM) 

Scanning-electron microscopy (SEM) was performed using a FEI Nova NanoSEM 

450 at an accelerating voltage of 5 kV with a working distance of 5 mm.  

X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) data were collected using a Kratos Axis 

Nova system with a base pressure of < 2×10-9 Torr. A monochromatic Al Kα source was 

used to irradiate the sample with X-rays with an energy of 1486.7 eV at a power of 450 W. 

A hemispherical analyzer oriented for detection along the sample surface normal was used 

for maximum depth sensitivity. High-resolution spectra were acquired at a resolution of 

50 meV with a pass energy of 10 eV. 

 

Supporting Figures 

 

Figure S2.1. Band diagram of n-type semiconductors in dark (left) and p-type 
semiconductors under illumination (right). 
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Figure S2.2. Chronoamperometry (current density vs. time) for the n-CdTe electrodes 
(dark) biased at -100 mV vs. RHE over 24 hours in H2(g)-saturated (a) 1.0 M H2SO4(aq); 
(b) 1.0 M KOH(aq). 

 

Figure S2.3. Thermodynamics Pourbaix diagram of CdTe in aquoes solution. Vertical 
green dashes represent the potential for 1.0 M H2SO4 (aq) and 1.0 M KOH (aq). 
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Figure S2.4. Thermodynamics Pourbaix diagram of ZnTe in aqueous solution. Vertical 
green dashes represent the potential for 1.0 M H2SO4 (aq) and 1.0 M KOH (aq). 
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C h a p t e r  3  

FAILURE MODES OF PROTECTION LAYERS PRODUCED BY 
ATOMIC LAYER DEPOSITION OF AMORPHOUS TIO2 ON GaAs 

ANODES 
 

The following chapter discusses the main short-term failure modes for amorphous 

ALD TiO2 on GaAs substrates. 

 

 

Content in this chapter is drawn from the following publication: 

• Buabthong, P., Ifkovits, Z. P., Kempler, P. A., Chen, Y., Nunez, P. D., 

Brunschwig, B. S., Papadantonakis, K. M., Lewis, N. S. “Failure Modes of 

Protection Layers Produced by Atomic Layer Deposition of Amorphous TiO2 on 

GaAs Anodes.”  Energy Environ. Sci. (2020) 13, 4269-427.  
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Abstract 

Amorphous titanium dioxide (a-TiO2) films formed by atomic layer deposition can 

serve as protective coatings for semiconducting photoanodes in water-splitting cells using 

strongly alkaline aqueous electrolytes. Herein, we experimentally examine the mechanisms 

of failure for p+-GaAs anodes coated with a-TiO2 films (GaAs/a-TiO2). Galvanic 

displacement of exposed GaAs by Au allowed imaging of pinholes in the a-TiO2 coatings, 

and enabled collection of quantitative and statistical data associated with pinhole defects. A 

combination of imaging, electrochemical measurements, and quantitative analyses of 

corrosion products indicated that extrinsic pinholes were present in the a-TiO2 films before 

electrochemical operation. During electrochemical operation, these pinholes led to pitting 

corrosion of the underlying GaAs substrate. The dominant source of pinholes was the 

presence of atmospheric particulate matter on the GaAs surface during deposition of the 

a-TiO2 layer. The pinhole density decreased substantially when the thickness of the a-TiO2 

coating increased beyond 45 nm, and approached zero when the thickness of the film 

exceeded 112 nm. The density of pinholes in films thinner than 45 nm decreased when the 

a-TiO2 coating was deposited in an environmentally controlled cleanroom. Pinhole-free 

GaAs/a-TiO2 devices were also tested via chronoamperometry to quantify the rate of 

pinhole formation during electrochemistry. The time-to-failure increased with thickness, 

suggesting that the failure mechanism may involve diffusion or migration through the film. 

However, other mechanisms may also contribute to the degradation of thicker films 

(> 112 nm). Nevertheless, as previously hypothesized, extrinsic pinhole defects formed 

during deposition and testing control the short-term protective performance of the a-TiO2 

film for GaAs anodes evolving O2 from water. 
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Introduction 

Thick (~100 nm) films of amorphous-TiO2 (a-TiO2) formed by atomic layer 

deposition have emerged as promising protective coatings for semiconducting photoanodes 

in photoelectrochemical (PEC) water-splitting and CO2-reduction cells that contain 

strongly alkaline aqueous electrolytes.1–4 a-TiO2 coatings stabilize semiconducting 

photoanodes that form passivating surface oxides under water-oxidation conditions, such as 

Si and InP, as well as Group III-V materials that corrode by dissolving under water-

oxidation conditions, such as GaAs and GaP.1,5 The ability to stabilize materials that 

corrode by dissolution distinguishes a-TiO2 from many other photoanode protection 

strategies and allows for the fabrication of III-V stacks of high efficiency monolithic 

tandem light absorbers. These tandem light absorbers are envisioned as the core of 

integrated solar fuels systems. Although a-TiO2 films substantially increase the stability of 

water-splitting and CO2-reduction cells with III-V photoanodes, their performance 

nevertheless degrades over time as manifested by a decrease in photocurrent density 

accompanied by corrosion of the substrate.1,5,6 This degradation process has been 

hypothesized to result from pinhole defects that form during the deposition of the ALD 

films and/or during electrochemical operation of the electrodes protected by the ALD 

films.5–7 Additionally, diffusion of OH! through ALD a-TiO2 films during PEC operation 

has been proposed as a mechanism for the formation of pinholes in a-TiO2.8,9  

Pinholes or other extrinsic defects formed during the deposition of a-TiO2 on III-V 

or Group IV semiconductors have not yet been imaged, characterized, or quantified. 

Pinholes have not been observed by scanning-electron microscopy (SEM) or atomic force 

microscopy (AFM) in freshly prepared thick coatings of a-TiO2. Furthermore, plan-view 

images do not provide information on whether surface defects span the entire thickness of 

the film. If pinhole defects are the primary cause of failure of a-TiO2 protective coatings, 

the ability to image and quantify pinhole defects is important for assessment of potential 

mitigation strategies to reduce the occurrence of pinholes in the films. 
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Pinhole defects formed in Al2O3 coatings during the ALD process have been 

studied for applications such as gas-diffusion barriers,10 corrosion-resistant coatings,11 and 

high-K gate dielectrics.12 The origin of the pinholes is ascribed to the nature of the 

manufacturing process.13 Pinholes in thicker films (> 10 nm) typically arise from extrinsic 

contamination of the substrate, whereas pinholes in thinner films (< 10 nm) typically are 

due to the ALD process itself, particularly inefficient nucleation.14 Analysis of microscopic 

pinhole defects in ALD layers is accomplished by first decorating the defects to amplify 

their visibility in subsequent imaging techniques. Examples of techniques used to amplify 

the visibility of defects include oxygen-plasma etching of the substrate,15 electroplating 

metal,16 or fluorescent tagging.17 These techniques require that the film being studied is 

insulating, as is the case for Al2O3, and that the substrate is either conductive or a polymer, 

neither of which are applicable to III-V photoanodes coated with thick, a-TiO2 protection 

layers. 

Electroless gold deposition provides a simple process to deposit metallic contacts 

on functioning III-V semiconductor devices.18 In the electroless process, the reduction of 

Au3+ in solution is paired to oxidation of the GaAs substrate. Consequently, galvanic 

displacement of GaAs by Au should provide high selectivity for the deposition of Au at 

sites where the GaAs substrate is exposed by film-spanning pinholes in thick, a-TiO2 

coatings, and should moreover provide a means to amplify the visibility of the defects by 

SEM. 

Herein, we provide a detailed investigation of the stability of p+-GaAs anodes 

protected by thick, a-TiO2 coatings formed by (GaAs/a-TiO2) in contact with 1.0 M 

KOH(aq). We demonstrate that galvanic displacement by Au is a useful technique to 

decorate pinholes, and use the technique to quantify the pinholes in the films and their 

dependence on the thickness of the a-TiO2 film and the sample-preparation environment. 

We also examine the stability of a-TiO2 films that were initially pinhole-free as indicated 

by the galvanic displacement and staining method.  
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Results and Discussion 

Corrosion of p+-GaAs/a-TiO2 

For analysis of the onset potential for oxygen evolution, 2 nm of Ni was sputtered 

onto the surface of GaAs/a-TiO2 electrodes prior to electrochemical testing. Figure 3.1a 

shows the current density vs. potential behavior of a bare p+-GaAs electrode in contact with 

1.0 M KOH(aq) in the dark. As the potential (E) was swept positive of 0.6 V vs. the 

reversible hydrogen electrode (RHE), the current density (J) increased from ~ 0 mA cm-2 to 

> 100 mA cm-2. The observation of substantial current densities at E < E°(O2/H2O) is 

consistent with corrosive dissolution of the GaAs electrode. Figure 3.1b compares 

representative J-E behavior for p+-GaAs electrodes coated with a-TiO2-2000x (2000 ALD 

cycles) and 2 nm of Ni (GaAs/a-TiO2-2000x/Ni) in contact with 1.0 M KOH(aq). Two 

types of electrochemical behavior were observed for the p+-GaAs/a-TiO2-2000x/Ni 

electrodes: (i) negligible change in J until the Ni redox peaks appeared at E ~ 1.4 V versus 

RHE, followed by a steep rise in J near E ~ 1.5 V due to the onset of water oxidation, and 

(ii) a steep rise in J to > 10 mA cm-2 near E = 0.6 V versus RHE, with J relatively constant 

for the rest of the anodic sweep. Similar electrochemical behaviors were also observed on 

the electrodes prepared without Ni (Fig. S3.1), with the only differences being the absence 

of Ni redox peaks and water oxidation, suggesting that Ni does not substantially influence 

the corrosion kinetics of GaAs.   



49 

 

 

 

Figure 3.1. Current density vs. potential (J-E) behavior of (a) bare p+-GaAs and (b) two 
different p+-GaAs samples coated with a-TiO2-2000x (2000 ALD cycles) and sputtered 
Ni (GaAs/a-TiO2-2000x/Ni). The scan rate was 40 mV s-1. Two types of electrochemical 
behavior were observed for the GaAs/a-TiO2-2000x/Ni samples prepared similarly: (i) no 
apparent corrosion current and (ii) substantial corrosion currents. 

For the analysis of a-TiO2 degradation, a-TiO2-coated p+-GaAs (with no Ni) 

substrates were used to minimize possible effects from the Ni overlayer that could 

confound interpretation of the corrosion kinetics of a-TiO2, such as loss of catalyst or the 

Ni film forming an additional protective coating to the a-TiO2. In an alkaline solution, 

GaAs substrates at open-circuit undergo dissolution:  

 

 GaAs(s) + 10OH-(aq) à GaO33-(aq) + AsO2-(aq) + 6e- + 5H2O(l) (Eq. 3.1) 

 6H2O(l) + 6e- à 3H2(g) + 6OH-(aq). (Eq. 3.2) 

Figure 3.2a–c shows J as a function of time for a bare p+-GaAs electrode as well as 

for two different p+-GaAs/a-TiO2-1000x electrodes held at E = 1.13 V vs. RHE in contact 

with 1.0 M KOH(aq). Figure 3.2d–f shows the concentration of dissolved Ga and As 

species in the electrolyte, as measured using ICP-MS, during the chronoamperometry 

experiments shown in Figure 3.2a–c and the expected corrosion calculated based on the 
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charge passed and six-electron oxidation of As as described in Eq. 3.1. Figure 3.2g–i shows 

scanning-electron micrographs (SEMs) of the electrode surfaces after the 

chronoamperometry experiments shown in Figure 3.2a–c. 

For the bare GaAs electrode, J was initially 350 mA cm-2 and varied substantially 

with time, but remained > 100 mA cm-2 throughout the 30 min experiment (Fig. 3.2a). The 

concentrations of both Ga and As species in the electrolyte increased linearly and 

stoichiometrically with time; the concentration of Ga and As species reached 900.2 ± 9.1 

and 908.3 ± 8.1 µmol cm-2, respectively, after 30 min of operation, in accord with the 

expected dissolution (Fig. 3.2d). After testing, the surface appeared roughened, but not 

pitted (Fig 3.2g). Thus, the bare GaAs electrode corroded uniformly during the 30 min at E 

= 1.13 V versus RHE while in contact with 1.0 M KOH (aq). The variability in the current 

density observed over time likely resulted from changes in the active surface area of the 

GaAs during corrosion. 

For a p+-GaAs/a-TiO2-1000x electrode that exhibited electrochemical behavior 

similar to type (i) in Figure 3.1b, J was ~ 0 mA cm-2 and remained constant through the 

30 min of operation, although some transient peaks in current density that occurred during 

the brief obstruction of the electrode surface by bubbles in the electrolyte were observed 

(Fig. 3.2b). The concentrations of both Ga and As species in the electrolyte remained below 

the detection limit throughout the 30 min experiment (Fig. 3.2e), and the surface appeared 

unchanged after operation (Fig. 3.2h). Thus, no corrosion was evident after 30 min for this 

type of GaAs/a-TiO2-1000x electrode.  

For a p+-GaAs/a-TiO2-1000x electrode that exhibited type (ii) electrochemical 

behavior is shown in Figure 1b; J was initially ~1 mA cm-2 but increased approximately 

linearly with time to ~3 mA cm-2 after 30 min of operation (Fig. 3.2c). The concentrations 

of Ga and As species in the electrolyte increased with time but remained ~100 times 

smaller than concentrations observed for the bare GaAs electrode, reaching 

6.2 ± 0.4 µmol cm-2 for Ga and 5.5 ± 0.5 µmol cm-2 for As, in accord with the amount of 



51 

 

 

dissolution calculated based on the charge passed and Eq. 3.1 (Fig. 3.2f). After 30 min of 

operation, the electrode showed evidence of pitting (Fig 3.2i). 

 

Figure 3.2. Current density as a function of time in contact with 1.0 M KOH(aq) while 
held potentiostatically at E = 1.13 V versus RHE for (a) bare GaAs, and (b,c) GaAs/TiO2-
1000x electrodes. In (b,c) samples, two different electrochemical behaviors were 
observed: (b) no apparent corrosion current and (c) corrosion current increase over time. 
(d–f) Concentrations of Ga and As species dissolved in the electrolytes over time as 
measured using ICP-MS during the experiments shown in (a–c) with the solid lines 
represent the expected dissolved GaAs calculated from the charge passed by the 6-
electron GaAs dissolution. (g–i) SEMs of the electrodes after the 30 min 
chronoamperometry experiments shown in (a–c). 

The collective results of Figure 3.1 and Figure 3.2 demonstrate that when operated 

in contact with 1.0 M KOH(aq) at a potential less positive than E°(O2/H2O), some 

GaAs/a-TiO2 samples undergo immediate pitting of the GaAs substrate (type ii), whereas 

other GaAs/a-TiO2 samples exhibit no immediate evidence of corrosion (type i). 
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We hypothesized that the sites of pitting corrosion corresponded to pinhole defects 

that were randomly and sparsely distributed in the as-prepared ALD a-TiO2 films. This 

would accordingly result in some pinhole-free GaAs/a-TiO2 electrodes that exhibited stable 

electrochemical behavior and some GaAs/a-TiO2 electrodes that contained pinholes and 

exhibited pitting corrosion. To confirm the existence of pinholes in the ALD a-TiO2 films, 

galvanic displacement of GaAs by Au was used to tag the pinholes and amplify the contrast 

in the subsequent scanning-electron micrographs.  

Electroless deposition of Au 

Figure 3.3a–b shows SEMs of a bare p+-GaAs substrate before and after, 

respectively, galvanic displacement in an acidic solution containing 1 mM HAuCl4(aq). 

After galvanic displacement, the surface of the sample was covered uniformly by Au 

(Fig. 3.3b). The Au film was then peeled off of the sample, and the appearance of the 

underlying GaAs substrate was consistent with uniform corrosion (Fig. 3.3c) due to the 

oxidative corrosion process of galvanic displacement. Figure 3.3d shows an SEM of a p+-

GaAs/a-TiO2-1000x sample that had been scribed and then subjected to galvanic 

displacement by Au. The Au selectively deposited at the exposed GaAs crevice. Moreover, 

no Au deposited galvanically onto an a-TiO2 sample obtained by oxidizing a Ti foil 

(Fig S3.2), confirming the selectivity of the galvanic displacement for exposed GaAs sites 

on the GaAs/a-TiO2 samples. 
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Figure 3.3. Scanning-electron micrographs of (a) GaAs before deposition, (b) GaAs after 
Au deposition (c) GaAs after Au deposition with the Au film removed, and (d) a-
TiO2/GaAs with a line scratch after Au deposition. 

Figure 3.4a shows a cross-sectional SEM of a Au deposit formed on a p+-

GaAs/a-TiO2-1000x sample after 30 min of galvanic displacement. The Au deposit had a 

fibrous, dendritic structure. Figure 3.4b-d shows that as the duration of the galvanic 

displacement increased, the amount of Au deposited increased. Figure 3.5 also shows 

quantification of the density and diameters of the Au deposits. The number of Au spots per 

unit electrode surface area increased as the duration of the galvanic displacement reaction 

increased from 0 to ~20 min (Fig 3.5a). No new pinholes were decorated during the 

galvanic displacement process after ~20 min and thereafter the spots increased in diameter 

until ultimately merging after 45 min (Fig. 3.5b). The exponential-like relationship between 

the diameter of Au deposits and the deposition time is consistent with a gradual increase in 

the average diameter in the beginning (< 20 min) as more pinhole sites are being decorated. 

Once all pinholes have been decorated, a more rapid increase in the average diameter was 
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observed, as expected when more surface area from the Au deposits is available for further 

deposition. The growth of the Au deposits with time is consistent with the fibrous nature of 

the Au deposits that allowed the Au solution to continue to contact and corrode the GaAs 

substrate. Scanning-electron micrograph images (Fig. 3.4b-d) showed that after 10 min of 

galvanic displacement, the Au completely covered the portion of the GaAs exposed 

through the orifice in the a-TiO2 film. This behavior implies that the diameters of the 

pinholes are proportional to the size of the Au spots. 

 

Figure 3.4. Scanning-electron micrographs of (a) a cross section of a GaAs/a-TiO2-

1000x substrate after 30 min of galvanic displacement by Au. Plan-view images of Au 

deposits on the surfaces of GaAs/a-TiO2-1000x samples after galvanic displacements for 

(b) 5, (c) 15, and (d) 30 min 
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Pinholes formed during a-TiO2 deposition 

To compare the size distribution of the pinholes, galvanic displacement of Au was 

applied to GaAs/a-TiO2-1000x samples immediately after a-TiO2 deposition. Figure 3.5c 

shows the size distribution for 224 Au spots measured on GaAs/a-TiO2-1000x samples 

after 10 min of galvanic displacement. The diameters of Au spots were sorted into 30 bins 

(~400 nm bin size), and the number of spots in each bin was counted. The ~400–800 nm 

bin contained the largest number of spots, exceeding by nearly 50% the number of spots in 

the next largest bin (~800–1200 nm). The distribution had a peak at ~800 nm and a tail 

toward larger diameters. The average diameter of the Au spots was 1.8 ± 1.6 µm for the 

224 Au spots measured. The number and distribution of pinholes in a-TiO2 layers of varied 

thickness were then analyzed using a Au deposition time of 30 min. Figure 3.5d shows the 

density of Au spots on GaAs/a-TiO2 after 30-min galvanic displacement as a function of 

a-TiO2 cycles. The density of the pinholes decreased with the thickness of the a-TiO2 film 

(Fig. 3.5d).  
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Figure 3.5. Properties of gold deposition. (a)-(b) Analysis of Au spots observed on 
GaAs/1000x- a-TiO2 as a function of the duration of galvanic displacement, showing (a) 
the average number of spots per unit electrode area, and (b) the average diameter of the 
Au spots on the surface in a 100 µm x 100 µm square. The error bars represent one 
standard deviation of the measurements from different areas of the electrode surface. (c) 
Distribution of the diameters of the plated Au spots after 10 min of deposition on 1000x- 
a-TiO2/GaAs. (d) The density of Au spots on GaAs/a-TiO2 samples after 30-min galvanic 
displacement as a function of the number of a-TiO2 cycles. 

Pinholes were observed to form in ALD films both randomly and in clusters, 

leading to high variability in the pinhole density.15 Although the mean value of the 

distribution of Au spots is considerably larger than the size distribution of the actual 

pinholes, the shape of the distribution, having a long tail toward larger diameters, is 
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consistent with the hypothesis that the pinholes predominantly originate from external 

atmospheric particulates present during a-TiO2 film deposition.15,19 Moreover, the defect 

density decreased substantially after 800 cycles of a-TiO2 (~45 nm), which could be a 

result of the a-TiO2 film covering the majority of defects resulting from atmospheric 

particulate matter. The defect density continued to decrease with increases in thickness of 

the a-TiO2 film, and approached zero after 2000 ALD cycles (~112 nm), indicating that a 

pinhole-free coating over the electrode area may be achieved at this thickness.  

Figure 3.6 compares the density of Au spots formed by galvanic displacement on 

GaAs samples covered with thin a-TiO2 films (400 ALD cycles) to the Au spot density for 

a second set of samples grown using nominally the same deposition conditions but in a 

class-100 environmentally controlled cleanroom. The density of Au spots was much lower 

for the samples grown in the cleanroom (0.21±0.14 counts per 104 µm-2) than for samples 

grown outside the cleanroom (86.8±74.9 counts per 104 µm-2). This result clearly supports 

the hypothesis that the dominant source of pinholes in the a-ALD TiO2 films is atmospheric 

particulates that are present during the deposition of the a-TiO2. 

 

Figure 3.6. (a) Comparison of the density of pinholes in a-TiO2 films that were grown 
either inside or outside an environmentally controlled cleanroom. Samples were p+-
GaAs/a-TiO2-400x, and Au spots were counted after 30 min of galvanic displacement. 
Representative SEMs of samples prepared (b) outside the cleanroom, and (c) inside the 
cleanroom.  
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Pinholes formed during electrochemical operation 

For substrates that actively corrode under oxidizing conditions, such as III-V 

semiconductors, pinholes formed in protective coatings during the ALD process will have 

an immediate deleterious effect on the electrochemical stability of the protected 

semiconductor electrodes. However, additional pinholes might also form during 

electrochemical operation. Figure 3.7a shows J measured as a function of time for a p+-

GaAs/a-TiO2-2000x sample held at E = 1.13 V versus RHE while in contact with 1.0 M 

KOH(aq). After 8.2 h, J increased from ~ 0 mA cm-2 to 0.19 mA cm-2, and after another 

hour, J increased to 0.26 mA cm-2. After ~15 h of potential control, J increased steadily to 

> 1.5 mA cm-2. The initial lack of substantial corrosion current density implies that not all 

corrosion defects were initially present before the electrolysis, whereas the stepwise 

increase in the GaAs corrosion current density at 8.2 h suggests that either new defects can 

form over time or inactive defects can become activated during electrolysis. Exposure of 

the GaAs substrate after an electrochemical experiment is also consistent with the increase 

in the corrosion current observed in a J-E scan for a p+-GaAs/a-TiO2/Ni sample after 6 h of 

potential control (Fig. 3.7b). Similar behavior was also observed in a sample without Ni 

(Fig. S3.3). Due to the irreversible nature of electroless Au deposition, imaging these 

pinholes formed during electrochemical testing would require an operando SEM and is 

beyond the scope of this work.   
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Figure 3.7. (a) Current density as a function of time of GaAs/a-TiO2-2000x held at 
1.13 V vs. RHE in 1.0 M KOH(aq) (b) J-E behavior of p+- GaAs samples coated with a-
TiO2 (2000 ALD cycles) and sputtered Ni (GaAs/ a-TiO2-2000x/Ni) at (i) 0 h and (ii) 6 h. 
The scan rate was 40 mV s-1. (c,d) Current density as a function of time of GaAs/2000x- 
a-TiO2 held at 1.13 V vs. RHE in 1.0 M KOH(aq) showing time window of Fig. 3.6a 
between (c) 8.17-8.87 hours and (d) 11.50-12.20 hours. 

When a step increase in current density occurred, two different electrochemical 

behaviors were observed: (A) a large stepwise increase followed by a transient decay until 

the current density reached a new steady-state, and (B) a small stepwise increase followed 

by a continuous and gradual increase in current density. Figure 3.7c shows a time window 

of Figure 3.7a between 8.17 h and 8.87 h representing “A” behavior in which J increased 

from 0.05 mA cm-2 to 0.26 mA cm-2 followed by a decay to steady-state with J = 

0.19 mA cm-2. Figure 3.7d shows a time window between 11.50 h and 12.20 h of 3.7a, 
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representing “B” behavior, in which J increased from 0.298 mA cm-2 to 0.318 mA cm-2 

followed by a small increase in J, and another stepwise increase from 0.321 mA cm-2 to 

0.330 mA cm-2 followed by a continuous linear increase in J.  

In “A” behavior, the transient decay indicates a decrease in corrosion rate after the 

initial spike, which likely indicates limited OH! mass transport through pinholes (from the 

pinholes to the underlying etch pit). This mass-transport controlled of OH! was evaluated 

using an axis-symmetric two-dimensional multiphysics model. The initial configuration of 

the sample contained a flat GaAs substrate, an insulating a-TiO2 film with a fixed diameter 

orifice, and bulk electrolyte on top of the film (Figure S3.4). The transport of OH! was 

governed by Nernst-Plank equation and the continuity equation 

 

 𝜕𝑐"
𝜕𝑡 + ∇ ∙ 𝐽"(𝑥) = 𝑅" 

 

 𝜕𝑐"
𝜕𝑡 + ∇ ∙ (−𝐷"∇𝑐" − 𝑧"𝑢#,"𝐹𝑐"∇𝑉) = 𝑅" 

(Eq. 3.3) 

where Ji(x), Di, ci, zi, and um,i are the flux, the diffusion coefficient, concentration, charge 

number, and mobility, respectively, of species i within the electrolyte, and F, V, and Ri are 

the Faraday constant, the static electric field, and the chemical reaction rate of the 

corresponding species. In the simulation, the a-TiO2 layer was modeled as an insulating 

layer. The anodic electrochemical reaction (Eq. 3.1) occurs at the interface between the 

electrolyte and GaAs. The kinetics of the reaction can be described with the concentration-

associated anodic Tafel equation, 

 

 𝑖 =
𝑐%&!
𝑐%&!∗ 𝑖( × 10)/+" (Eq. 4) 

where 𝑐%&! and 𝑐%&!∗  represent the local and bulk 𝑂𝐻! concentrations, respectively, 𝐴, 

represents the anodic Tafel slope, h represents the overpotential, and 𝑖( represents the 
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exchange-current density, which was set to 100 mA cm-2 to ensure facile corrosion kinetics 

and force mass-transport controlled behavior in the simulation. 

Figure 3.8a shows the simulated current as a function of time for pinholes with four 

different radii but the same a-TiO2 thickness (112 nm). For all pinhole sizes, the simulated 

current shows an initial transient spike that decays and reaches a steady state after a few 

seconds. Different pinhole radii lead to different maximum currents in the intial spike and 

steady-state electrolyte currents. The steady-state current increases with pinhole size, due to 

the decrease in OH! diffusion resistance, whereas differences in the current of the intial 

spike are due to the amount of electrolyte that is contained in the pinhole. At the start of the 

simulation, the OH! concentration at the GaAs surface is 1.0 M but rapidly decays and, 

with the depletion of the OH! concentration within the pinhole, the current reaches a 

steady-state level controlled by the mass transport of OH! through the pinhole. The time to 

reach a steady state in the simulation reflects the large assumed exchange-current density 𝑖( 

in Eq. 3.4 that was used to maximize the corrosion kinetics and leads to rapid consumption 

of OH! at the interface. The large i0 is not meant to represent the observed rate. The 

magnitude of the initial and steady-state currents are close to those observed experimentally 

and the characteristic electrochemical behavior of the simulation is representative of the 

experimental observations. Figure 3.8b-c shows the simulated concentration map of the 

concentration of OH! , 𝑐%&!, in the electrolyte after 2.4 s of corrosion assuming a 3-µm 

radius pinhole. The value of 𝑐%&! at the surface of the corroding GaAs varies from 37 mM 

(near the intersection of the GaAs and a-TiO2 surface) to 50 mM (at the lowest point of the 

GaAs surface), and remains at 1.0 M in the bulk electrolyte away from the pinhole. A much 

smaller difference in the ratio of 𝑐%&! between the bulk electrolyte and the top of the 

pinhole also shows that, at 1.0 M, the transport of OH! from the bulk electrolyte to the 

pinhole is not the main limiting factor. The steady-state current that appears within 2 s 

indicates that even with the facile GaAs corrosion kinetics (large 𝑖(), the rate of corrosion is 

quickly dominated by the OH! concentration gradient, and thus the mass transport, of OH! 

through the orifice in the a-TiO2 film. This behavior is consistent with the “A” behavior 
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observed in Fig 3.6a, where the opening of a new fixed-diameter pinhole leads to corrosion 

of the substrate. 

 

Figure 8. (a) The simulated corrosion current as a function of time for different pinhole 
sizes with the thickness of a-TiO2 fixed at 112 nm in the simulation. (b) Color map and 
(c) contour plot of the OH! concentration in the electrolyte after 2.4 s of corrosion. 

In contrast, “B” behavior suggests a smaller initial pinhole, because of the smaller 

stepwise increase in J, but with a gradual increase in pinhole size as a function of time. The 

increase in the pinhole area likely comes from either expanding the diameter of the pinhole 

or its merging with nearby pinholes. After the formation of multiple pinholes, the merging 

of existing pinholes to form a larger channel can lead to an exponential increase in 

corrosion current as observed after 12.5 h of operation (Fig. 3.7a,d). These “A” and “B” 

corrosions can also be observed on a representative micrograph showing both (“A”) 

spherical underlying etch pits with a fixed-diameter pinhole and (“B”) merging pinholes 

(Fig. S3.5). The current density continues to increase as more areas of GaAs are being 

etched until the electrolyte eventually reaches the back contact after 20 h, producing a very 

large stepwise increase in J (from ~ 2.5 mA cm-2 to ~ 15 mA cm-2 in Fig. 3.9a). 
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Figure 3.9. (a) Current density as a function of time of GaAs/2000x- a-TiO2 held at 
1.13 V vs. RHE in 1.0 M KOH(aq) with the time extended to 25 h. The dashed box 
shows the region plotted in Fig. 3.7. (b) Elapsed time until the first step-wise increase in 
the current density as a function of a-TiO2 cycles. The orange lines represent the 
medians; the box extends from the lower to the upper quartiles; the whiskers represent the 
range of the data. The blue long dashed line represents a fit of the data to a [thickness]2 
dependence using the data up to 2000 ALD TiO2 cycles.  

 

If all pinholes are separated, the first pinhole formed after 8.2 h would continue to 

etch isotopically with a fixed diameter, and ~55 h would be required to etch through the 

substrate and reach back contact. However, the shorter time elapsed between the first 

pinhole formation and the electrolyte reaching back contact (~20 h) is expected because 

merging of multiple pinholes leads to a larger exposed substrate area, representing a classic 

characteristic of corrosion by pitting. 

Although extrinsic pinhole defects clearly constitute the predominant short-term 

failure mode of ALD a-TiO2 protection layers, pinhole-free thick ALD a-TiO2 films may 

still be subject to long-term failure processes. Figure 3.9b shows an analysis of the time-to-

failure as a function of the number of ALD cycles, where time-to-failure was defined as the 

time elapsed before the first increase in J for p+-GaAs/a-TiO2 samples held at E = 1.13 V 

versus RHE while in contact with 1.0 M KOH(aq). All a-TiO2 films formed using < 400 

ALD cycles (> 22 nm) on p+-GaAs showed electrochemical evidence of initial pinholes. 
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The time-to-failure increased substantially after 1500 cycles, showing that the time-to-

failure depended on film thickness.  

The dependence of time-to-failure on thickness is consistent with a mechanism 

involving transport of reactive species through the film, by either diffusion or migration, as 

has been proposed for a-TiO2/Si.8,9 To investigate the transport of reactive species, the 

oxygen profile in the a-TiO2 was studied using XPS depth-profile analysis on pinhole-free 

p+-GaAs/a-TiO2-400x samples. The analysis was done on the region that did not show 

evidence of corrosion. Figure S3.6 shows the area under the peaks for the Ti 2p, O 1s, Ga 

3d, and As 3d signals, respectively, as a function of sputtering time on the samples before 

testing as well as after 1 h or 12 h of testing. In all three samples, Ga 3d and As 3d signals 

remained zero until ~600 min of sputtering time at which point the p+-GaAs/a-TiO2 

interface was exposed. A slightly higher intensity for the Ga 3d and As 3d signals and 

lower intensity for the O 1s and Ti 2p signals in the first sputtering step are likely due to 

surface contamination and residues from the electrochemical experiment. Both the Ti 2p 

and O 1s signals slowly decreased from the beginning to ~200 min of sputtering time and 

continued to decrease again at ~600 min of sputtering time at the p+-GaAs/a-TiO2 interface.  

No substantial compositional change was observed in the film after both 1 h and 12 

h of testing. Ar-ion bombardment during the sputtering process has been shown to alter the 

Ti 2p spectrum leading to reduction of Ti4+ (to Ti2+, Ti3+), thus not accurately representing 

the underlying composition of TiO2.20 This behavior is representative of the initial decrease 

during the first ~200 min of sputtering time in all samples. To accurately quantify the 

transport of oxygen species through the film and to distinguish the oxygen arising from the 

electrolyte from oxygen in the a-TiO2 film would require secondary ion mass spectrometry 

(SIMS) coupled with labeled oxygen isotopic analysis. 

In addition, although the time-to-failure was observed to depend on the film 

thickness, the time-to-failure for p+-GaAs/a-TiO2-5000x (150–1200 min) films was shorter 

than expected (~2000 min) if diffusion through the a-TiO2 were the only cause of the 

failure (Fig. 9b). Hence other mechanisms, such as local dissolution of the a-TiO2 film or a 
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degradation of the mechanical integrity of the a-TiO2 film likely contribute to the long-term 

failure of a-TiO2 films as well. Further investigations of the mechanisms of degradation of 

a-TiO2 films during long-term electrochemical operation are therefore required to fully 

understand and mitigate long-term failure of ALD a-TiO2 protective coatings for oxygen-

evolving photoanodes that undergo corrosion by dissolution. If the long-term failure mode 

is dominated by localized defective regions instead of an intrinsic property of an a-TiO2 

film, then isolating the defects and/or passivating the defective region to prevent further 

corrosion would increase the overall stability of the III-V devices. Evidence in support of 

intrinsic long-term durability of the a-TiO2 is provided from the use of a-TiO2 protection 

layers in the n-Si/a-TiO2 system.  The a-TiO2 coating increased the stability of Si 

microwire photoanodes to >2200 h of continuous operation, attesting to the intrinsic long-

term durability of protective a-TiO2 films on photoanodes that are effecting the oxygen-

evolution reaction.3,21  
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Conclusions 

Pinhole defects in a-TiO2 coatings formed during ALD lead to immediate failure 

and pitting corrosion of the underlying GaAs substrate when operated electrochemically in 

contact with 1.0 M KOH (aq). Galvanic displacement by Au facilitated imaging the sites of 

pinholes using scanning-electron microscopy, and enabled an analysis of the number of 

pinholes per unit electrode area, and of the dependence of the pinhole density on film 

thickness. The measurements and analyses suggest that the dominant source of pinholes in 

a-TiO2 coatings is external atmospheric particulate matter present during the preparation 

and deposition steps. a-TiO2 films with substantially lower pinhole densities were obtained 

when the thickness of the a-TiO2 coating exceeded 45 nm, and nearly pinhole-free a-TiO2 

films could be fabricated when the a-TiO2 thickness exceeded 112 nm. A similar result can 

also be achieved by careful preparation and a-TiO2 film deposition in an environmentally 

controlled cleanroom. Long-term failure modes also exist in ALD a-TiO2 films. 

Electrochemical measurements showed that pinholes can form or be exposed over time on 

electrodes that were initially pinhole-free. The time-to-failure increased as the thickness of 

the a-TiO2 film increased, implying that transport of reactive species across the film could 

contribute to the failure of thick a-TiO2 protective coatings that were initially nearly 

pinhole-free. Further understanding of the long-term failure mechanism, as well as 

differences between photoanodes that corrode vs. photoanodes that passivate, is required to 

rationally develop mitigation strategies that allow for extended long-term operation of 

protected photoanodes for evolution of O2(g) from water. 
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Experimental Methods 

Materials and chemicals 

Water with a resistivity ⍴ > 18 MΩ·cm obtained from a Barnstead Millipore 

purification system was used throughout. All chemicals, including hydrochloric acid (ACS 

Grade, VWR), potassium hydroxide (TraceSELECT, ≥30% in water, Honeywell Fluka), 

and gold(III) chloride hydrate HAuCl4 (~50%, Chem-Impex International Inc.) were used 

as received unless otherwise noted. Crystalline single-side polished GaAs substrates, p+-

GaAs (100) (350±25 µm), were degenerately doped with zinc to a majority-carrier density 

of 0.5-5 × 1019 cm-3 (AXT Inc.). 

Preparation of substrates 

The GaAs wafers were cleaned with 10% HCl(aq) for 30 min to remove native 

oxide on the surface.22 The samples were then rinsed with copious amounts of deionized 

H2O and dried using a stream of N2(g). 

Atomic-layer deposition (ALD) of TiO2 thin films 

a-TiO2 films were grown using tetrakis(dimethylamido)-titanium (TDMAT). For 

TiO2 films prepared from the TDMAT precursor, a Cambridge Nanotech S200 or Oxford 

Instruments FlexAL ALD system was used for deposition outside and inside the 

cleanroom. Each ALD cycle consisted of a 0.10 s exposure to TDMAT (Sigma-Aldrich, 

99.999%), a N2(g) (Airgas, 99.999%) purge, a 0.015 s exposure to H2O, and a final N2(g) 

purge. Research grade 20 sccm N2(g) was used for the N2(g) purges, and each N2(g) purge 

was 15 s in duration. During the deposition, the substrate and the TDMAT precursor were 

heated to 150 °C and 75 °C, respectively, while the H2O remained at room temperature. 

Most samples were prepared with 400 cycles and 1000 ALD cycles, producing a nominal 

thickness of 22 nm and 55 nm, respectively. The film thickness and refractive index were 

measured via spectroscopic ellipsometry (J.A. Woollam Co., alpha-SE) and were fit to a 

Cauchy model. 
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Radio-frequency sputtering deposition 

A radio-frequency sputtering system (AJA International Inc.) was used to deposit 

Ni and Cu for preparation of oxygen-evolution reduction (OER) catalysts as well as to 

produce back ohmic contacts to p+-GaAs. The base pressure was kept at <1x10-7 Torr, and 

the deposition pressure was kept at 5 mTorr. An radio-frequency (rf) power of 100 W was 

used during the deposition. 

Electrode fabrication 

Electrodes were fabricated by using a scribe to cleave the samples into ~ 0.1 cm2 

pieces. Ohmic contact was made by sequentially depositing Ni/Cu films onto the 

unpolished back sides of the p+-GaAs samples.1 The back contact to the sample was affixed 

to a Cu wire with Ag paste. The Cu wire was threaded through a glass tube (Corning 

Incorporation, Pyrex tubing, 7740 glass), and all but the front of the sample was 

encapsulated with Loctite epoxy (Hysol 9462). After curing, the electrode was scanned 

with an Epson scanner (V19) and analyzed with ImageJ software, to determine the area of 

the exposed region. 

Scanning-electron microscopy 

Scanning-electron micrographs (SEMs) were obtained with an FEI Nova 

NanoSEM 450 at an accelerating voltage of 5.00 kV with a working distance of 5 mm and 

an in-lens secondary electron detector.  

Inductively coupled plasma mass spectroscopy 

Inductively coupled plasma mass spectrometry (ICP-MS) data were collected using 

an Agilent 8800 Triple Quadrupole ICP-MS system. ICP-MS samples were collected 

periodically throughout electrochemical corrosion experiments. Samples were diluted 50x 

with 2% nitric acid before analysis. ICP-MS concentration standards were made with serial 

dilutions of a known concentration standard (Sigma-Aldrich) with 2% nitric acid. Each 

concentration standard had KOH added in a 50:1 volumetric ratio of nitric acid: KOH (2%, 
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1.0 M, respectively) to match the solution matrix of the ICP-MS samples. Quantification 

was verified by independently making four additional samples of known concentration, two 

for As and two for Ga, and analyzing them at the beginning, middle, and end of all ICP-MS 

analysis. ICP-MS results were only used when the samples of known concentration were 

measured to be consistent throughout the ICP-MS run. The samples of known 

concentration were also made on a mass basis and were matrix-matched with the same 50 

nitric acid:1 KOH volumetric ratio as both the unknown samples and the concentration 

standards. The total amount of dissolved Ga and As from the electrodes was then calculated 

and normalized to the geometric electrode area. 

X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis Ultra 

system with a base pressure of 1 x 10-9 torr in the analysis chamber. A monochromatic Al 

Kα source was used to irradiate the sample with X-rays (1486.7eV) at 150 W. For depth 

profiling, Ar+ ions with an energy of 2 keV were used. A hemispherical analyzer oriented 

for detection along the sample surface normal was used for maximum depth sensitivity. 

Depth profile spectra were acquired with a pass energy of 160 eV and acquisition time of 

20 seconds each. The data were analyzed using CasaXPS computer software.  

XPS data were obtained ex-situ, i.e., after a short sample transfer through air, which 

could potentially confound linking the surface composition and oxidation states found in 

UHV to the ones present during electrochemistry. 

Electroless gold deposition 

Electrodes were immersed in 10 mL of 1.0 M HCl(aq) for 1 min, then 10 mL of a 

2 mM HAuCl4 stock solution was added to the solution to produce a nominal concentration 

of 1 mM HAuCl4.18 Unless noted otherwise, all depositions were performed for 30 min at 

open circuit. 
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Image processing and pinhole density calculation 

Scanning-electron micrographs of the surface after galvanic displacement of Au 

were analyzed using ImageJ software, with each processing step shown in Fig. S3.7. First, 

the raw image was converted into an 8-bit image. The image was then further converted 

into a black/white image with a specific threshold. The threshold was adjusted in each 

image depending on its contrast and brightness to include all gold deposits. The built-in 

particle analysis function was used to obtain the counts and the size distribution of the 

particles.  

Electrochemical characterization 

Electrochemical data were obtained using a BioLogic SP-200 potentiostat in a 

three-electrode configuration with 1.0 M KOH(aq) as the electrolyte, and a Hg/HgO 

electrode (CH Instruments, Inc., CHI-152) was used as the reference electrode for the 

alkaline solution. A carbon rod (Strem Chemicals, 99.999%) inside a porous fritted gas 

dispersion tube (Sigma Aldrich, Z408727) was used as the counter electrode. J-E data were 

collected between -0.6 V and 0.8 V vs. Hg/HgO at a 20-mV s-1 scan rate. 

Chronoamperometry (CA) data were collected every 1 s while holding the electrode 

potential at 0.212 V vs. Hg/HgO, unless noted otherwise. For a study of pinhole-free TiO2 

films, the chronoamperometry at 0.212 V vs. Hg/HgO from the first 1 min was closely 

monitored and had to exhibit a stable current density below 1 mA cm-2. 

Simulation of an etched pit 

The electrolyte was modeled as a stagnant liquid, in which transport of electrolyte 

species was controlled by the diffusion and migration terms in the Nernst-Plank equation 

and the continuity equation (Eq. 3.3) and the corrosion kinetics by the Tafel equation 

(Eq. 3.4). The anodic Tafel slope, 𝐴,, and the overpotential, 𝜂, were taken to be 

120 mV dec-1 and 300 mV respectively. At each time step, the consumption of OH! at the 

surface was calculated by Faraday’s law using the current density from the previous time 
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step (Eq. 3.4). The addition of OH! was then calculated using Eq. 3.3. Then, the current 

density at the surface was re-calculated from the new OH! concentration, 𝑐%&!.  

As time passes, the chemical etching on GaAs takes place with a velocity in the 

normal direction, v, according to 

 𝑣 =
𝑖
6𝐹

𝑀
r

 (Eq. 3.5) 

where M is the molar mass (145 g mol-1) and 𝜌 is the density (5320 kg m-3) of gallium 

arsenide. 

The 𝑂𝐻! concentration is fixed at 1 M on the top surface of the electrolyte domain, 

which accounts for the solution mixing. The cathode was set far apart from the anode and is 

not shown in Fig. S4.  

The standard FEM solver in the COMSOL multi-physics package was used to 

obtain the modeled electrochemical behavior. The maximum element size and the 

maximum element growth rate for this 2-D axis-symmetric model were 72 nm and 1.1, 

respectively, for the region near the electrolyte electrode interface, and were 1.4 µm and 

1.2, respectively, for the rest of the system. A relative tolerance of the corresponding 

variable of 0.001 was applied as the convergence criterion for all simulations. 
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Supporting Information 

Estimate of time to etch through GaAs wafer  

The time to etch through the wafer was estimated using Eq. S3.1, assuming one 

pinhole orifice with a fixed diameter and isotropic spherical etching. The background 

current density (Jbefore = 0.05 mA cm-2) was subtracted from the steady-state current density 

after the stepwise increase (Jafter = 0.19 mA cm-2). The electrode area was Ael = 0.068 cm2. 

The thickness of the GaAs wafer was retch = 350 µm (ρ=5.32 g cm-3, NGaAs = 145 g mol-1, 

the volume etched was 𝑉-./0 =
1
2
B3
4
𝜋𝑟-./04 E) 

 

𝑇 =
𝑉-./0𝜌5,+6𝑀5,+7𝑁7.𝑁+
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𝑠 R = 𝟓𝟓. 𝟔𝟒	𝒉𝒓 

(Eq. S3.1) 

 

Dissolution of TiO2 

ICP-MS could not be utilized to monitor analytically the formation of pinholes in 

the TiO2 layer by measuring the Ti concentration of the electrolyte. Assuming a pinhole has 
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approximately a 100 nm radius, and the complete formation of a pinhole through the entire 

layer creates a perfectly cylindrical void, the void would have a volume of 0.12 × 𝜋 ×

0.1 = 0.003	𝜇𝑚4. This is an equivalent volume to 3.14 × 10!1> cm3. TiO2 has a density 

of 4.23 g cm-3, resulting in this representative pinhole having lost a total mass of TiO2 of 

1.3 × 10!13	g = 1.3 × 10!> ng. Titanium represents 60% of the mass of TiO2, so the mass 

of titanium from one pinhole is approximately 8 × 10!? ng. In a solution of 20 mL, this is 

a concentration of 4 × 10!3 ng L-1, well below the minimum detection limit of ~1 ng L-1. 

Furthermore, the sample is diluted with nitric acid during sample preparation, reducing the 

concentration by an additional order of magnitude.   

Challenges in time-series scanning electron microscopy (SEM) 

Although a time-series SEM can provide insights on the evolution of a new pinhole, 

sample preparation and transport can alter the surface chemistry and morphology of 

samples. Figure S3.8a shows current density as a function of time of p+-GaAs/a-TiO2-

2000x under operation with a stepwise increase suggesting a new pinhole formation at 

7.5 min. Figure S3.8b shows the corresponding SEM taken after the increase in current 

density.  

The sample was taken out, rinsed with deionized water, and blow-dried with N2 gas 

to prevent further corrosion from electrolyte contact. The SEM shows possible film 

breakage from the preparation step over the corrosion pit. Subsequently, when the sample 

was put back to electrochemical operation, a substantial increase in the corrosion current 

density was observed (from 0.7 mA cm-2 to 1.4 mA cm-2). The increase in current density is 

likely due to an increase in the surface area from the torn a-TiO2 film and oxidized exposed 

GaAs which is more soluble in 1.0 M KOH(aq). To accurately monitor the evolution of the 

pinhole, an operando SEM capability is needed to avoid changing the surface morphology 

and chemical state during the electrochemical operation.  
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Supporting Figures 

 

 

Figure S3.1. Current density vs. potential (J-E) behavior of p+-GaAs samples coated with 
a-TiO2-2000x (2000 ALD cycles) but without Ni (GaAs/a-TiO2-2000x). The scan rate 
was 40 mV s-1. Two types of electrochemical behaviors were observed for the 
GaAs/a-TiO2-2000x samples: (i) no apparent corrosion current and (ii) substantial 
corrosion currents. 
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Figure S3.2. Scanning-electron micrographs of (a) a-TiO2/Ti foil before Au deposition 
and (b) a-TiO2/Ti after Au deposition.  

 

 

 

Figure S3.3. Current density as a function of time for p+- GaAs samples coated with a-
TiO2 (2000 ALD cycles) but without Ni (GaAs/ a-TiO2-2000x) at (i) 0 h and (ii) 1 h. The 
scan rate was 40 mV s-1.  



80 

 

 

 

 

Figure S3.4. Schematic of the initial geometry used in COMSOL simulation (out of 
scale). 

 

 

Figure S3.5. Micrograph of the p+-GaAs/TiO2-2000x after electrochemical testing. 
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Figure S3.6. Area of under the peaks for Ti 2p (blue circles), O 1s (orange triangles), Ga 
3d (green inverted triangles), and As 3d (red squares) signals as a function of sputtering 
time on p+-GaAs/TiO2-400x samples measured (a) before testing, (b) 1 h after testing, 
and (c) 12 h after testing.  

 

 

Figure S3.7. Image processing steps to determine the density of plated Au in pinholes (a) 
raw scanning-electron micrograph, (b) conversion to 8-bit image, and (c) outlines of the 
gold sites counted by the software. 
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Figure S3.8. (a) Current density as a function of time of p+-GaAs/a-TiO2-2000x held at 
1.13 V vs. RHE in 1.0 M KOH(aq). (b) the corresponding scanning-electron micrograph 
taken at ~10 min.  
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C h a p t e r  4  

GaAs MICRO-ISLAND ANODES PROTECTED BY AMORPHOUS TiO2 
FILMS MITIGATE CORROSION SPREADING DUE TO PITTING AND 

ENHANCE ANODE DURABILITY FOR WATER OXIDATION IN 
ALKALINE ELECTROLYTES 

 

The following chapter discusses the evolution of defect spots and pinhole formation 

of a-TiO2 and the fabrication of GaAs micro-island structures. 

 

Content in this chapter is drawn from the following publication: 

• Buabthong, P., Evans, J., Rinaldi, K. Z., Kennedy, K. M., Fu, H. J., Ifkovits, Z. P., 

Kuo, T.-J., Brunschwig, B. S., Lewis, N. S. “GaAs Micro-island Anodes Protected 

by Amorphous TiO2 Films Mitigate Corrosion Spreading Due to Pitting and 

Enhance Anode Durability for Water Oxidation in Alkaline Electrolytes”. in 

preparation. 
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Abstract 

Micro-island structures of ~200 µm diameter GaAs circles were fabricated and used 

to spatially isolate defects from laterally spreading deleterious corrosion processes during 

electrochemical operation as an anode in aqueous alkaline electrolytes.  The micro-island 

structures allowed measurement of the rate and distribution of pinhole formation on 

electrodes protected by amorphous titanium dioxide (a-TiO2) films formed by atomic-layer 

deposition, and allowed for evaluation of short- and medium-term failure mechanisms to 

enable further enhancements in the durability of such electrode materials. Although no 

crystalline homogeneity was measured on the surface of the a-TiO2 films, a limited number 

of defects were present in the a-TiO2 layer and developed into new microscopic pinholes 

within the first 20 h of electrochemical operation. No new pinholes were observed to form 

after all of the defect spots had developed. The spatial distribution and rate of new pinhole 

formation showed that the defect spots were randomly distributed on the electrode surface. 

The a-TiO2 film dissolved at a rate of < 13 nm per day, and hence intrinsic film dissolution 

was not the primary mode of pinhole formation or anode failure during the first 20 h of the 

electrochemical operation. The fabrication processes used to make the GaAs micro-island 

structures presented herein only utilized chemical etching and mechanical polishing, and 

consequently should be readily transferrable to the fabrication of the more complicated np+-

GaAs structures and beneficially applied to enhance the stability of other semiconductor 

electrodes that have a primary failure mode of pit corrosion through defects in a-TiO2 

protective coatings. 
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Introduction 

Small band gap semiconductors undergo either passivation or corrosion by 

dissolution while anodically evolving oxygen from water.1–5 The most appropriate 

strategies for mitigating corrosion will differ depending on the underlying corrosion 

mechanism.1 For example, amorphous TiO2 (a-TiO2) films deposited by atomic layer 

deposition (ALD) facilitate hole conduction and have extended the lifetime of n-Si 

photoanodes to >1000 h of continuous operation, because Si undergoes passivation at any 

defect sites in the a-TiO2 protection layer.6 Macroscopic samples of GaAs anodes and 

photoanodes show limited lifetimes under the same conditions because GaAs undergoes pit 

corrosion at defect sites in a-TiO2 films.6,7 The short-term failure mode of a-TiO2-protected 

GaAs photoanodes has been ascribed to pinholes associated with atmospheric particulates 

present during deposition of the a-TiO2 film, but diffusion of OH- through metastable 

crystalline regions has also been proposed as a mechanism for the formation of pinholes in 

a-TiO2.7–10  Such pinholes and extrinsic film defects are unlikely to be completely 

eliminated over large areas in any large-scale film deposition process.7 a-TiO2-protected 

GaAs nanowires are stable for over 600 h of continuous operation as photoanodes for water 

oxidation because the defects are electrically isolated and can not physically propagate a 

failure in the protection layer across the entire photoelectrode material.11 

If the pinhole density is sufficiently low, a substantial fraction of spatially isolated 

macroscopic areas of a photoanode sample should exhibit extended stability while 

oxidizing water to O2(g).12 Galvanic deposition of Au allows for staining of pinholes in a-

TiO2 films on GaAs, and indicates that pinhole densities in the a-TiO2 films can readily be 

reduced to below 1 defect per 10-3 cm2 even if the a-TiO2 films are deposited under 

ambient atmosphere in the laboratory.8 Consequently, we describe herein the use of ~200 

µm diameter circular islands of TiO2-protected GaAs anodes to demonstrate the benefits of 

spatially isolating extrinsic defects in protected semiconductor electrodes that undergo pit 

corrosion, as well as to further define and understand the short- and mid-term failure modes 

of a-TiO2-protected GaAs anodes for production of O2 from water.  
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Results and Discussions 

Crystallinity of amorphous a-TiO2 

Figure S4.1 shows a representative Raman spectrum of a GaAs sample coated with 

800 cycles of a-TiO2 (GaAs/a-TiO2-800x) from tetrakis(dimethylamido)-titanium 

(TDMAT) as the Ti source. The sets of the red (short-dash) and blue (long-dash) lines 

show the Raman shift positions for the crystalline anatase and rutile structures, 

respectively. The two peaks at ~253 cm-1 and 275 cm-1 correspond to the Raman shifts 

from the GaAs substrates.13  

No peaks ascribable to crystalline TiO2 were observed from films deposited by 

ALD from TDMAT at 150 °C. The observed homogeneity contrasts with crystalline 

regions observed in TiO2 films that have been deposited using different precursors and 

deposition temperatures than those used herein. 9,10 Planar p+-GaAs samples that had been 

coated with a-TiO2 films grown under these conditions (TDMAT, 150 °C) with minimal 

pinholes from atmospheric particulate contamination nevertheless develop pinhole sites 

after ~10 h of electrochemical operation.8 Defect spots equivalent to those observed as a 

metastable crystalline phase,9,10 which manifest as new pinholes developed during 

electrochemistry, likely exist on the film but are not evident as crystalline regions 

detectable using Raman spectroscopy.  

Fabrication of micro-island GaAs structures 

Micro-island structures of ~200 µm diameter circular p+-GaAs were fabricated and 

explored as a strategy to spatially isolate potential defects and minimize the propagation of 

pit corrosion sites across the electrode sample. Figure 4.1 shows a schematic of the steps 

used to fabricate the micro-island structures, with the detailed fabrication procedures 

provided in the Supporting Information. Briefly, p+-GaAs wafers were cleaned and dried 

(Fig. 4.1a). A 30-nm thick Ni mask was then sputtered using a micro-pattern stencil (an 

array of 200-µm-diameter circles on a 350-µm pitch) (Fig. 4.1b). The sample was then 
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etched to achieve 30-µm-tall micro-island structures (Fig. 4.1c). Cross-sectional scanning 

electron micrographs (SEM) confirmed that this chemical etching process yielded sharp 

and anisotropic etching in the (100) direction (Fig. S4.2a). 

After removal of the Ni mask, the sample was flipped and affixed to a polishing 

stub by crystal bond, with the island structures facing downward (Fig. 4.1d). The backside 

of the samples were then mechanically polished and thinned until the underlying island 

structures were visible (Fig. 4.1e). The stub was transferred to the sputterer to deposit back 

ohmic contact. Ag epoxy was then used to attach the stub to a cleaned p+-Si substrate 

(Fig. 4.1f). The sample was removed from the polishing stub by sonication and was then 

rinsed rigorously in acetone to remove any residual crystal bond (Fig. 4.1g). After etching 

in HCl(aq) to remove any residual oxide from the GaAs micro-islands, the sample was 

transferred to the ALD chamber and a-TiO2 was deposited (Fig. 4.1h). To separate the 

electrolyte from the area around GaAs micro-islands, the sample was coated with a thin 

layer of polydimethylsiloxane (PDMS).  

 

 

Figure 4.1. A schematic overview of the fabrication processes (a-i) for p+-GaAs micro-
island structures. 

 

Top-down SEM images showed that the majority of the islands retained the circular 

shape from the stencil.  Some islands contained a few indentations at the circular edges, 
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which is likely due to improper adhesion of the Ni mask at the edge of the mask (Fig S4.2). 

Cross-sectional SEM images of the final structure also showed that the PDMS film fully 

coated the area around the islands but left the top surface of the islands exposed 

(Fig. S4.2c-d). The final micro-island structures were ~15-µm tall, slightly shorter than the 

original etched structure (Fig. S4.2a) likely due to the thinning step.  

 

Formation of pinholes during electrochemistry 

In an alkaline solution, GaAs substrates undergo dissolution at open-circuit:  

 GaAs(s) + 10OH-(aq) à GaO33-(aq) + AsO2-(aq) + 6e- + 5H2O(l) (Eq. 4.1) 

 6H2O(l) + 6e- à 3H2(g) + 6OH-(aq) (Eq. 4.2) 

a-TiO2-coated p+-GaAs micro-island structures (with no Ni) were used to minimize 

possible effects from the Ni overlayer that could confound interpretation of the corrosion 

kinetics of a-TiO2, such as loss of Ni catalyst or the Ni film providing an additional 

protective coating to the a-TiO2. The absence of a thin Ni catalyst layer has been shown 

previously to have no detectable effect on the corrosion kinetics of GaAs.8 Figure 4.2 

shows the current density vs. potential behavior of (a) bare p+-GaAs micro-island structures 

and (b) p+-GaAs micro-island structures coated with 2000x-a-TiO2 in contact with 1.0 

M KOH(aq) in the dark. For the bare micro-island structures, as the potential (E) was swept 

positive of 0.6 V vs. the reversible hydrogen electrode (RHE), the current density (J) 

increased from ~0 mA cm-2 to ~26 mA cm-2. In contrast, the p+-GaAs micro-island 

structures coated with 2000 cycles a-TiO2 (2000x-TiO2) did not show substantial corrosion 

current throughout the potential range. The J-E characteristics of the micro-island 

structures are in good accord with the J-behavior previously reported for planar p+-GaAs 

electrodes.8 Hence, no substantial potential drop was present across the micro-island device 

stack, ensuring that the micro-islands/electrolyte interface was essentially an isopotential 

surface.  
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Figure 4.2. Current density vs potential (J-E) behavior of p+-GaAs micro-island 
structures (a) without and (b) with amorphous a-TiO2 (GaAs/a-TiO2-2000x). The scan 
rate was 40 mV s-1. 

p+-GaAs micro-island electrodes were held at E = 1.13 V vs. RHE and pinhole 

formation during electrochemistry was assessed with an optical microscope that allowed 

for monitoring the morphological evolution of the electrode surface. p+-GaAs micro-island 

structures coated with 2000x of a-TiO2 (GaAs/a-TiO2-2000x) were used to minimize the 

initial pinhole density arising from atmospheric particulates during the ALD film 

deposition process.8 Detailed procedures for the analysis are provided in the Supporting 

Information. Briefly, the island array was mapped onto a grid for spatial reference. Each 

frame was then compared to the previous time step, and any newly failed islands were 

recorded manually.  

Figure 3a shows the number of remaining micro-islands on the GaAs/a-TiO2-2000x 

electrode surface as a function of time during electrochemical operation. Immediately after 

starting the electrochemical experiment, some micro-islands failed, leaving 98.50±0.22% 

of the islands intact on the surface. Between 1 and 20 h of operation, more micro-islands 

gradually failed, leaving 95.88±0.26% of the micro-islands remaining intact on the 

electrode surface. After 20 h, the number of islands on the surface remained constant until 

~35 h, at which point substantially more micro-islands began to fail. Figure 4.3b shows an 
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illustration of the micro-island array on a representative electrode (Fig. S4.3a), with the 

color indicating the time-to-failure of each micro-island. The sequence and the spatial 

distribution at which each micro-island failed appeared to be stochastic, with no particular 

cluster of micro-islands failing before any other set of islands (Fig 4.3b). The group of 

micro-islands that failed immediately after starting the electrochemical experiment is likely 

due to residual pinholes from atmospheric particulates (Fig 4.3a). In contrast, the micro-

islands that failed between 1 and 20 h of operation failed more gradually, and almost no 

micro-islands failed after that time, indicating that the micro-islands corroded as a result of 

pinhole sites that are most likely developed from a limited number of pre-existing defect 

spots. The defect spots only developed into pinholes after being in contact with the 

electrolyte, and once all of the pre-existing defect spots had developed, no more new 

pinholes or failed micro-islands were observed. The sparse distribution of the failed islands 

(Fig. 4.3b) also suggests that the micro-islands most likely failed from new pinholes 

developed from defect spots as opposed to propagation of defective regions from 

neighboring failed micro-islands.  

After ~35 h of operation, the increased failure rate of the micro-islands is likely due 

to corrosion initiated by failure of the underlying Ag epoxy layer. The optical micrograph 

of the electrode surface after 45 h of operation showed that the micro-islands had failed in a 

cluster at the top-left area of the electrode (Fig. S4.3b), which is expected if the electrolyte 

had corroded the micro-islands from the bottom layer. The cross-sectional SEM of the 

micro-islands that failed after 35 h of operation (Fig. S4.3c,d) showed the PDMS layer 

remained intact both at the area with no micro-islands as well as at the sealing interface 

between micro-islands and the PDMS film.  The observations were consistent with a failure 

mode in which the electrolyte seeped through the slightly porous underlying Ag epoxy 

layer as opposed to failure from the sidewalls of the micro-islands. Hence, further 

improvements in electrode stability should be obtainable if the porosity of the adhesion 

layer is reduced. 
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Figure 4.3. (a) The number of remaning islands as a function of time. (b) illustration of 
GaAs islands positions on the electrode surface shown in Fig S2. with the color 
representing the time at which each island fails. 

TiO2 dissolution as the origin of the pinholes 

In addition to intrinsic defects in the a-TiO2 film, dissolution of the a-TiO2 layer 

could also constitute a failure mode as a result of the formation of new pinholes during 

electrochemical operation. Measurement of the rate of dissolution of Ti on a-TiO2-coated 

GaAs is difficult due to the rapid dissolution of GaAs in 1.0 M KOH(aq).8 Hence, herein 

a-TiO2 deposited under nominally identical conditions but onto passivating p+-Si surfaces 

was used to allow measurements of the Ti dissolution rate. Figure S4.4 shows the Ti 

dissolution as a function of time for a-TiO2-coated p+-Si (p+-Si/TiO2-1500x) held at the 

open-circuit potential (Eoc, black-empty circles) or held cyclically at E = 1.63 V vs. RHE 

for 6 h followed by E = Eoc for 18 h (cycled, green-filled circles).  The dissolution of Ti 

species in the electrolyte increased linearly with time to 12.58 nm and 8.74 nm at 24 h, 

respectively, under either potential condition, and increased more slowly thereafter.  

Although the a-TiO2 layer dissolved gradually over time under both conditions, 

<13 nm of the film dissolved within the first 24 h in either case  In contrast, in the same 

period, 4.12±0.26% of the micro-island structures coated 2000x a-TiO2 (110 nm) failed, 
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indicating that dissolution of the a-TiO2 was not the dominant mode for the formation of 

new pinholes during this initial period (<30 h) of electrochemical operation.  

 

Intrinsic vs Extrinsic Failure Modes of Semiconductor Anodes Protected by a-TiO2 Films 

 Intrinsic failure modes of a-TiO2 protection layers deposited by ALD permit 

extended photoelectrode operation in excess of months under simulated 1 Sun of 

illumination, as confirmed by observations that Si microwire arrays protected by a-TiO2 

sustain the photoanodic oxidation of water to O2(g) in 1.0 M KOH(aq) for over 1000 h of 

continuous operation.14 Si photoanodes undergo passivation in alkaline media by formation 

of Si oxide, and thus are able to provide extended production of O2(g) even if extrinsic 

defects are present or are formed in the TiO2 protection layer. Protective electrolytes can 

moreover be beneficially used to mitigate corrosion processes in the dark under open-

circuit conditions as well as under continuous illumination.15 The benefits of operating 

photoanodes under passivating conditions are also demonstrated by the behavior of p+n-InP 

photoanodes operated at near-neutral pH conditions, under which a passsivating oxide 

forms.  Under such conditions, p+n-InP photoanodes protected by NiOx exhibit stable 

operation for photoanodic O2 evolution on macroscopically sized electrodes, whereas NiOx 

protected n-InP photoanodes exhibit catastrophic failure after ~1-2 days of continuous 

operation in 1.0 M KOH(aq), in which the semiconductor electrode material exhibits 

corrosion by dissolution and pitting at defect sites.16 Staining of extrinsic defect sites on 

GaAs anodes has confirmed that the short-term failure mechanism on a-TiO2-protected 

GaAs results from pinholes in the a-TiO2 film, and has revealed that the low spatial density 

of these defects can be achieved by routine deposition and fabrication procedures in low 

atmospheric ambients in the laboratory.8 The >600 h stability under 1 Sun illumination of 

n-GaAs nanowire arrays protected by a-TiO2 films confirms the benefits associated with 

suppression of short-term failure modes due to pit corrosion by spatial isolation of the 

semiconducting light absorber material.11  The work herein provides a general strategy for 

mitigating failure due to extrinsic defects in protection layers, involving etching and 
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spatially isolating macroscopic areas of a protected semiconductor electrode, and 

underscores the improvements in durability that can be obtained through understanding and 

then systematically mitigating the failure modes of semiconductors that undergo different 

types of corrosion or passivation processes in contact with electrolytes of concern for solar 

fuels production. 

 

Conclusions 

Raman spectroscopy showed uniform lack of crystallinity throughout the a-TiO2 

layers grown by ALD with TDMAT at 150 °C, but the TiO2 protection layers nevertheless 

contained defects that later developed into pinholes during electrochemical operation. 

GaAs micro-islands that were fabricated using a combination of chemical etching and 

mechanical polishing allowed for quantification of the evolution of the defects on the films 

as well as analysis of the failure modes for samples that spatially isolated defects from 

propagating laterally across macroscopic regions of the GaAs electrode. Analysis of the 

failed micro-islands on such GaAs structures suggests that the new pinholes that formed 

during electrochemical operation developed from a limited number of pre-existing defect 

regions in the a-TiO2 film. These defect regions were randomly distributed across the 

electrode surface. ICP-MS measurements indicated that dissolution of the a-TiO2 was not 

the predominant failure mode or mechanism of pinhole formation during the 

electrochemistry. As opposed to growth from a patterned seeding layer, a straightforward 

etching process was used to define the micro-island structures, so the processes described 

in this work could be beneficially translated to fabrication of micro-islands structures on 

more complicated GaAs stacks, such as p+n-GaAs homojunction devices, while achieving 

extended stability and electrode durability as well as high performance even for samples 

that have pinholes in protective electrode coatings.  
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Supporting Information 

Experimental Methods 

Materials and chemicals 

Water with a resistivity ⍴ > 18 MΩ·cm was obtained from a Barnstead Millipore 

purification system.  All chemicals were used as received, including potassium hydroxide 

(TraceSELECT, ≥30% in water, Honeywell Fluka), buffered oxide etchant (BOE, 6:1 

NH4F to HF, Transene Company, Inc.), gallium-indium eutectic (Alfa Aesar, 99.99%), 

nickel etchant (Ni Etch TFG, Transene Company, Inc.), GaAs etchant (GA Etch 300, 

Transene Company, Inc.), polydimethylsiloxane (PDMS) (Sylguard), PDMS curing agent 

(Sylguard 184), toluene (Millipore Sigma, GR ACS), and Ag epoxy adhesive (MG 

Chemicals, 8331). Crystalline single-side polished (100)-oriented, 350±25-µm-thick p+-

GaAs substrates were degenerately doped with zinc to a majority-carrier density of 0.5-

5×1019 cm-3 (AXT Inc.). (100) oriented, 500-µm-thick p+-Si wafers were degenerately 

doped with boron, and had a resistivity of 0.001-0.005 Ω cm (Addison Engineering).  

Preparation of substrates 

The GaAs wafers were cleaned with 10% (1.16 M) HCl(aq) for 30 min to remove 

native oxide on the surface.1 The Si wafers were submerged in BOE for 1 min to remove 

native oxide. The samples were then rinsed with copious amounts of deionized H2O and 

dried using a stream of N2(g). 

Atomic layer deposition (ALD) of TiO2 thin films 

a-TiO2 films were grown using tetrakis(dimethylamido)-titanium (TDMAT). For a-

TiO2 films prepared from the TDMAT precursor, a Cambridge Nanotech S200 or Oxford 

Instruments FlexAL ALD system was used for deposition outside and inside the 

cleanroom. Each ALD cycle consisted of a 0.10 s exposure to TDMAT (Sigma-Aldrich, 

99.999%), a N2(g) (Airgas, 99.999%) purge, a 0.015 s exposure to H2O, and a final N2(g) 
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purge. Research-grade 20 sccm N2(g) was used for the N2(g) purges, and each N2(g) purge 

was 15 s in duration. During the deposition, the substrate and the TDMAT precursor were 

heated to 150 °C and 75 °C, respectively, while the H2O remained at room temperature. 

Most samples were prepared with 2000 ALD cycles to produce films that were nominally 

110  nm thick. The film thickness and refractive index were measured via spectroscopic 

ellipsometry (J.A. Woollam Co., alpha-SE) and were fit to a Cauchy model. 

Radio-frequency sputtering deposition 

A radio-frequency sputtering system (AJA International Inc.) was used to deposit 

Ni and Cu for back ohmic contacts to p+-GaAs. The base pressure was <1×10-7 Torr, and 

the deposition pressure was 5 mTorr. A radio-frequency (rf) power of 100 W was 

maintained during the deposition. 

Electrode fabrication 

Electrodes were fabricated by using a scribe to cleave the samples into pieces of 

~0.1 cm2 in geometric area. Ohmic contact was made by sequentially depositing Ni/Cu 

films onto the unpolished back sides of the p+-GaAs samples.2 The back contact to the 

sample was affixed to a Cu wire with Ag paste. The Cu wire was threaded through a glass 

tube (Corning Incorporation, Pyrex tubing, 7740 glass), and all but the front of the sample 

was encapsulated with either Loctite epoxy (Hysol 9462) or Gorilla Glue (Gorilla Glue, 

Co). After curing, the electrode was scanned with an Epson scanner (V19) and analyzed 

with ImageJ to determine the area of the exposed region.3 

Scanning electron microscopy 

Scanning electron micrographs (SEMs) were obtained with an FEI Nova NanoSEM 

450 at an accelerating voltage of 5.00 kV with a working distance of 5 mm and an in-lens 

secondary electron detector.  
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TiO2 dissolution 

To measure the dissolution of ALD TiO2, a film of nominally ~80-nm-thick (1500 

cycles) of TiO2 was deposited onto p+-Si. In-Ga was applied as the back contact and Ag 

paste was applied to affix the sample onto a Cu wire. To minimize residual TiO2 

contamination from the Hysol epoxy, Gorilla Glue instead of Hysol 9462 epoxy was used 

to seal to the sample from the electrolyte.  

The electrodes were evaluated in 30 mL of 1.0 M KOH(aq) and were either 

maintained at the open-circuit potential (Eoc) or at E = 1.63 V vs RHE. 1 mL aliquots were 

taken at each interval. No electrolyte was replenished during the experiment. ICP-MS was 

used to analyze the Ti dissolution products in the aliquots.  

Inductively-coupled plasma mass spectroscopy 

Inductively coupled plasma mass spectrometry (ICP-MS) data were collected using 

an Agilent 8800 Triple Quadrupole ICP-MS system. ICP-MS samples were collected 

periodically throughout electrochemical corrosion experiments. Samples were diluted 50x 

with 2% (0.32 M) nitric acid before analysis. ICP-MS concentration standards were made 

with serial dilutions of a known concentration standard (Sigma-Aldrich) with 2% nitric 

acid. Each concentration standard had KOH added in a 50:1 volumetric ratio of nitric acid: 

KOH (2%, 1.0 M, respectively) to match the solution matrix of the ICP-MS samples. 

Quantification was verified by independently making four additional samples of known 

concentrations and analyzing the samples at the beginning, middle, and end of all ICP-MS 

analysis. ICP-MS results were only used when the samples of known concentration were 

measured to be consistent throughout the ICP-MS run. The samples of known 

concentration were also made on a mass basis and were matrix-matched with the same 50 

nitric acid:1 KOH volumetric ratio as both the unknown samples and the concentration 

standards. The total amount of dissolved Ti from the electrodes was then calculated and 

normalized to the geometric electrode area. 
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X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis Ultra 

system with a base pressure of 1×10-9 torr in the analysis chamber. A monochromatic Al 

Kα source was used to irradiate the sample with X-rays (1486.7eV) at 150 W. A 

hemispherical analyzer oriented for detection normal to the sample surface was used for 

maximum depth sensitivity. The data were analyzed using CasaXPS computer software.  

XPS data were obtained ex-situ, i.e., after a short sample transfer through air, which 

could potentially confound linking the surface composition and oxidation states found in 

ultra-high vacuum to the surface conditions present during electrochemistry. 

Electrochemical characterization 

Electrochemical data were obtained using a BioLogic SP-200 potentiostat in a 

three-electrode configuration with 1.0 M KOH(aq) as the electrolyte.  A Hg/HgO electrode 

(CH Instruments, Inc., CHI-152) was used as the reference electrode for the alkaline 

solution. A carbon rod (Strem Chemicals, 99.999%) inside a porous fritted gas dispersion 

tube (Sigma Aldrich, Z408727) was used as the counter electrode. J-E data were collected 

between -0.6 V and 0.8 V vs. Hg/HgO at a 20-mV s-1 scan rate. Chronoamperometry (CA) 

data were collected every 1 s while holding the electrode potential at 0.212 V vs. Hg/HgO, 

unless noted otherwise.  

Raman spectroscopy methods 

Raman spectra were collected with a Renishaw inVia Raman microprobe 

(Renishaw, Wotton-under-Edge, United Kingdom) equipped with a Leica DM 2500 M 

microscope (Leica Microsystems, Wetzlar, Germany), a Leica N Plan 50x objective 

(numerical aperture = 0.75), a 1800 lines mm-1 grating, and a 2D CCD detector configured 

in a 180° backscatter geometry. A 532 nm diode-pumped solid-state (DPSS) laser 

(Renishaw RL532C50) was used as the excitation source and a 2 mW radiant flux was 

incident on the surface of the sample. A line-focus lens was utilized to transform the 
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circular incident beam in one dimension to generate an ~50 µm wide line at the sample. 

Spatially-resolved data were acquired by both rasterizing the sample underneath the line-

shaped excitation and dispersing scatter collected along the line over one axis of the 

detector, perpendicular to the direction of frequency dispersion. Resolution in the direction 

perpendicular to the long axis was defined by the mechanical sample movement and in the 

direction parallel was defined by the pixel size of the detector. The sampling resolution was 

consequently 1.5 × 1.5 µm2. Three 100 × 100 µm2 Raman maps were obtained for each 

sample (2000x, 800x, 200x), to probe the uniformity across the sample. 

 

Detailed Fabrication Procedures 

General Considerations on the Overall Fabrication Processes 

p+-GaAs wafers were initially cleaned with 10% HCl (1.16 M) for 30 min and 

bonded onto p+-Si substrates that had been cleaned with BOE for 1 min. The bonding 

process was performed in an environmentally controlled cleanroom, repeated from 

previously reported room-temperature direct wafer bonding.4–6 The GaAs/Si stacks were 

then mechanically thinned and polished to reduce the thickness of the p+-GaAs to ~50 µm. 

The mask was subsequently deposited onto the stack, followed by the chemical etching 

process. The mechanical thinning and polishing step was detrimental to the p+-GaAs 

surface and led to a substantial amount of micro-/nano-scale etch pits (Fig. S4.5a). These 

etch pits eventually led to corrosion within the masked areas, thus resulting in ill-defined 

micro-island structures. Additionally, in some cases, the etch pits within the Ni masked 

areas may lead to metal-assisted chemical etching7 in which the Ni masks catalyze the 

etching process under the mask area as opposed to the area outside the masked area 

(Fig. S4.5b). Hence, the micro-island etching was made to be the first process step, 

ensuring that the GaAs etchant only reacted with a pristine p+-GaAs (100) surface, thus 

leading to sharp and well-defined micro-island structures (Fig. S4.2a).  
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Etching 

A Ni mask was sputtered onto cleaned p+-GaAs substrates for 30 min with a micro-

island pattern stencil (an array of 200-µm-diameter circle and 350-µm pitch), yielding a 

mask thickness of ~30 nm. The samples were mounted onto a thin glass slide using nail 

polish. A bath containing a commercial GaAs etchant (Transene, GA Etch 300) was heated 

to 45 °C and stirred at 600 rpm. The masked samples were then submerged in the etchant 

for 30 min to obtain ~ 30-µm-tall micro-island structures. 

Due of the lower precision over the control of the etchant transport in wet etch 

compared to dry etch, the chemical etching process might have higher tendency for 

undesirable isotropic etching and inconsistency in the etched structures (Fig. S4.6a,b). The 

optimal setup for the etching bath was obtained when the samples were placed off-center 

and slightly tilted to facilitate transport of the etchant (Fig. S4.6c,d) 

Thinning 

Before the thinning process, the Ni masks were removed from the surface by 

etching for 2 min in a commercial Ni etchant (Transene, Ni Etch TFG). Optical microscopy 

images of the samples coated with patterned Ni masks before and after the etch showed that 

the etchant entirely removed the masks while leaving the underlying p+-GaAs substrate 

intact (Fig. S4.7a,b). X-ray photoelectron spectroscopy (XPS) of the Ni 2p region on the 

sample before and after the Ni etch also confirmd that the majority of the surface Ni was 

removed (Fig. S4.7c). 

The samples were mounted onto a polishing stub using finely ground crystal bond 

(Fig. S4.8a). After the crystal bond had dried, the samples were thinned using 320-grit 

polishing paper until parts of the micro-island structures were exposed (Fig. S4.8b). The 

samples were then carefully thinned down using 600-grit and 1000-grit polishing papers 

until all of the micro-island structures were exposed (Fig. S4.8c,d). 
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Assembling with p+-Si substrates 

The polishing stub with the micro-island structures embedded in crystal bond was 

transferred to the sputterer for the deposition of a Ni/Cu back ohmic contact. In preparation 

for the p+-Si substrates, the wafer was etched for 1 min in BOE, and In-Ga ohmic contact 

was applied to the front side of the p+-Si substrates. Then, Ag epoxy was applied to the p+-

Si substrates, which were subsequently placed on top of the micro-island structures. The 

samples were cured on a hot plate at 70 °C for 30 min while a constant pressure of 

~50 N m-2 was applied by placing an appropriate weight on top of the sample. The weight 

reduced small gaps and air pockets between the p+-Si substrate and the micro-island 

structures. The samples were then removed from the polishing stub by heating the stub at 

130 °C for 15 min on a hot plate, followed by sonicating in acetone to remove any residual 

crystal bond.  

PDMS coating 

The PDMS coating process was modified from a previously reported recipe.8 

Briefly, the micro-island structures were infilled with a mix of PDMS, toluene, and 

Sylguard 184 silicone elastomer curing agent in a ratio of 10:50:1. After sonicating the 

mixture for 15 min, the samples were placed on a spin coater, cleaned by drop-casting 

toluene at 3000 rpm for 1 min, and then infilled by covering the micro-island structures 

with the PDMS mixture followed by spin coating at 3000 rpm. The samples were then 

cured on a glass slide on a hot plate at 150 °C for 1.5 h. 

 

Image Processing 

During the electrochemical experiments, optical micrographs of the surface were 

taken every 5 min. A hexagonal array pattern was then superimposed onto the first 

micrograph for a positional reference (Fig. S4.9). Each frame was compared to the 

subsequent one where the timestamp and the positions of new failed micro-islands were 
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recorded manually. The distribution of failed micro-islands was plotted onto a digital 

replication of the electrode surface using Matplotlib library (Fig. 4.3b). 
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Supporting figures 

 
 

Figure S4.1. Representative Raman spectrum measured on p+-GaAs samples coated with 

amorphous a-TiO2-800x (GaAs/a-TiO2-800x) with the dashe lines representing the 

respective peak positions for crystalline anatase and rutile TiO2.  

 

Figure S4.2. (a) Cross-sectional SEM of GaAs structure after etching (Fig. 4.1c) and 
SEM of (b) top surface (c, d) cross-sectional SEM of the final structure (Fig. 1i). 
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Figure S4.3. (a, b) Electrode surface (a) before and (b) after electrochemical operation. 
(c, d) Cross-sectioned SEM of the islands that failed after 40 h. 

 
Figure S4.4. Dissolved Ti as a function of time for a-TiO2-coated p+-Si (p+-Si/TiO2-
1500x) evaluated (black empty circles) at the open-circuit potential and (green filled 
circles) at 1.63 V vs RHE for 6 h followed by at the open-circuit potential for 18 h, 
alternatingly.  
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Figure S4.5. Optical micrographs of the electrode surfaces showing (a) etch pits resulting 
from the thinning step and (b) metal-assisted chemical etching underneath Ni masks. 

 

Figure S4.6. (a,b) Optical micrographs showing inconsistency of the etched surface, (c) 
etch bath setup, and (d) a top-view illustration of sample position in the etch bath.  
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Figure S4.7. Optical microscope of a Ni mask on a GaAs substrate (a) before and (b) 
after mask etching. (c) XPS of Ni 2p on the respective surface. 

 

Figure S4.8. Micro-island structures embedded in crystal bond on a polishing stub with 
each image showing a subsequent thinning step (a-d).  
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Figure S4.9. Optical micrograph of the electrode surface with a superimposed hexagonal 
array grid. 
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C h a p t e r  5  

CONCLUSIONS 
 

In this thesis, corrosion mechanisms of CdTe and ZnTe under conditions for HER 

were explored. The dissolution rates for CdTe and ZnTe under bias and under OCV were 

quantified for the samples in 1.0 M H2SO4 (aq) and 1.0 M KOH (aq). In an acidic media, 

both CdTe and ZnTe were found to corrode chemically, while in an alkaline solution, 

reduction of anion Cd2+ was the main corrosion pathway for CdTe, but both reduction of 

the anion Zn2+ and oxidation of the cationTe2- were attributed to the corrosion of ZnTe. Pt 

catalyst overlayer was found to help mitigate corrosion in CdTe, but not in ZnTe, where 

protective coating is needed to achieve long-term stability.  

In addition, physical pinhole defects in the protective amorphous a-TiO2 grown by 

ALD were investigated. The initial pinhole defects in the as-deposited a-TiO2 film, 

exposing the GaAs anodes, were attributed to atmospheric particulate during the 

deposition. Nevertheless, on GaAs anodes coated with pinhole-free a-TiO2 film, new 

pinholes can still develop during the electrochemical operation. 

In order to study the origin and the evolution of pinhole formation during the 

electrochemistry, GaAs micro-island structures were fabricated to provide defects isolation 

during testing, preventing new pinholes from propagating to the nearby sites. The number 

of failed micro-wires as a function of time indicates that new pinholes formed within the 

first 30 hours of an electrochemical operation that were developed from a limited number 

of defect spots in the a-TiO2 film. Measurements of TiO2 dissolution also agree that the 

corrosion of a-TiO2 is unlikely the dominating contribution to the new pinhole formation 

during this initial time frame.  
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Future Directions 

• For the study of CdTe and ZnTe corrosion mechanisms, residual oxygen present 

during the experiment could be contributing to the oxidative processes in addition 

to applied bias. Thus, an equivalent study in an oxygen-free environment would 

provide additional insights to the fundamental of CdTe and ZnTe corrosion.  

• Although further development is needed to improve the compactness of the contact 

layer between the supporting p+-Si and GaAs micro-islands film, the processes 

described in this work could be translated to fabrication of micro-islands structures 

on more complicated GaAs stacks, such as a np+-GaAs homojunction device. 

Demonstration of such device would further confirm the feasibility of using this 

fabrication procedure in real practical devices. 
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A p p e n d i x  

OXYNITRIDES 
 

The following chapter discusses some preliminary results on the growth of 

oxynitride materials and their tunable bandgap.  

 

Introduction 

Finding stable semiconductor electrodes with suitable band edge positions remains 

one of the challenging tasks to realizing practical solar fuel devices. Most photoanodes are 

comprised of metal oxides. The typical deep lying valence band in these materials is 

dominated by the O 2p orbital contribution, resulting in too large a band gap and a very 

positive valence band edge, precluding efficient water oxidation. It is proposed that nitrides 

and sulfides can overcome this problem because their valence band position is usually 

higher in energy, but these materials suffer from poor electrochemical stability1. 

Developing metal oxynitrides that afford tailoring of properties of oxides and nitrides could 

allow for stable and efficient metal photoanodes. Metal oxynitrides could retain stability of 

oxides with a valence band position that could yield band gaps in 1.2-2.5 range.2 Varying 

the O/N ratio can lead to varying contributions of O 2p and N 2p orbitals in the valence 

band of oxynitride systems. In addition, because of its variable band edge positions, 

oxynitrides will also be useful tools for studying the semiconductor’s stability as a function 

of band position as theoretically proposed.3 Detailed study of most promising materials 

could also elucidate trends in band shifts with changing O/N ratio and formation of new 

phases.  

Tantalum oxynitride (TaON) is one of the promising candidates as an oxynitride 

material for initial screening. Ta3N5 and TaON have been demonstrated to be potential 

photoanodes for water oxidation.4 Tantalum nitrides are also reported to have good stability 

under PEC operation.5 TaON has also been synthesized by reactive magnetron sputtering6.  
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TaON fabrication 

A radio-frequency sputtering system (AJA International Inc.) was used to deposit 

TaON film onto p+-Si. The base pressure was kept at <1x10-7 Torr, and the deposition 

pressure was kept at 5 mTorr. A radio-frequency (rf) power of 100 W was used during the 

deposition. In order to introduce nitrogen into the films, the same Ta target was used, but 

with varying gas flow. Three gas channels were used during the deposition: argon (Ar), N2, 

and argon mixed with 10% oxygen (Ar/O2) 

The films were later characterized for the absorption edges using ultraviolet-visible 

spectroscopy (UV-VIS). Figure A.1 shows a tauc plot representing the bandgap for the 

samples with Ar/O2 gas ranging from 0 to 5 sccm during the deposition. The bandgap of 

the TaON films ranges from 1.22 eV to 3.53 eV.  

 

Figure A.1. Tauc plot of sputtered oxynitride sampes grown with different reactive gas 
flows. 

Nevertheless, the electronic properties and the crystal structures of these sputtered 

films are considerably poorer than typical semiconductor substrates, mostly due to high 

deposition energy during the sputtering process preventing a crystalline structure to form. 

Moreover, subsequent annealing would release nitrogen that was originally incorporated in 

the lattice.  
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Another technique that can be utilized to make metal oxynitrides is single-crystal 

growth via float-zone. LaTiO was prepared as a precursor to LaTiON instead of TaON. 

LaTiON fabrication 

Oxide single-crystal synthesis 

Polycrystalline samples of LaTiO3.5 were prepared by traditional solid state 

reactions by heating the single-oxide precursors as starting reagents. The resulting powders 

were pressed in rods and sintered at 1200C for 12 h. The rods were then used as feeds for 

the crystal growth by the floating zone method. During the crystal growth, the rate was 

maintained at 10 mm h-1 and the seed and feed rods were counterrotated at 30 rpm and 

15 rpm, respectively. A constant flow of oxygen was used as the crystallization 

atmosphere. After growth, the samples were slowly cooled to room temperature over a 

period of 6 hours to minimize the formation of cracks. The resulting crystal samples were 

cleaved using a razor blade into thin wafers along the growth direction and used for the 

subsequent nitridation step.  

Oxynitride conversion 

The single-crystal oxide wafers were placed in a tube furnace under constant flow 

of NH3 at a temperature of 950ºC for approximately 2 hours. After the reaction, the 

previously transparent crystals became deep-red signaling the formation of the oxynitride 

layer.  

Charaterizations 

Figure A.2 shows single-crystal samples of the LaTiO and LaTiON samples. The 

vibrant red indicates an expected bandgap of ~2 eV. Figure A.3 shows work function and 

the valence band position measured by X-ray photoelectron spectroscopy. The calculated 

band edges diagram suggests suitable band energetics for both OER and HER. 
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Figure A.2. Single-crystal LaTiO and LaTiON. 

 

 

Figure A.3. Band position measurements. 
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