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ABSTRACT 

 This project, in an effort to improve upon basic crystalline silicon photovoltaic 

energy conversion, proposes both an alternative material and an alternative method of 

solar energy conversion. 

 The sun, responsible for giving us life of all kinds, is capable of giving us more. 

Photovoltaic energy, derived from the conversion of solar energy to electrical energy, can 

be a very efficient process. Unfortunately, it is often produced at a location and time 

where we are unable to use it immediately, necessitating transmission or storage of this 

converted energy; both imposing energy losses and costs. Furthermore, the typical use of 

crystalline silicon for this process is hindered by supply and fabrication cost issues. 

 Photoelectrochemical (PEC) water-splitting offers an alternative energy-transport 

mechanism in the form of evolved hydrogen gas. Untethered by aging power lines and 

insufficient energy distribution technology, hydrogen gas offers new methods to store and 

transport converted solar energy to be used in fuel cells or hydrogen combustion engines 

representing a sustainable, clean and completely carbon-free energy cycle. 

PEC water-splitting also allows the use of a variety of new semiconductor 

materials like the I-III-VI2 copper chalcopyrite based material class capable of displacing 

our reliance on crystalline silicon used to harness the sun’s power. Capable of 

photocurrents as high as 20mA/cm
2
, a device utilizing this material demonstrates 4.35% 

solar-to-hydrogen conversion efficiency. Material durability is also documented, 

achieving 420 hours of sustained water-splitting representing 4.6 years of operation. 
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CHAPTER 1 – INTRODUCTION 
 

Humankind’s dependence on fossil fuels for cheap energy is coming to an end. 

Regardless of whether this trend happens due to environmental awareness or resource 

depletion, the practice of burning the earth’s cache of hydrocarbons is a practice that is 

destroying our environment, our economy, and our society. New materials and energy 

conversion methods are vital to our responsibility as stewards to this planet that we call 

home. 

Photovoltaic energy conversion, the conversion of sunlight into electricity, is 

hindered by the transport and/or storage of electrical energy when it cannot be 

immediately used. Transmission involves power lines and complicated, expensive “smart 

grid” infrastructure; while storage typically involves large, heavy, expensive battery 

packs. Photoelectrochemical (PEC) energy conversion, the conversion of sunlight into 

chemical energy, is utilized in this project to use sunlight to directly split water to 

produce hydrogen gas, an energy transport media analogous to electricity in 

photovoltaics. 

 The semiconductor properties necessary for photoelectrochemical water-splitting 

preclude traditional c-Si mainly due to its low bandgap. While many materials are 

currently being studied for PEC water-splitting, this project focuses on the I-III-VI2 

copper-chalcopyrite material class, often referred to currently by the most common alloy, 

copper indium gallium diselenide (Cu(InGa)Se2), which is frequently shortened to the 

common misnomer “CIGS” making no differentiation between sulfur and selenium. 
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Cu(InGa)Se2 is a thin-film alloyed semiconductor that is currently gaining momentum in 

the photovoltaic industry worldwide due to highly desirable optoelectronic properties and 

relatively cheap raw materials. In this project, the wealth of existing knowledge regarding 

Cu(InGa)Se2 PV cells is leveraged to develop new alloys within the I-III-VI2 material 

class for the purpose of PEC water-splitting. 

 This project incorporates a wide range of disciplines, and this introductory chapter 

will discuss the motivation for this project, the basics of PEC water-splitting, an 

introduction to the I-III-VI2 material class and its use in PEC devices, and finally the role 

of the hydrogen economy in the global energy arena. The science behind the material and 

the method contained here in Chapter 1 lead to the optimization of PEC material 

fabrication procedures in Chapter 2. Material and device characterization follow in 

Chapter 3, explaining standardized techniques used in this relatively new research field, 

emphasizing the excellent potential of this material class with photocurrents up to 

20mA/cm
2
 and durability of up to 420 hours. Following is the development and 

demonstration of a 4.35%STH efficient standalone device in Chapter 4. Finally, in 

Chapter 5, a design pathway is laid out to increase the efficiency of devices utilizing the 

I-III-VI2 material class beyond 10% STH. It is the intention of the author to present this 

material in a very logical progression of the steps taken from initial conception to a 

finished, working device. 
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1.1 Motivation 

The concept of PEC water-splitting is not new, nor is the use of the I-III-VI2 

material class new for solar harvesting. PEC water-splitting has, however, been receiving 

vastly increased attention in the past decade, largely due to the Department of Energy 

(DOE) Energy Efficiency & Renewable Energy (EERE) Fuel Cell Technologies 

Program, under which the PEC Working Group (PEC WG) was formed to gather and 

unite academic and industry leaders with the common goal of PEC hydrogen production
1
. 

This project, an integral part of the PEC WG, focuses specifically on the I-III-VI2 

material class for PEC water-splitting. Within the PEC WG are projects focusing on other 

materials, PEC theory, PEC material and device characterization, and PEC standardized 

methods as well. The membership of this group that has reached an international status 

offers collaboration with arguably as much diversity as its critics. This massive 

collaborating effort has been the source of accelerated breakthroughs in the field of PEC 

water-splitting. 

Covering such a wide range of disciplines, it is no surprise that it is also reviewed 

and criticized by parties coming from a variety of different fields of interest. While it 

certainly poses a significant challenge fielding questions from such a diverse audience, it 

is also a testament to what a rich field of research this project represents. However, 

despite the diversity, three specific questions are unsurprisingly brought up very 

frequently. They are: why photoelectrochemical water-splitting, why this particular 
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material, and what needs to be accomplished in order for this process to enter the global 

stage of solar energy conversion? 

  

1.1.1 – Why Photoelectrochemical Water-Splitting? 

Due to the difficulty in distributing and/or storing PV electricity produced often at 

times and locations where it will not be used immediately, photoelectrochemical (PEC) 

water-splitting for hydrogen production is explored as an alternative solar energy 

conversion system
2,3

 . Instead of converting solar energy into electricity (photovoltaic), 

PEC devices, immersed in an electrolyte, convert solar energy directly into chemical 

energy. While many photoelectrochemical systems exist, chemical energy in this project 

is stored in the form of hydrogen gas, which can be potentially stored and/or transported 

at lower costs than electricity can (cables or batteries). 

A more complicated issue that often follows this theme is how PEC water-

splitting compares to PV-electrolysis, the process of using PV electricity to drive simple 

water-electrolysis. It is also often misconceived that the two processes are the same, and 

this also may be due to the varying nomenclature used to describe both. The main 

difference between the two processes lies in the fact that PEC water-splitting is the direct 

conversion of solar to chemical energy in the form of hydrogen production through 

water-splitting; the chemical reaction happens at the semiconductor-electrolyte interface. 

In PV-electrolysis, a two-stage process first converts sunlight into electrical energy, and 

then electrical energy into chemical energy to produce hydrogen utilizing light-

insensitive catalysts to aid the chemical reaction. 
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A more in-depth discussion of this comparison will be done in Section 1.2.6 but 

briefly, as with most systems, whether they be electrical, mechanical, chemical or 

biological, typically the fewer the steps, the more efficient, cheap, and sustainable a 

process is. An example here is the simple minimization of series resistance losses that 

would occur transmitting electrical power from the PV panels to an electrolyzer. 

As will also be explained later, the efficiencies of these two systems are 

calculated differently making direct comparison difficult. What it shows, however, is that 

PV-electrolysis is highly sensitive to PV costs, or more specifically electricity costs in 

general, and capital costs of electrolyzers. PV costs using conventional technology are 

reaching their limits, and because solar energy incurs a capacity factor of only ~25%, 

electrolyzers will sit dormant for much of their lifetime. Because an installation will need 

to be sized for peak production and/or a certain average hydrogen production rate, the 

oscillating solar insolation in the course of each day incurs large capital costs as the result 

of electrolyzers often being run under-capacity or not at all. 

 PEC water-splitting on the other hand is most sensitive to device efficiency. As 

efficiencies go up, plant costs and end-user hydrogen costs plummet. While PEC 

materials are not yet market-ready, when they reach a certain efficiency level the 

hydrogen costs will be low enough to compete with fossil fuel energy sources. 

The two most predominant PEC water-splitting methods are PEC particle 

suspensions and PEC electrodes, both shown in Figure 1. A PEC particle suspension 

involves dispersing semiconductor particles in a suitable electrolyte and keeping them 

suspended by mechanical agitation producing a slurry bed. Particle suspensions are 
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typically characterized by very cheap materials like metal oxides or sulfides that tend to 

have relatively low area efficiencies. Because of their low efficiencies, large areas are 

required to produce a given amount of hydrogen. 

 

Figure 1: The two most common PEC water-splitting methods are PEC particle suspensions (at left) 

and PEC electrodes (at right). This project utilizes PEC electrodes. 

 

PEC electrodes, the method utilized in this project, are generally planar thin-film 

semiconductors deposited by various methods onto various substrates. Because of the 

heightened control over crystallinity and other material characteristics, PEC electrodes 

typically have higher efficiencies and so require less area to produce a given amount of 
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hydrogen. They do, however, tend to incur more fabrication and material costs when 

compared to particle suspensions. 

The use of I-III-VI2 materials in this project at this time precludes particle 

suspensions as the crystalline properties necessary cannot be reproduced on a particle-

sized scale. Nonetheless, materials for both methods of PEC hydrogen production are 

being examined throughout the larger PEC WG. 

 

1.1.2 – Why I-III-VI2Materials? 

Due to the shortcomings of c-Si technology for PV applications including 

increasing prices and decreasing supply partially attributable to competition for the 

material with the computer industry, an alternative semiconductor absorber is desirable. 

The quaternary alloy copper indium gallium diselenide (Cu(InGa)Se2) and related 

materials in this copper chalcopyrite material class are very well developed for use in PV 

applications and offer vastly decreased thickness (decreasing weight and material), 

mechanical flexibility, superior and variable optoelectronics, higher efficiency, and lower 

deposition temperatures; all contributing towards potentially lowered energy costs. 

Because of its highly developed background as a PV material, there is already a 

wealth of knowledge regarding this material class that can be utilized to re-purpose it for 

PEC water-splitting generally by using the higher-bandgap alloys of this class. Efforts to 

produce tandem PV cells using this material class have recently offered a significant 

knowledge base regarding higher-bandgap materials like CuGaSe2 that are of interest for 

this project. 
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This material class also represents a very interesting basic device design 

philosophy. As illustrated in Figure 2, within the collection of PEC water-splitting 

materials being considered, there are two predominant categories. Those in the III-V 

GaAs-based material class are very high performance, but also expensive and limited by 

durability issues. This material class has, nonetheless, served as an indispensable proof-of 

concept with the successful fabrication of a monolithic stack device, the ultimate device 

configuration goal for any PEC electrode, while maintaining very high PEC performance. 

The monolithic stack device will be discussed more in Section 1.2.3-5. Current durability 

limitations currently do not, however, justify the very high cost of fabricating materials in 

this class at this time. 

On the other end of the spectrum are the metal-oxides. Metals utilized include 

iron, titanium, tungsten and copper to name a few; nearly all very abundant, cheap 

materials. Metal-oxides can be utilized as either PEC particle suspensions or PEC 

electrodes, but either method is still characterized by low cost materials and fabrication 

methods coupled with extremely high durabilities. A further benefit is that metal-oxides 

are typically used as photoanodes, capable of efficiently evolving oxygen. This is a 

desirable quality because the oxygen evolution reaction is the site of the highest chemical 

overpotential, and so photocathodic device voltage limitations are typically minimized. 
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Figure 2: The design philosophy used for the I-III-VI2 material class originates from its place in the 

collection of PEC water-splitting materials currently being studied. The benchmarking record PEC-

water-splitting devices come from the expensive, single-crystal III-V GaAs-based material class. 

While serving as an excellent proof-of concept for device efficiencies possible, it is currently 

restrained by low durability and very high costs. On the other end of the spectrum is very cheap, 

durable metal-oxides that are hindered by material efficiencies. Metal-oxides do, however, benefit 

from being typically used as photoanodes designed for the oxygen evolution reaction, the source of 

the highest overpotentials. I-III-VI2 materials occupy a spot somewhere between these two extremes, 

representing practical costs, high efficiency and high durability. 

 

Somewhere between these two extremes lies the I-III-VI2 material class.  

Materials and fabrication methods put it in a practical cost range, evidenced by its current 

growth in the PV industry. Excellent optoelectronic properties give it the capability of 

reaching >20% STH efficiencies necessary for market competition in hydrogen 

production, a topic discussed in the next section. Furthermore it has already demonstrated 

excellent durability, detailed later in Section 3.1.3. The largest barrier this material must 

III-V (GaAs-based)
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(16-18%STH Eff.)
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Low durability
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overcome is the high voltage required to efficiently split water, due to the alignment of 

the valence band with the electrolyte. Luckily, due to its very high available 

photocurrents, novel device designs can be utilized to supply this necessary voltage. As 

material advancements are realized to decrease this required voltage bias, device 

efficiencies will rise very quickly. 

 

1.1.3 – What Goals Need to be Met? 

 In the larger Fuel Cells Technology Program, PEC water-splitting is considered a 

“long –term” technology compared to the other hydrogen production methods. As seen in 

Figure 3, a timeline for the development of various hydrogen production methods in this 

program, PEC water-splitting lies in the same realm as other technologies capable of 

providing cheap hydrogen while significantly reducing green house (GHG) impacts
4
. 

While the production of energy from hydrogen is typically a carbon-free cycle, the 

production of hydrogen is currently accomplished through grid electricity, coal 

gasification or natural gas reforming; all methods that do not address GHG emissions. It 

should also be noted that although water-splitting does consume water, another valuable 

resource, the use of hydrogen typically converts hydrogen back into water in a complete 

cycle. With abundant, free sunlight as the only consumed resource in a PEC water-

splitting, assuming material lifetimes are advanced significantly of course, this 

technology represents a highly sustainable clean energy source. 
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Figure 3: Timeline for the development of various hydrogen production methods in the EERE Fuel 

Cells Technology Program. PEC water-splitting, along with all other methods that significantly 

reduce green house gases (GHG), are long-term technologies that are still in the research and 

development phase but offer dual benefit of cheap energy with very low or no carbon output. 

 

Despite the potential PEC water-splitting has for clean, renewable energy, its 

viability is still governed by the laws of cost. Thus, a technoeconomic analysis was 

undertaken by Directed Technologies Inc. to establish what performance, durability, and 

plant cost goals needed to be met to reach the target hydrogen production cost of the Fuel 

Cells Technology Program
5,6

. The completed report includes very detailed assumptions 

taken into account to produce the final figures and benchmarks. Shown in Figure 4 is the 

cost summary analysis, shown as a waterfall plot of cost reduction pathways, of a “type 

4” PEC water-splitting system which employs a PEC electrode under moderate light 

concentration (~10 times) and light tracking. Each blue bar is a cost reduction expected 

by the breakthroughs notated on the x-axis. 
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Figure 4: Waterfall graph showing the cost reductions, in price per gallon of gas equivalent ($/gge), 

for each technological benchmark accomplished, notated on the x-axis. As mentioned before, the 

largest cost reduction technique available is the improvement of device efficiency, evidenced by the 

largest blue bar in the second column. This analysis is for a “type 4” PEC system which is a PEC 

electrode with moderate light concentration (~10 suns) and light tracking. 

  

What this graph illustrates very clearly is that the largest cost reduction pathway 

available is an increase in device efficiency, shown here as an increase from 4% to 25% 

STH efficiency. As will be discussed in Chapter 4, this material is currently in the 4% 

STH range, meaning there is still a lot of work that needs to be done. Regarding the other 

pathways, the I-III-VI2 material class is also in good standings. Material cost is low 

enough that it is beginning to compete in the PV industry; however a detailed cost 

analysis was not done for this project. Material durability has reached a continuous 420 

hours, as will be detailed in Section 3.1.3. Considering a generous capacity factor of 
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25%, a common figure for solar cells of any type, 420 hours of continuous operation 

corresponds to a 4.6 year lifetime. 

With cost and durability showing great promise, it is of course the efficiency that 

must be focused on. With increased efficiency in the future and continuation of the steady 

progress in cost and durability, the I-III-VI2 material class may be one of the first 

materials to achieve the benchmarks necessary to make PEC water-splitting a clean, 

efficient, cost-effective hydrogen production method. 

 

1.2 - Photoelectrochemical Water-Splitting Basics 

 Photoelectrochemical (PEC) water-splitting is the process of using solar 

illumination to directly split water (H2O) in an electrolyte into its constituent hydrogen 

and oxygen parts in the form of their gaseous molecular phases (H2 and O2) 
7,8,9,10

. It is 

interesting to note that the first demonstration of the photovoltaic effect in 1839 by 

Bacquerel (subsequently named the “Bacquerel effect”) was in fact a PEC experiment
11

. 

Despite the chemical origins of photovoltage in semiconductors, the effect was quickly 

adopted into solid-state devices for solar to electrical conversion in PV devices that 

dominated solar cell technology for over a century. It wasn’t until the 1970s that the 

“Bacquerel effect” was utilized specifically for photoelectrochemical water-splitting by 

Fujishima and Honda in 1972, opening the door to exciting research in a new clean 

energy field
7
. 
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 PEC water-splitting is often referred to as one of the “holy grail” technologies 

being researched for clean, sustainable energy. Its feedstocks, sunlight and water, are 

clean, non-toxic and abundant. Its product, hydrogen, when utilized as a fuel, is also 

clean as it is oxidized back to water
9,12

. If efficient semiconductor devices that are both 

durable and low-cost can be developed to split water, then this “holy grail” of energy will 

be realized. 

 In order to split water with any material, photoactive or not, the “golden rule” is 

that a cathode and an anode must have at least a potential difference wide enough to 

“straddle” the H2 and O2 reduction/oxidation (redox) reactions, which by calculation from 

the Gibb’s free energies of the two gases is 1.23eV wide
9
. Without at least this potential 

difference, water-splitting will not occur. When the water-splitting potential is met, the 

current in the device is directly proportional to the amount of hydrogen that will be 

produced. As described in the forthcoming sections, there are many more factors that can 

preclude water-splitting as well but in the end this golden rule is the most basic and can 

be used to eliminate many potential devices and materials from consideration. Any 

complete PEC device that doesn’t produce at least 1.23eV cannot split water. 

In a PEC water-splitting device, most interest is in wide-bandgap semiconductors 

because material bandgap is related to the potential a cell can produce, and we must 

satisfy the golden rule of obtaining more than 1.23eV between an anode and cathode. In 

an ideal device, a wide-bandgap semiconductor’s photo-generated electrons and holes are 

able to “straddle” the H2/O2 redox couple. Presented first is the simplest model for PEC 
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water-splitting which will be built upon towards a more realistic model incorporating 

chemical, electrical and optical parameters necessary to describe this complex reaction. 

The simplest and most commonly seen model for this reaction is shown in Figure 

5A with a p-type photocathode. When light hits the active layer, excited electrons 

promoted to the conduction band in the p-type semiconductor are driven by the band-

bending to the semiconductor/electrolyte interface where hydrogen is reduced to H2 gas
13

. 

The holes, left in the valence band, are driven to the substrate and, through an external 

circuit, to the counter-electrode where oxygen is reduced to O2 gas. In this very 

simplified case with many assumptions that will be later eliminated, it seems that to 

satisfy the golden rule a semiconductor must have a bandgap of at least 1.23eV. 

 

1.2.1 – Chemical Characteristics of the Semiconductor/Electrolyte Interface 

 Real semiconductors immersed in an electrolyte unfortunately differ from the 

highly simplified case in Figure 5A. Firstly, when immersing a semiconductor into an 

electrolyte, the alignment of the band energies at the interface is dependent on the work 

functions of the semiconductor and the electrolyte. A common assumption, which is often 

accurate, is that the Fermi level of the semiconductor will align with the redox potential 

at the midpoint between the H2 and O2 evolution potentials
10

. Even though the bandgap 

of a semiconductor may be wide enough to straddle the redox couple, the energy bands in 

the semiconductor may align with the electrolyte in such a way that this does not happen. 
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(A)

 

(B)

 

Figure 5: Highly simplified diagram of semiconductor/electrolyte interfaces at equilibrium (no 

current flowing). In (A), the semiconductor bandgap is wide enough to straddle the H2/O2 redox 

reactions and the band alignment is adequate to allow spontaneous water splitting. In (B), the 

bandgap is also wide enough to straddle the redox reactions, however the band alignments prevent 

spontaneous water-splitting without an external voltage (a battery in the diagram) to push the 

counter-electrode beyond the O2 evolution reaction. 

 

An example of this scenario is shown in Figure 5B, where even though the 

bandgap is wide enough, the Fermi levels aligned such that the conduction and valence 

band energies do not straddle the redox reaction. In order to satisfy the golden rule in 

Figure 5B, an external voltage is added in series between the working- and counter-

electrodes. This added external voltage pushes the counter-electrode down past the O2 

potential allowing completion of the circuit and satisfying the golden rule. Figure 5B 

shows this external voltage bias as a battery, however it is not very practical to add more 

energy to a solar energy conversion system. More elegant solutions will be proposed later 

when a more realistic model of PEC cell operation is developed and material and device 

requirements are properly outlined. 
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While it is possible to fabricate semiconductors that align with the electrolyte or 

provide sufficient external bias such that the energy bands do in fact straddle the 1.23eV 

gap between the H2/O2 redox reactions, another non-ideality must be overcome. On top of 

the required difference in chemical potential of the two products in PEC water-splitting, 

chemical overpotentials (including activation energy, kinetics and mass transfer) in the 

evolution of both H2 and O2 increase the potential required to around 1.6eV; not just the 

1.23eV calculated from Gibbs free energy
12,14

. These overpotentials are shown in Figure 

6. 

 

Figure 6: Diagram showing chemical overpotentials on the H2 and O2 evolution reactions pushing the 

required voltage up to ~1.6eV, in contrast to the calculated 1.23eV, in order to split water. 

 

Building on our existing model from Figure 5, and so far, it would seem that the 

minimum bandgap required to split water is the 1.23eV redox potential plus the chemical 

overpotentials for a total of 1.6eV. Of note, it is the oxygen evolution overpotential 

(~275mV) that dominates over the hydrogen evolution overpotential (~50mV)
14

, shown 

qualitatively in Figure 6. 
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In pure electrochemical water-splitting without sunlight (a.k.a. electrolysis), the 

anode and cathode are appropriately selected to minimize overpotentials. Typically these 

metals are expensive, rare, noble metals like platinum. Applying ~1.6V to two conductive 

electrodes delivers electrons and holes that are ~1.6V apart, effectively straddling the 

water oxidation redox potentials and water-splitting spontaneously occurs. It is often 

proposed to use sunlight to split water by using a PV cell connected to an electrolyzer 

(a.k.a. PV-electrolysis). While it is a plausible solar to hydrogen conversion system that 

has been demonstrated with relatively high efficiencies, it suffers from losses that a direct 

solar to hydrogen system like PEC water-splitting does not; especially when it is scaled 

up to commercial or industrial scales.  

A comparison between PV-electrolysis and PEC systems will be revisited later in 

Section 1.2.6, but it is worth mentioning here because with a PEC device, the photo-

active cathodes (or anodes) contribute light-generated voltage that can be applied to water 

decomposition, thereby minimizing the external voltage needed. 

 

1.2.2 – Electrical Characteristics of the Semiconductor/Electrolyte Interface 

Now that some of the chemical complexities of PEC water-splitting have been 

considered, electrical components will be built into the model. First, a step-by-step 

analysis of PEC water-splitting will be described starting from a semiconductor not in 

contact with an electrolyte and finishing with a semiconductor in electrolyte, illuminated, 

and sufficiently voltage-biased to split water. 
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Figure 7 shows a dry p-type semiconductor before immersion in electrolyte. The 

figure is not drawn to scale for discussion here, however the semiconductor band energies 

are aligned relatively to the redox potentials as would be expected in real life. The 

solution Fermi level (EF,S) is assumed to be at the redox potential, halfway between the 

H2 and O2 energy levels (not including overpotentials) at equilibrium because the charge 

distribution is symmetric
10

. 

 

 

Figure 7: A p-type semiconductor in the dark and not in contact with the solution. EF,S is the Fermi 

level of the solution (halfway between the redox potentials), EC, EF, and EV are the conduction, Fermi, 

and valence bands, respectively. The H2 and O2 redox potentials are depicted here with their 

overpotentials. (Figure not drawn to scale). 

 

 

When a semiconductor is immersed in an electrolyte, just as in a solid-state device 

where two differing semiconductors are brought into contact, the difference in Fermi 

levels causes a diffusion current that will equilibrate the charge difference
13,15

. This is 

shown in Figure 8 as holes from the p-type semiconductor diffusing into the electrolyte 
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and bending the conduction and valence bands, pinned at the semiconductor/electrolyte 

interface, upwards to achieve charge neutrality. At the right of Figure 8 in gray is a 

reference to Figure 7, showing the vertical band alignment before the semiconductor was 

brought into contact with the electrolyte. 

 

 

Figure 8: A p-type semiconductor immersed in solution in the dark. At right in gray shows the 

vertical alignment of the bands in Figure 7 (not immersed, in dark) for reference. The conduction 

and valence bands are pinned at the semiconductor/electrolyte interface as the semiconductor Fermi 

level aligns with the solution Fermi level, bending EC and EV upward creating a built-in voltage. 

 

The electrolyte Fermi level EF,S can be thought of analogously as the metal 

contact in a semiconductor-metal Schottky barrier
13,15,16

. For a simplified model this 

electrolyte Fermi level, in chemical terms known as the redox potential, lies halfway 
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between the reversible H2O decomposition reactions when the current is zero indicating 

charge equilibrium.  In a real system, the semiconductor may not line up symmetrically 

between the redox potentials, but it is a good assumption to start with in a simple model. 

More accurate models of the semiconductor/electrolyte interface are extremely complex 

and vary much between materials and conditions. More information on this interface can 

be found especially in some of the works of Gerischer
17,18

. The relation of the energy 

level EF,S to the semiconductor EF dry and in the dark, shown in gray in Figure 8, 

determines how much band bending will occur and is very vital to the operation of 

different materials in a PEC cell. Optimal alignments of these energy levels make more 

efficient use of absorbed light. 

When photons above the bandgap of a semiconductor are absorbed, the photo-

generated charges change the equilibrium doping concentrations. The Fermi level in the 

semiconductor cannot represent both charges anymore, and so the Fermi level splits into 

two quasi-Fermi levels in the depletion region for either electrons or holes
15,19

. Whether 

p- or n-type, the high majority carrier density results in little change to the majority 

carrier quasi-Fermi level with the addition of the photo-excited charges. However, the 

sudden excitation of many minority carriers greatly changes the minority carrier 

density
12,13

. 

A visual representation of these quasi-Fermi levels in p-type semiconductor are 

shown in Figure 9, again with a reference to the right in gray of the previous case, Figure 

8, where the semiconductor was immersed in electrolyte but still in the dark. The vertical 

alignment of the band energies with the electrolyte is shown here.  



22 

 

 

 

Figure 9: A p-type semiconductor immersed in solution and illuminated. At right in gray shows the 

vertical alignment of the bands in Figure 8 (immersed in the dark). Illumination photo-excites 

electrons in the space charge region and promotes them to the electron quasi-Fermi level (Eqe), while 

holes occupy the hole quasi-Fermi level (Eqh = EF). Photovoltage (the difference in potential between 

the two quasi-Fermi levels) is assumed to be bisected by EF,S. 

 

 

The electron photovoltage “unbends” the dark band-bending by the difference in 

energy of the quasi-Fermi levels. The measured potential of extracted charges at the 

surface and back-contact of the semiconductor is also the difference in energy of the 

quasi-Fermi levels, giving us the useable voltage from the cell. This quantity, Vph = Eqe – 

Eqh, is defined as the photovoltage, and this is one of the largest differences between the 

over-simplified model in Figure 5 and a more realistic model we are approaching.  
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Electrons being injected into the electrolyte do not have the energy of the 

conduction band pinned at the interface, but only the energy of the electron quasi-Fermi 

level
12

. Similarly, the holes will not be extracted at the back contact with the valence 

band potential, but at the hole quasi-Fermi level, equal to the material EF if the back 

contact is an ohmic contact. In an operating cell, the back contact would be connected to 

the external circuit which here, with a p-type photocathode evolving hydrogen, will be an 

anode to complete the O2 evolution reaction. 

In this case in Figure 9, note that the quasi-Fermi levels do not straddle the redox 

reaction, failing to fulfill the golden rule of water-splitting. This problem can be remedied 

in two manners: a higher-bandgap material producing a higher photovoltage can be 

utilized, or an external voltage can be used to supply the extra required voltage. Both 

options will be considered. 

With a better picture of the semiconductor/electrolyte interface, consider again the 

golden rule for water-splitting: the anode and cathode must have a potential difference 

greater than 1.23eV, or ~1.6eV with overpotentials. Now with the addition of quasi-

Fermi levels to the model, it is clear that the bandgap must be higher than this because the 

quasi-Fermi level is less than the bandgap. PV cells, usually pn-junctions, typically use 

~50-75% of their bandgap meaning the useable voltage, the difference in quasi-Fermi 

levels, is limited to around 50-75% of the bandgap
20

. For example, laboratory record c-Si 

PV cells, with a bandgap of 1.1eV, typically have a Voc in the range of 0.65-0.7V (60-

64% of its bandgap)
21

.  Large area commercial cells will of course have voltages lower 

than that. In a PEC cell, we typically observe far less photovoltage, which is not 
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surprising considering it is more analogous to a Schottky barrier cell than a pn-junction, 

where both p and n sides of the cell will contribute photovoltage. If we assume a 50% 

bandgap usage in a PEC cell, in order to split water with a single junction the quasi-Fermi 

levels must 1.6eV apart, and the semiconductor material must have a bandgap of 

~3.2eV
12

. 

Sure enough, single-junction water-splitting has been accomplished with exotic 

materials in this bandgap range like SrTiO3 and KTaO4 with bandgaps of 3.2eV and 

3.5eV, respectively
22,23

. They did so at very low efficiencies of 1-2%, however, because 

there is a direct tradeoff between bandgap and light absorption, as will be discussed in the 

next section. 

In this particular project, material restrictions further limit the width of available 

bandgap, and so we are left with the second method of fulfilling the golden rule, the 

addition of an external voltage bias to complete the reaction. This is, in fact, a very 

common property of most practical materials in a PEC cell: an external voltage bias is 

required to complete the water-splitting reaction. This requirement will continue to be 

one of the foremost subjects of discussion regarding copper-chalcopyrites for PEC water-

splitting, as it is the largest hurdle this material class faces for its potential in a low-cost, 

efficient solar to hydrogen energy conversion system. 

 

1.2.3 – Optical Characteristics of a Semiconductor in a PEC Cell 

With the semiconductor/electrolyte interface described with a more realistic 

model, optical considerations in the semiconductor will be visited to tie photovoltage to 



25 

 

photocurrent, because it is the product of the two that gives us solar power
13,15

. In the 

case of PEC cells, the current is directly related to the amount of hydrogen and oxygen 

evolved. 

In a semiconductor material, an absorbed photon creates an electron-hole pair in 

the crystal. If this electron-hole pair is created in a region where there is an electric field, 

evident by band-bending in a semiconductor band diagram, the two charges will be swept 

in opposite directions creating a current at a voltage equal to the difference between the 

quasi-Fermi levels. In order to absorb a photon, however, the photon must have an energy 

greater than or equal to the bandgap
13,15,24,25

. Otherwise the photon will not have enough 

energy to separate an electron from the lattice and it will pass through the crystal without 

exciting any charges; it is lost. 

Furthermore, the “white light” striking the earth is made up of a spectrum of 

photons, distributed approximately relative to the theoretical black body radiation at 

5780K
12,24,26

. The relevant portion of the standard AM1.5G solar spectrum, as compiled 

by the National Renewable Energy Labs (NREL) is shown in Figure 10, which is a 

standard used by laboratories across the nation to normalize the response of solar devices 

where real solar spectrums will differ
27

. Taking for example a semiconductor material 

with a bandgap of ~2.0eV and the fact that a photon must have energy greater than the 

bandgap in order to be absorbed, it can be seen that in the range marked by the green line, 

the photons in the solar spectrum will be absorbed. Photons in the red range of the 

spectrum with energies below this particular semiconductor bandgap will not be absorbed 

but will be transmitted through the cell. 
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Figure 10: Standard AM1.5G solar spectrum in gray is used by labs across the nation to compare 

characteristics of solar-devices to negate the effects of differing solar spectrums in different 

locations
27

.  At the bottom is the wavelength scale and at top is the photon energy scale (eV). For 

reference, at right are the wavelength intervals for some visible colors. For an example 

semiconductor with a bandgap of ~2.0eV, only the spectrum in the green range, with energy greater 

than the bandgap, will be absorbed to excite photo-charges. The remainder of the solar spectrum will 

pass through the semiconductor without exciting any charges. 

 

The y-axis of Figure 10 can be converted into photons/m
2
/nm (instead of 

W/m
2
/nm) and integrated in the range of absorption to determine the maximum number 

of electron-hole pairs, equal to the number of photons absorbed, that can be excited by 

the standard solar spectrum or another solar spectrum if local performance is of interest to 

find the maximum current a solar absorber of a single bandgap can produce
12,13,15,26,28

. 

This is of course assuming every photon above bandgap creates an electron-hole pair that 
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is extracted from the cell, which is of course not the case. It does, however, give us a very 

convenient perspective on the upper limit of performance and shows us how bandgap is 

related to photocurrent. 

The relation of bandgap versus photocurrent is precisely what is shown in Figure 

11, where the standard AM1.5G solar spectrum has been integrated and graphed at each 

value Eg. For reference, the regions of infrared (IR), visible and ultraviolet (UV) bands 

are notated. The values in the curve are the “optical limits” of a classical solar-conversion 

device of a given bandgap, indicating the current available if every photon absorbed is 

converted into useable current. The term “classical” is used to describe 1-to-1 photon-to-

electron/hole pair systems to differentiate from novel 3
rd

 generation devices which can 

theoretically obtain multi-photon absorption or multi-electron/hole pair creation
26

. We 

will not be discussing those types of cells here. Also included in Figure 11 is the optical 

limit of CuGaSe2 (Eg = 1.65eV), showing a possible 24mA/cm
2
 representing a very large 

portion of the solar spectrum. CuGaSe2 is the “baseline” copper-chalcopyrite material 

used in this project, as will be discussed later. 

One of the most important aspects of this graph regarding solar energy conversion 

is the inverse relationship of bandgap to optical conversion limit. Referring back to the 

semiconductor/electrolyte interface sections, it was determined that larger bandgap 

materials are more favorable for PEC water-splitting and furthermore, for a single-

junction device to split water, it must have a bandgap upwards of ~3.2eV. Looking at that 

region of Figure 11, the optical limit of such a device is ~1.3mA/cm
2
 resulting in very 

low efficiency. The reason for this low efficiency is that with such a high bandgap, again 
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referring back to the solar spectrum in Figure 10, a semiconductor with a bandgap of 

3.2eV absorbs a very small portion of the available light resulting in a very low 

photocurrent. 

 

Figure 11: Graph showing the optical conversion limit versus bandgap using the standard AM1.5G 

solar spectrum. The infrared (IR), visible and ultraviolet (UV) spectrums have been included for 

reference. For single-junction PEC water-splitting, requiring Eg~3.2eV, the optical current density 

limit is ~1.3mA/cm
2
. For CuGaSe2, however, while not capable of single-junction water-splitting, is 

capable of ~24mA/cm
2
. If used in a tandem device this material could provide a very high water-

splitting rate density. 

 

While single-junction water-splitting does have very low solar conversion 

efficiencies, they are typically made of very cheap materials and may have their place in 

the hydrogen economy. TiO2 is a good example of a very cheap material that has been 

successful in  PEC water-splitting, however, this has only been accomplished with an 

assisting chemical (typically differing pH electrolytes for anode and cathode) bias, so the 
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reaction is not technically “spontaneous” 
7
. For large-scale hydrogen production for use 

as an energy storage media, however, low efficiencies mean large areas of devices 

required to produce an appreciable amount of hydrogen. Despite low costs, area 

limitations, such as those Hawai`i is subject to, may preclude this type of device for 

large-scale hydrogen production. 

 This does not, however, mean that PEC water-splitting is impractical; it simply 

means that single-junction PEC devices are not practical for hydrogen production at high 

rates per unit area.  In an application where area is less of an issue, the low-cost of these 

particular PEC devices do have potential. 

 What this does indicate is that in order to use PEC devices to produce higher rate 

densities (rate per unit area) of hydrogen gas, a device needs to use semiconductors with 

bandgaps low enough to allow absorption of an appreciable fraction of incident photons. 

With the use of materials with bandgaps lower than ~3.2eV, evident from the discussions 

in the previous sections in this chapter, our effective photovoltage will drop with it thus 

preventing the water decomposition from completing. Here, however, an interesting side 

effect can be utilized: with a material that is not absorbing the entire solar spectrum, 

which goes all the way down to ~300µm in the infrared
27

, there are photons that are not 

being used. This simple fact gives rise to the practicality of multi-junction semiconductor 

devices that split the solar spectrum into different bands to be absorbed by different 

devices
12,26

. With this device structure, it is possible to engineer the bandgaps of the 

constituent sub-devices to most effectively balance current and voltage to optimize PEC 

hydrogen production. This device structure has in fact been produced, and it currently 
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holds the world records in both PEC water-splitting efficiency
29

 as well as PV 

efficiency
30

; however it does so at very high costs. Multi-junction devices will be 

described in detail in the next section. 

 

1.2.4 – Design of Monolithic Multi-junction Hybrid PV/PEC devices 

 With the combination of chemical, electrical, and optical characteristics that PEC 

water-splitting devices entail, it is evident that in order to achieve high rate density 

hydrogen production, two very basic elements must be ensured. First, the golden rule 

must be satisfied; that is, the voltage between excited holes and electrons must be greater 

than the difference between the H2/O2 redox reactions plus the overvoltages associated 

with each. Second, we must absorb enough light from the solar spectrum to attain an 

appreciable rate of hydrogen production. Without satisfying the golden rule, no hydrogen 

is produced. Without absorbing enough light, the amount of hydrogen produced is likely 

not worth the area and/or cost of the device. These two rules alone can rule out a large 

number of materials and/or devices. 

Adding junctions to an already complicated PEC device obviously compounds the 

amount of problems such a device will need to overcome. Thus, the simplest multi-

junction device is most often the most practical device, and also the device that will 

usually be considered the most desirable configuration with nearly any PEC material 

being investigated. Figure 12 depicts this ultimate device, a monolithic hybrid (PV/PEC) 

solar water-splitting device. It consists of a substrate, ideally a conductive metal coated 

on the backside with a suitable catalytic layer for the counter-electrode, a back contact 
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forming a sufficient ohmic contact with the PV device, the PV device or devices, an 

intermediate window layer which must be both transparent and conductive, and finally 

the PEC device. The catalytic layer on the backside can be eliminated if the back 

substrate is a suitable hydrogen evolution (with an n-type PEC device evolving oxygen) 

or oxygen evolution (with a p-type PEC device evolving hydrogen) catalyst. Typically 

this is not the case and a catalyst layer must be deposited.  

 

 

Figure 12: Schematic of a monolithic hybrid PV/PEC device in a substrate configuration (light 

absorbed through top) showing the PEC layer (in contact with the electrolyte), the PV device(s), 

conductive substrate, and catalytic counter-electrode. The absorber layers are arranged in 

decreasing bandgaps from the top to split the spectrum into different bands for each individual 

device. 

 

 The term “monolithic” in this sense means the entire device is in a 

sequentially layered structure, often referred to as stacked devices. There are no 

interconnects, no wires, with only orthogonal conduction there are no long conduction 

paths, and no complicated masking or lithography steps. A device successfully fabricated 
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in this scheme can literally be dropped into an electrolyte, exposed to sunlight, and it will 

split water. This basic simplicity offers many benefits when considered in an energy 

conversion device such as cost, scalability, weight, and efficiency. The short orthogonal 

conduction paths, on the order of microns result in very small resistive losses. 

Of course, the simplicity of the final device structure comes with more than a few 

design considerations. In terms of the functionality of the device, optical and electronic 

issues almost analogous to tandem PV cells apply. Electronically, the two cells are in 

series. Any basic electronics textbook indicates that in series, Kirchoff’s Laws dictate that 

voltage is summed and current is constant; more specifically the current will be limited 

by the lowest current in the circuit. The summation of voltage is precisely what we desire 

in a hybrid device in order to overcome the required voltage to split water and the reason 

we are hybridizing the PEC component with a PV device. The current, on the other hand, 

being limited by the weakest link must be balanced between the two devices in order to 

be optimally functional. 

 Augmenting the theory and calculations discussed in Figure 10 and Figure 11, the 

optical limit of current can be modeled depending on the bandgaps of the stacked 

devices. In the simplest case of two devices, the top device, a relatively higher-bandgap 

device, absorbs photons of energy greater than its bandgap and transmits photons of 

energy below its bandgap to the next cell in the stack, a relatively lower-bandgap device. 

The optical limit of the top device is calculated by integrating the spectrum as indicated 

in Figure 11, and the optical limit of the second device is calculated using a new 

spectrum, the spectrum of light transmitted through the first cell. The device with the 
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lower of the two currents will limit the stacked device, so for optimal use of the solar 

spectrum they should be bandgap engineered, if possible, to match their currents.  

 When constructing real devices, it is naturally often the case where one or more of 

the design parameters will not be variable. For example, crystalline silicon (c-Si) cannot 

be bandgap-engineered; it has a fixed bandgap (1.1eV
13

). In cases like this, if used as a 

bottom device the calculation becomes rather easy because the usable photons above 

1.1eV in the case of c-Si should just be split between the two devices in order to 

maximize the current. At whatever bandgap the halfway point is, the top device should 

have that bandgap. If it has a higher bandgap, the top cell will not absorb enough light 

and the bottom cell will be absorbing unusable photons because it will be limited by the 

top cell current. If it has a lower bandgap, the top cell will not pass enough light to the 

bottom cell and the current will be limited by the bottom cell current. Care should be 

taken, however, with devices exhibiting sensitive voltage characteristics as this may shift 

the optimal solution when actual power output is calculated. Voltage sensitivity is usually 

a byproduct of a low fill factor, either because of a high series resistance or low parallel 

resistance. 

 In any single-junction solar energy conversion device, one of the largest losses of 

energy is the absorption of photons with energies higher than the bandgap of the material. 

As shown in Figure 13, when a photon of energy (hv) higher than the material bandgap 

(Eg) is absorbed, it excites electrons past the conduction band. This extra energy cannot 

be used in a classical solar cell, and so the electron thermalizes down to the conduction 

band and the extra energy is lost as heat. This absorbed photon does of course contribute 
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useable current to the cell, however it does so at a lower potential than it originally had 

thereby representing a power loss. 

We arrive at the tradeoff of bandgap optimization considering a higher bandgap 

material can maintain a higher potential, but again it does so with a decrease of 

absorption resulting in lower current, also shown in Figure 13 where photons of energy 

hv<Eg are not absorbed, but are transmitted through the crystal or possibly scattered. This 

leads to an inverse relationship between voltage and current, resulting in a maximum 

power point around 1.4eV for a single-junction device and a maximum of around 32% 

solar to energy conversion efficiency for PV device
24

. 

                          

Figure 13: Simplified diagram of three cases of light striking a bulk semiconductor. The bandgap, Eg 

is the distance between the conduction band (CB) and the valence band (VB) and hv is the energy of 

a photon striking the bulk crystal (not reflected). In the first case, hv=Eg and the photon is absorbed 

and converted into current at the same potential energy as the photon. In the second case, hv<Eg and 

the photon is not absorbed, but passes through the crystal (possibly scattered as well). In the third 

case, hv>Eg and the photon is converted into current, however it does so at a lower potential energy. 

The drop potential energy is released as heat and called “thermalization” and is one of the largest 

losses of energy in a single-junction solar energy conversion device. 
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Loss
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The 32% solar conversion efficiency limit for a classical single-junction PV 

device is known widely as the Shockley-Queisser limit
24

. The models used to arrive at 

this limit involve a number of inescapable factors, but at the basis of them is the optical 

limit calculation. The full model includes other losses like, but not limited to, internal 

resistance, internal recombination, and limited voltage (typically 1/2 to 2/3 of bandgap). 

This limit is constantly being updated as science advances - and, more specifically, the 

limit is constantly being lowered as more physical limitations of semiconductors are 

being identified. This certainly stirs great interest in the fact that the current world record 

PV efficiency of nearly 42% as of the writing of this document
21,30,31

! The reason for the 

2 reports of the “world record” is because they are both within the margin of 

measurement error of each other. The reason for these extremely high performances, if it 

has not been guessed yet, is that the record-setting devices are not single-junction 

devices. They are both in fact triple-junction devices that more efficiently utilizes the 

solar spectrum. 

 A multi-junction device has the distinct advantage of enabling the use of the 

potential of relatively higher-bandgap photons. By splitting the solar spectrum into 

discrete bandwidths, thermalization losses are decreased because photons are absorbed by 

semiconductors with bandgaps closer to the absorbed photon’s energy, as seen in Figure 

14, the high bandgap device is exposed first to the white sunlight and absorbs the higher 

energy photons, for example blue light, while passing lower energy photons, like green 

and red. Similarly, the mid bandgap device absorbs the green light, passing the red, and 

the last device absorbs the remaining red light. 
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Figure 14: Schematic of the absorption characteristics of a triple-junction solar conversion device 

that splits the solar spectrum (white sunlight) into three bandwidths. Absorbing, for example, high 

energy photons with a bandgap closer to that energy results in a decrease in thermalization losses 

than if those high energy photons were absorbed by a lower bandgap material. While absorption will 

still produce current, decreased thermalization losses will increase voltage. 

 

Another way to visualize this absorption scheme is to show the bandwidths that 

are absorbed by subsequent films, as shown in Figure 15. Looking at Figure 14 and 

Figure 15 together shows how each layer is absorbing a different bandwidth of the solar 

spectrum. In Figure 15, since the integration of the solar spectrum in each individual 

bandwidth is related to optical current limit in each device, it can be observed that 

moving any of the bandgaps up or down will affect the absorption of that device as well 

as the device(s) beneath it. Remembering again that in series the total current is limited 

by the lowest current source, the optimal structure is the one that equalizes the current 

between all three devices to most efficiently utilize the solar spectrum. 
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Figure 15: A graphical representation of the optical absorption scheme shown in Figure 14. Light in 

the upper energy band (e.g. blue) is absorbed first by the high bandgap device, light in the mid 

energy band (e.g. green) is absorbed by the mid bandgap device, and light in the lower energy band 

(e.g. red) is absorbed by the low bandgap device. Integrating the areas under the spectrum curve in 

each corresponding bandwidth will give the optical limit of current in that device. Proper bandgap 

engineering of the three devices should equalize the current in all three devices. 

 

The overall current of the device is obviously reduced (compared to a single-

junction device); however, if the device is designed correctly, the voltage can be 

increased hyper-proportionally than the current reduction, resulting in an overall increase 

in power conversion (again, P = V*J). It is almost a matter of convenience that PEC 

devices chemically require high bandgaps and need a voltage bias while multi-junction 

devices can inherently make better use of the solar spectrum. The multi-junction structure 
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very elegantly fulfills the requirements of designing an efficient solar water-splitting 

device. 

There are many different models of tandem and higher-order multi-junction 

devices in literature for both PV and PEC devices (many are general optical models that 

will apply to either)
12,25,26,29,30,31,32

. Because PV technology is far more advanced than 

current PEC technology, it is often the PEC device that determines the remainder of a 

tandem system due to its material limitations. Taking into account PEC requirements, 

mainly the golden rule of water-splitting, the general rule of thumb is that for a tandem 

PV/PEC hybrid device, where a PV cell will be buried beneath it, the PEC device should 

have a bandgap between ~1.6 and 2.1eV to most effectively utilize the solar spectrum. In 

this range for the PEC top cell, the PV device optimally falls in the range of ~1.0 to 

1.4eV, of course depending on the top cell bandgap and voltage characteristics. For 

reference, the record-setting PEC device (a tandem PV/PEC monolithic hybrid device) 

had a top PEC device bandgap of 1.83eV and bottom PV device bandgap of 1.42eV
29

. 

There are also many hybrid device structures available that can fulfill the 

requirements of a standalone solar water-splitting device
32,3334

. The monolithic hybrid 

device, however, is the most desirable for its simplicity, mitigation of losses, and efficient 

use of the solar spectrum. Other device structures will be considered later specifically for 

integration with copper-chalcopyrite materials, but a better understanding of that 

particular material class is necessary to complete that discussion so it will only be 

mentioned here. These alternative device structures are only intermediate stepping stones 
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towards the goal of a hybrid monolithic device, but they serve a vital role in providing a 

practical design path towards this goal. 

 

1.2.5 – Fabrication Considerations of Monolithic Hybrid PV/PEC devices 

Fabricating any device with a prescribed bandgap is not a straight-forward 

request; easily understood by simply considering the discussion earlier with a fixed-

bandgap material like c-Si. With a material class like the copper chalcopyrites, bandgap 

is in fact a variable. By modifying the alloy ratios of the constituent elements, bandgaps 

in the range of 1.00eV to 2.43eV can be obtained
35

. This offers a much wider range of 

devices available, but only to an extent. Devices of different bandgaps within the material 

class behave very differently, and some may not perform very well at all. So while we 

can use optical limit calculations to determine the optimal bandgap for a top cell to be 

paired with a static bandgap bottom cell, a cell with the optimal bandgap may not 

presently exist. 

Further, keep in mind that the optical limit can only give an indication of the 

current limit of devices. Within each device, the actual power output is related to both the 

current and voltage, and higher bandgap cells will have higher voltages meaning the 

optimal pairing of devices may vary from the optical limit simulation. Very highly 

researched materials like silicon and the III-V material class are so well understood that 

these parameters can be modeled before a cell has been produced. With polycrystalline 

materials like the copper-chalcopyrites, however, it is often difficult to find correlations 

between theory and reality; especially with the variety of deposition methods and 
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characterization techniques available
36

. Better simulations of multi-junction devices can 

of course be obtained with more information about the devices, but with copper-

chalcopyrites, the number of variables is difficult to manage and so this discussion is 

more appropriate later when real devices are considered. With real device data, cells can 

be more realistically compared and engineered to match complimentary devices to be 

used in multi-junction devices. 

Once existing devices have been paired up for a tandem device, implying that 

fabrication of said devices is optimized to a sufficient degree, the stacking of the devices 

is approached. Often, the first experiments are done by “mechanically” stacking two 

devices as an intermediate step to partially verify that the simulations are accurate before 

fully integrating them monolithically. This can be done in a number of ways, but 

typically involves devices fabricated on their own substrates which are then mechanically 

attached to each other - with adhesives or clamps being the simplest methods - and then 

externally connected
37,38

. 

Because each device is fabricated on its own substrate, a 4-terminal device is 

usually the result which allows access to electronically test the devices individually, but 

with real optical filters in place. The measurements of the top cell should be 

straightforward, as nothing has changed except that it has been glued onto another device. 

The bottom cell on the other hand will be optically filtered by the top, higher-bandgap 

cell as well as its back contact (a window layer) and its substrate (typically glass). This 

therefore results in more of a lower-limit performance level of the bottom device 

measured in a mechanical stack, because a monolithic device will not be further 
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encumbered by the absorption of the top cell’s glass substrate, assuming the window 

layer in each device is optically and electronically comparable. Also, due to the 

necessitation of lateral conduction of charges excited in the top cell across the back 

contact window layer to the terminals, the 4-terminal measurements will include resistive 

losses a monolithic device will not suffer because only orthogonal conduction will occur 

- further supporting the lower-limit argument. 

Once mechanical stacking has verified that optical and electronic simulations are 

accurate, monolithic integration can be considered. In a monolithic stack, all layers must 

be electronically, optically, mechanically and thermally matched in order for the system 

to work as modeled
39

. Opto-electronically for it to perform as simulated; and thermo-

mechanically in order for it to be stably fabricated such that the integrity of each layer is 

maintained. 

Consider for example layers that require heated substrates for proper deposition; 

the existing layers must be able to withstand such heat
40

. For example, a carefully doped 

PV device can be destroyed if it is exposed to higher temperatures required for a window 

or top-cell deposition. What can also happen is the diffusion of ions between cells. For 

example, most window layers are made of transparent conducting oxides (TCOs). 

Heating of these materials in contact with other films can cause the oxygen to diffuse into 

the other crystalline film. 

For most other semiconductors, the addition of oxygen will definitely alter and 

often destroy the optoelectronic properties they were designed to have
41,42

. The metal 

ions in these materials also migrate, altering films in contact with it. The effects of ion 
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diffusion under heat can be controlled or designed around, but they will add more 

complexity to an already complex system. In the former case, to try and control it, it is 

desired to have bottom cells that can withstand higher temperatures, and top cells (and 

windows) that can be deposited at lower temperatures. In the latter case, to try and design 

around it, one can accept the diffusion of ions and design the deposited film compositions 

to incorporate the addition of ions into the final film. 

Furthermore, any film deposited on a heated substrate is likely to experience 

mechanical stresses, both during deposition as well as during cooling. A deposition that is 

stable on a particular substrate by itself may not be stable when deposited on top of an 

existing cell. For example, contraction of a top cell film during cooling may separate it 

from the bottom cell due to insufficient adhesion. Contrarily, strong adhesion between the 

top and bottom films may damage the bottom cell in the event of top cell contraction, 

possibly even lifting the bottom cell off its substrate. 

 

1.2.6 – Photoelectrochemical vs. Photovoltaic Solar Energy Conversion 

It is a very common and legitimate question why it is not more efficient regarding  

performance, cost, weight, etc. to simply take a PV device and plug it into a commercial 

electrolyzer to produce hydrogen, a process often called PV-water electrolysis or simply 

PV-electrolysis. It is undeniable that the complexities of a monolithic hybrid PEC device 

add considerable costs compared to simple PV cells, however a direct comparison of PEC 

vs. PV is not as straightforward as it sounds. 
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A true understanding of the this dilemma requires input from an even wider range 

of disciplines than this dissertation contains, and a full explanation of how PEC water-

splitting can surpass PV-electrolysis may still not be immediately evident in the 

following discussions of some of the key points. Some of the benefits are very subtle; 

however, when scaled to production scales these small benefits will be fully realized. 

The best “comparison,” despite still being a relatively flawed comparison, is 

comparing how solar-to-hydrogen (STH) efficiencies are calculated in the two production 

schemes. In a PV-electrolysis system, water is split by solar energy in two phases: solar 

to electricity and then electricity to water oxidation. Electrolyzer efficiencies are defined 

by the ratio of the chemical potential of hydrogen, typically the lower heating value  

( LHV=1.23V), to the input voltage. For a typical example, an electrolyzer running at a 

fixed 1A/cm
2
 can be expected to run at 1.9V. Therefore, the electrolyzer (electricity-to-

hydrogen) efficiency is LHV/Vin = 1.23/1.9 = 65%
3
. This being only half the STH 

calculation, the electrolyzer efficiency must then be multiplied by the PV efficiency 

driving the electrolyzer. Assuming a commercially available polycrystalline Si PV 

module, currently capable of roughly 17% efficiency, this results in a 11.1% solar to 

hydrogen (STH) efficiency
21

. 

Producing hydrogen from solar energy is constantly balancing cost, real estate 

(area), and efficiency (output/input). Analyzing the system above assuming a fixed 

hydrogen production rate, in order to improve the efficiency the voltage must be dropped 

in order to increase the efficiency of solar energy conversion. If the voltage is dropped, 

the current density in the electrolyzer is dropped, and so to maintain the given hydrogen 
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production rate the electrolyzer area must be increased by adding fixed-capacity 

electrolyzers or using a larger electrolyzer. 

Furthermore, the absence of external connections immediately reduces cost and 

weight in one-step PEC water-splitting. A PV panel requires multiple devices to be 

connected together to boost both voltage and current to minimize transmission losses, so 

extra steps must be taken to conveniently mount them together and interconnect them 

into modules. The extra time and fabrication steps add to the final cost and weight. 

Another very large advantage of a PEC device is that it is low voltage and linearly 

scalable. Unlike PV devices, which must be connected in series to build enough voltage 

and then expanded in parallel to build current, monolithic hybrid devices do not need to 

be connected to each other electrically. Of course, the gas collection mechanism must be 

multiplexed, with either multiple devices in a single bath or multiple baths with multiple 

gas collection pipes, but an important difference is that if one cell fails, it will not affect 

the others in the system. Individual cells operate in complete parallel, so for example 

losing, by either damage or shade, ¼ of the cells results in only a ¼ loss in hydrogen 

production. 

This linear loss is not the case in PV cells, an often overlooked feature of PV 

panels resulting from the interdependence of individual devices in an array. Transmitting 

low voltages even a few tens of feet is incredibly inefficient due to resistive losses; 

therefore it is desired to connect a number of PV cells (each one contributing ~0.5V on 

average) in series to boost the voltage in a panel before transmission. It is not uncommon 
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to have up to 72 cells wired in series to produce enough voltage to minimize transmission 

losses
43

. 

With such a large number of cells connected in series, an unfortunate 

circumstance arises. Basic pn-junction physics shows that a PV cell can be simply 

modeled as a current source, diode, parallel resistance, and series resistance
43

. If a 

number of cells are wired in series and one of the cells is either damaged (perhaps by 

weather, malfunction or mechanically) or shaded (by something as simple as dirt, 

vegetation or bird droppings) such that the current source is turned off in this one cell, all 

the current being produced by the other cells will then flow through the parallel resistance 

instead. Where the cell was previously providing ~0.5V, it is now the source of a massive 

voltage loss as it dissipates energy through its parallel resistance. Some simple 

calculation with decent approximate values for real cells shows how one shaded cell in a 

36-cell series can reduce power output by ~75%. 

Furthermore, if a functioning cell is simply shaded while its series-connected cells 

are not, like if a leaf happens to fall on just one cell, the scenario described above is 

dissipating all this energy through a resistance in the form of heat. Because of something 

as simple as a leaf falling on a panel, the excessive heat could damage the otherwise 

functional cell and the series loss becomes permanent, or the cell could degrade to the 

point of an open circuit or excessively high resistance thereby rendering the entire series 

of cells unusable. 

Similarly, for cells that are wired in parallel, shading or malfunctioning of one 

cell in an array will result in dissipation through the parallel resistance. Depending on 
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how exactly the panel or module is wired this can have different effects; however there is 

still the possibility of cell damage and a large power loss. This case does tend to have less 

of an impact than losing a cell in a series-connected chain
43

. 

Both of these cases can be mitigated by the use of bypass diodes, in series-

connected chains, or blocking diodes in parallel-connected chains. A bypass diode, wired 

outside a cell, provides a “bypass” conduction path when the voltage in a certain cell gets 

too high, as would happen when current is predominantly passed through the parallel 

resistance in a shaded or damaged cell. Instead of losing the voltage dissipated by the 

large current conducted through the parallel resistance, instead only the turn-on voltage 

of the bypass diode is lost (typically ~0.7V). Similarly, a blocking diode in a parallel-

connected PV string can prevent current from going backwards through a dead cell. Both 

of these mitigation techniques are used commercially, but because of the added cost 

cannot be used for every cell, but instead on blocks of cells partially mitigate the effect. 

Despite these improvements, shading of part of a panel still reduces output power 

by a higher percentage than it is actually shaded due to loss in both current and voltage. 

In PEC hydrogen production, the chemical process of water-splitting is very low voltage, 

meaning there is no need to series-connect cells. They are “parallel-connected” through 

electrolyte and gas-collection, but unlike parallel-connected PV devices, hydrogen 

reduced at one electrode will not be re-oxidized or otherwise lost at a shaded or 

malfunctioning cell next to it. As long as the gas collection system is designed to handle 

full capacity, shading ½ the cells will result in losing just ½ the rate of hydrogen 
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production, which is a very important advantage solar-to-hydrogen has over solar-to-

electric systems. 

 

 

1.3 – I-III-VI2 Copper Chalcopyrite Material Class 

 The copper-chalcopyrite material class is an alloyed semiconductor with a I-III-

VI2 chemical composition. Most commonly known in the form of copper indium gallium 

diselenide for use in thin-film PV cells, the material class spans a much wider set of 

alloys. Although the acronym “CIGS” is often used to describe this material class as a 

whole, it has becoming inadequate and quite confusing largely because the “S” most 

often refers to selenium (correctly abbreviated Se) but can also mean sulfur. Therefore, 

only full elemental abbreviations for specific alloys (e.g. Cu(InGa)Se2) or either of the 

terms “I-III-VI2”  or “copper-chalcopyrite” will be used for the full material class in this 

project. 

 

1.3.1 – Elemental Substitution 

The basic crystalline structure of copper-chalcopyrites is based on the same 

structure of Si crystals. By a process called elemental substitution, also known by cation 

or anion substitution, combinations of elements that together can satisfy the octet rule can 

“substitute” a single element
44

. The most basic step is by substituting Si (a IV-column 

element) with materials in its own column, which, as seen in Figure 16, can be elements 

like C or Ge. Because the octet rule is maintained, the substituted elements can occupy 
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the same vertices in the lattice that Si did. This does of course change the semiconductor 

properties, and the alloy ratios can be used to engineer those properties for specific 

purposes. 

 

 

Figure 16: Diagram showing how elemental substitution offers a variety of different alloyed 

semiconductors based on the octet rule. Inset is the portion of the periodic table of elements for 

reference. All of these materials can and have been used for solar energy conversion. 

  

While Si can be “doped” by very small amounts of elements in the III- and V-

columns, changing its conductivity type, regardless of the dopants Si will still have the 

same bandgap. Elemental substitution, unlike doping, is a bulk modification creating a 

crystal alloy. While a dopant (like B, P or As) in Si will be included on the order of parts-

per-million (vs. Si), elemental substitution inserts quantities of the same order of 
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magnitude as the original element resulting in more of an alloy and offers a much wider 

range of tunable properties. 

The next step in elemental substitution starting from Si is to take a combination of 

the elements to its left in the III-column and right in the V-column. Note that 3 + 5 = 8, 

satisfying the octet rule. As shown in Figure 16, to the right and left of Si is Al, Ga and In 

in column III and P, As and Sb in column V. Elements from the III and V columns bond 

together to fulfill the octet rule, and the resultant III-V semiconductors represent a very 

important class of semiconductor. Most notably, III-V semiconductors of varying alloy 

ratios have been combined into a triple-junction PV cell that currently holds the world 

record performances of ~42% solar energy conversion efficiency
21,30,31

. This high 

performance comes at extremely high fabrication costs, however, so the utility of this 

type of cell is limited mostly to extraterrestrial applications where weight is more 

important than cost. 

From there, moving down another step in the process we can combine II- and VI-

column elements (2 + 6 = 8 again) resulting in II-VI materials. The most notable for now 

being CdTe which has recently begun to take a small share of the PV market 

commercially. CdTe PV cells are generally low-cost and have achieved a very 

respectable efficiency in the 16.7% solar energy conversion
21,45

. Unfortunately, the use of 

the toxic elements Cd and Te requires very rigorous safety and recycling measures to be 

taken with this type of cell. 

Taking one final step to find the material of most interest here, splitting the II-

column element into a I-III alloy maintains the same structure. Note, however, that in 



50 

 

order to satisfy the octet rule, there must be two VI elements alloyed with the I-III alloy 

resulting in the formula I-III-VI2 (1 + 3 + 12 = 16). This is where we find our copper-

chalcopyrites. The name comes from the natural mineral CuFeS2 often found with CuFe2 

(pyrite, or “fools gold”), where the “chalco” prefix refers chalcogens which are molecules 

that include group VI elements; although the “chalco” prefix is usually eliminated from 

the basic pyrite mineral
46,47

. 

Of note, this process has been taken one step further to produce a crystal of the 

structure I2-II-IV-VI4 (2 + 2 + 4 + 24 = 32). It is most often seen in the form Cu2ZnSnS4, 

abbreviated CZTS (copper zinc tin sulfide), and is becoming very popular because it 

consists of very abundant, relatively cheap, and non-toxic materials. It is safe and cheap 

to make, however has so far been limited to record 10.1% solar energy conversion as of 

the writing of this document
48

. Also, while the constituent materials are very attractive, 

high-performance CZTS solar cells are currently fabricated using highly flammable, toxic 

and unstable hydrazine solutions. 

 

1.3.2 – I-III-VI2 Alloy Composition 

The expanded class of alloys of interest include more than one element from each 

of the columns I, III and VI in the periodic table. In the I-column, copper (Cu), silver 

(Ag) and gold (Au) can all occupy the same positions in the chalcopyrite crystal 

structure. Similarly, aluminum (Al), gallium (Ga), and indium (In) can occupy the same 

III-column positions, and sulfur (S), selenium (Se) and tellurium (Te) in the VI-column. 

This results in a more complicated range of chemical structures represented by (Cu, Ag, 
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Au)(Al, Ga, In)(S, Se, Te)2, where each set of elements in parentheses can be mixed in 

any ratio and theoretically form a stable chalcopyrite crystal
44

. 

One of the most valuable characteristic of this material class is that variations in 

the alloy composition change the semiconductor properties of the resultant crystal. A 

simpler and often studied subset of the class is Cu(In(1-x)Gax)(SySe(1-y)), where x and y can 

both be varied from 0 to 1 to engineer the bandgaps between 1.0eV and 2.43eV
13,35

. 

Table 1 shows some examples of the bandgaps available by changing the Ga/(In+Ga) 

ratio x and the S/(S+Se) ratio y. 

 

Table 1: Bandgaps of different alloy compositions in the formula Cu(In(1-x)Gax)(SySe(1-y)) with 

different values of x and y. 

Alloy Composition Bandgap 

CuInSe2 1.0 

CuIn0.4Ga0.6Se2 1.4 

CuGaSe2 1.68 

CuGaS2 2.43 

 

Note that oxygen is in the VI column of the periodic table and can also occupy the 

same positions as S, Se and Te in the chalcopyrite crystal structure. It is not included in 

the elements of interest because oxygen inclusion does in fact readily form a stable 

chalcopyrite crystal, however it destroys the semiconductor properties we are trying to 

engineer. Thus, oxidation must be strictly controlled in fabrication of these materials. 
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While the alloys in the formula (Cu, Ag, Au)(Al, Ga, In)(S, Se, Te)2 are possible, 

it is beyond the scope of this project to include alloys of 9 elements. In fact, when 

considering a device intended for large-scale production at minimal cost, it is desirable to 

limit the fabrication complexity. Especially with the co-evaporation fabrication technique 

used in this project, adding elements to the structure adds considerable amount of 

additional complication. 

Therefore, the set of alloys in this material class considered for this project will be 

limited to the alloys in (Cu, Ag)(In, Ga)(S, Se)2, with a large focus on the simplest alloy: 

CuGaSe2. 

 

1.3.3 – Cu(InGa)Se2 in Commercial Photovoltaics 

 The copper-chalcopyrites are highly renowned for, as mentioned, their impressive 

performance as thin-film photovoltaic devices. Research in this material class for PV 

applications is very mature and it has become a commercial product beginning to rival 

traditional c-Si technology in the global market
49

. Due to very desirable opto-electronic 

properties, it has achieved very high solar conversion efficiencies in both lab-scale and 

module cells
21

. 

 Unlike c-Si solar cells, which have an indirect bandgap, copper-chalcopyrites 

have a direct energy bandgap making them very efficient solar absorbers
13

. While c-Si 

with an indirect bandgap typically requires at least a 100µm thickness to absorb a 

substantial portion of incident light, Cu(InGa)Se2 (as well as other thin-film absorbers) 
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requires only 1-2µm
50

. What this means is that Cu(InGa)Se2 thin-films can be engineered 

to absorb the same amount of light as a c-Si cell with less than 1% of the thickness. 

Thinner cells add a variety of advantages. Regarding the fabrication of the films, 

less bulk material and reduced deposition time decreases costs and increases potential 

throughput. Regarding the final installed panel, less material means reduced weight 

resulting in reduced mounting costs. Furthermore, Cu(InGa)Se2 films are so thin that they 

can be flexed to a certain degree while maintaining their solar energy conversion 

properties, meaning a variety of thinner, lighter, and cheaper substrates can be used in 

contrast to the rigid structure a c-Si cell must maintain
51

. In fact, so-called roll to roll 

technologies are emerging where Cu(InGa)Se2 solar cells can be deposited continuously 

on a moving flexible substrate like foil or high-temperature plastic
52

. This again reduces 

installation costs as rolls can be easily transported and cut to shape as desired for a 

specific application. 

Because of the depth of existing knowledge of this material class, repurposing 

materials and procedures developed for PV technologies instead for PEC technology has 

proven to be very efficient. Some other materials studied for PEC devices do not enjoy 

the synergy that the I-III-VI2 material class has between PV and PEC because of existing 

material technology. 

  

1.3.4 – Cu(InGa)Se2 PV Device Junction Formation 

 To repurpose I-III-VI2 materials for PEC operation, it is very beneficial to analyze 

the operation of PV cells made with this material. Unlike Si, which can be doped to be n- 
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or p-type to produce a pn-homojunction, bulk Cu-III-VI2 materials are largely p-type 

semiconductors. Because of this limitation, a heterojunction (a junction formed by 

contacting two differing types of crystals) device has emerged as the predominant device 

structure by using a very thin n-type CdS “buffer” layer. The term “buffer” is used 

because although the junction is formed by putting two dissimilar crystals in contact, the 

actual junction is far more complicated than typical heterojunctions. 

 The most common method of fabricating the CdS layer is by chemical bath 

deposition (CBD); most common because it typically produces the most efficient cells
53

. 

One of the main reasons the CBD works the best is because it aids in the creation of a 

“surface inversion layer” (also known as a “surface defect layer” or “ordered defect 

compound layer”) where a thin layer of n-type Cu(InGa)Se2 forms due to the inclusion of 

Cd-defects during the chemical bath
54,55,56

. As will be discussed more in the fabrication 

section, in order to produce high performance cells the surface of the absorber must 

maintain a Cu-poor stoichiometry. Part of the reason for this is to aid the formation of the 

Cd-defect surface inversion layer during the CBD of CdS. While bulk n-type 

Cu(InGa)Se2 loses much of its optoelectronic performance, a very thin layer is very 

effective in producing the vital electronic field required to separate photoexcited charges 

as long as it is thin enough not to impose the associated optoelectronic losses. 

 The surface inversion layer is a subject of much scientific interest as well as 

debate, and this provides a wealth of available knowledge when comparing to PEC 

operation. Especially in terms of bandgap engineering, research into this very delicate 

junction has elucidated how the bands move as the alloy ratios change. The first 
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implication of this is evident when considering CuInSe2 cells modified and hugely 

improved by the addition of a small amount of Ga (x = Ga/(In+Ga) ≈ 0.3) resulting in a 

Cu(In0.7Ga0.3)Se2 bandgap of 1.1eV. The reason for this increase in performance between 

CuInSe2 (currently with a 14.5-15.4% record
57

; range due to measurement uncertainty, 

detailed in citation) and Cu(InGa)Se2 (currently with a 19.9% record
58,59

) is largely 

attributed to a more adequate alignment of the conduction band with the CdS buffer 

layer. 

 More specifically, with CuInSe2, the conduction band aligns with CdS such that it 

creates an energy barrier resulting in high recombination, limiting performance
60,61,62

. 

With a small amount of Ga, it was found that the conduction bands at the junction aligned 

more properly; diminishing recombination at the junction and increasing performance. 

Despite the loss of current with the increase of bandgap, the benefits in reduced 

recombination and increased voltage resulted in higher-performance junctions. 

 

1.3.5 – High-bandgap Copper-Chalcopyrite Devices 

 Pushing Ga incorporation higher than the typical Ga/(In+Ga)~0.3 for high-

performance PV junctions, in order to fabricate high-bandgap PV cells for use as a top 

junction in tandem devices, has been a very popular area of study
38,39,40,63,64,65,66

. Again, 

as discussed in the tandem solar cell discussion, the use of multiple junctions splits the 

spectrum resulting in more efficient use of solar insolation. The bandgap-tunability of I-

III-VI2 materials makes it very attractive for this purpose, allowing the absorbers of 

varying bandgaps to be produced out of the same material class. The production of higher 
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bandgap PV cells, however, was met with much difficulty because as the bandgap was 

increase, resulting in a decrease in current, the cell voltage increased sub-proportionally 

resulting in decreased overall power conversion
63,67,68,69,70

. 

 Studying these results closely, the inadequate voltage is attributed again to a 

misalignment of the conduction bands between the absorber and the CdS buffer layer, as 

seen with CuInSe2/CdS junctions. However, this time instead of a barrier, a cliff is 

formed because as Ga is added, the bandgap is increased by a rise in the conduction band 

as the valence band remains roughly unchanged
67,68,71

. 

The valence band energy level is dominated by the Cu d-orbital bond with the Se 

p-orbital bond, meaning the addition of Ga does not affect it
67

. As the conduction band 

rises higher than the optimally aligned Cu(In0.7Ga0.3)Se2 case against an also unchanged 

CdS conduction band, the result is an energy cliff
71

. While the photovoltage in the 

absorber is likely very high, it is losing a portion of it at the cliff formed at the junction 

due to misaligned conduction bands. 

On top of the photovoltage loss due to cliff formation at the junction of high-

bandgap copper-chalcopyrites, the decrease in In content or ultimate elimination of it to 

produce CuGaSe2 correlates to a decreased tendency in the formation of the surface 

defect layer discussed in Section 1.3.4. In fact for CuGaSe2 it has been shown 

experimentally that CuGaSe2 can generally only be made p-type, meaning the surface 

defect layer cannot be formed and the built-in electric field is reliant on the CuGaSe2/CdS 

heterojunction
72

. This phenomenon is known as the “doping pinning rule,” applied 

directly to copper-chalcopyrites most notably by Zhang et. al., however the rule does 
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apply to other material classes with bandgap tunability
73,74

. For these two mildly 

interdependent reasons, the voltage cliff and the lack of a surface defect layer, the 

efficiency of CuGaSe2 PV cells has so far been limited to about 10%
68,75,76

. Another 

group has successfully produced n-type layers for a homojunction device through an 

exotic process involving using Ge and Zn dopants in a single-crystal CuGaSe2 has 

reached a solar conversion efficiency of 8.9%
77

. However, possibly due to the high costs 

of single-crystal fabrication, this process does not seem to have received much attention 

since then (circa 2001). 

Efficiency simulations based on solar spectrum splitting discussed earlier indicate 

that a top cell with 10% solar energy conversion efficiency is the threshold where tandem 

cells can outperform the best single junctions, currently ~20%. In comparison, single-

junction copper-chalcopyrites are very near their theoretical maximum performance at 

20% vs. a max of 26%, while tandem-junction copper-chalcopyrites have the potential to 

reach 36.6% solar conversion efficiency leaving much room for growth
63

. 

This wealth of existing knowledge of copper-chalcopyrites in a PV application, 

especially in the realm of high-bandgap absorbers, highly benefits the development of 

copper-chalcopyrites in PEC technology. 

 

1.3.6 – PEC Water-Splitting with CuGaSe2 

CuGaSe2, the highest-bandgap material in the basic Cu(InGa)Se2 alloy group, is a 

very attractive material for PEC water-splitting largely because of its simplicity of only 3 

elements, durability, and synergy with PV technology
78,79,80,81,82,

.  Also, the elimination of 
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In from the alloy is very attractive because of the constituent materials Cu, In, Ga, and 

Se, it is In that is in the shortest supply and highest cost because of its use in transparent 

conducting oxides in a variety of digital display technologies like LCD monitors, 

televisions, and touch screens. With a bandgap of 1.68eV, CuGaSe2 still has an optical 

limit of ~24mA/cm2, as can be seen in Figure 11, which could produce a very substantial 

amount of hydrogen in a PEC cell. It has also shown excellent durability of 420 hours in 

very highly acidic pH0 electrolyte, and is expected to be stable for much longer. 

Performance and durability will be discussed more in Section 3.1.3. 

With a bandgap of 1.68eV, CuGaSe2 does have energy bands wide enough to 

straddle the redox couple, however as discussed in the previous section the band-

widening is accomplished by an increase in the conduction band energy. When immersed 

in an electrolyte, referring again back to Figure 9, highly p-type CuGaSe2 with the Fermi 

level very close to the valence band is weighted very heavily upwards towards the H2 

evolution reaction when the Fermi level aligns halfway between the redox potentials. 

This leaves a very large gap between the hole quasi-Fermi level and the O2 evolution 

reaction, an energy gap that must be compensated with an external voltage bias in order 

for water-splitting to occur
82,83

. 

As discussed earlier, the band alignment leading to the requirements of a large 

external voltage bias remain the largest difficulty regarding PEC water-splitting using 

copper-chalcopyrites. This problem can be resolved in a number of different ways 

including material enhancements such as bulk modification, surface modification, and 

surface catalysis. The high external voltage bias requirement can also be addressed from 
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a device (vs. material) point of view; using novel device configurations to utilize very 

high photocurrents typical of this material class. 

The fabrication procedure for CuGaSe2 has been thoroughly optimized for this 

project and routinely produces high-quality PEC films. For this reason, CuGaSe2 was 

used as the baseline PEC material on which all the aforementioned enhancement 

techniques were applied. Regarding all of these directions, however, the largest focus will 

be placed on novel device engineering based on baseline CuGaSe2, but knowing that 

these enhancements can be used to improve the PEC performance in the future. 

 

1.3.7 – CuGaSe2 Material Enhancement Techniques 

 In order to produce an efficient water-splitting device using the I-III-VI2 material 

class, a top-down approach was employed for this project by taking a material with good 

optoelectronic properties and addressing the particular problems encountered when 

applying this material to PEC water-splitting. CuGaSe2 made for a good baseline material 

because of its optimized fabrication, durability and high photocurrent. From this robust 

material, the processes of light absorption, excitement of charges, transport of charges, 

and finally transfer of charge from semiconductor to electrolyte could be broken down 

and each process individually addressed. 

Figure 17 shows the basic areas of potential modification mentioned in a PEC 

film. The bulk of the film, on the order of 1µm thick in this project, is where photons are 

absorbed and charges are excited and transported to their respective junctions. At the 

surface of the absorber, with a thickness domain on the order of 100nm, the 



60 

 

semiconductor/electrolyte interface determines how energy bands in the semiconductor 

will align with chemical potential energies in the electrolyte. The last material 

modification that will be discussed is surface catalysis, shown in Figure 17 as small dots 

representing particles on the nanoscale. These nanoparticle catalysts are meant to reduce 

the overpotentials present at the surface, discussed in Section 1.2.1, which will reduce the 

overall required voltage bias. One benefit of surface catalysis is that a process that works 

for one PEC material can work for other PEC materials, although it is typically hydrogen- 

or oxygen-evolution specific. It is also possible to tailor the electrolyte to the particular 

application; however for this project only cheap, abundant, industrially established 

sulfuric acid was used at concentrations at or below lead-acid battery standards (0.5-3 

Molar concentration). 

 

Figure 17: Most material modifications fall generally into three categories. Bulk modifications 

involve changing the alloy content of the bulk absorber which makes up the majority (~1µm) of the 

PEC film. 

I-III-VI2
Bulk Absorber (~1µm)

Surface (~100nm)

Surface Catalyst (~10nm)

Electrolyte
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 The most basic modification of CuGaSe2 is bulk modification. As can be seen in 

Figure 17, the bulk of the film is the light absorber, and typically for this project the 

absorber layer is ~1µm. CuGaSe2 has a very high absorption coefficient as well as very 

good conduction, satisfying the first two of the processes mentioned in the previous 

paragraph. Incident light is absorbed efficiently, and excited charges are transported 

through the bulk easily
80,81,82,83

. As was the case with PV devices using this material, 

again it is the charge transfer at the bulk layer boundary that poses the greatest losses. In 

the PV device, it was the fragile junction with CdS that proved to be the site of the 

greatest losses, and the same is true in PEC devices. When charges reach the surface of 

CuGaSe2 films, they encounter a band-edge misalignment with the electrolyte which is 

the origin of the high required voltage bias. It would therefore be beneficial to attempt to 

change the composition of the bulk absorber to more appropriately align it with the H2/O2 

redox reactions at the surface. 

 Bulk modification of the CuGaSe2 film involves substituting parts of the Cu, Ga 

or Se with another element from the I, III, or VI columns, respectively. Remembering 

from Section 1.3.5, the valence band energy which needs to be lowered is dominated by 

the Cu-Se bonds in the alloy. Therefore, in order to move the valence band to a more 

appropriate position, it is desirable to modify the I and/or VI column components.  

Looking at a periodic table or back at Figure 16, the I column elements of interest 

are Cu, Ag and Au. Au, despite its excellent electronic properties, cannot be considered 

for a large-scale energy implementation because of its very high price. Ag, while also 
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relatively expensive, may be very beneficial in small amounts so it can be considered as a 

candidate. Silver-chalcopyrites have been studied as solar energy conversion materials 

and do show promise in overcoming some of the problems associated with high-bandgap 

chalcopyrites
63,65,66,84

. The full replacement of Cu with Ag in fact results in a slightly 

higher bandgap and n-type conduction which is of great interest for PV cells, as it may 

allow the fabrication of a true pn-junction instead of a CdS buffer helping to form an n-

type inversion layer. N-type conduction is not, however, a desirable characteristic for a 

copper-chalcopyrite PEC cell because typical p-type PEC cells are used to evolve 

hydrogen, n-type cells are used to evolve oxygen. Recalling a brief discussion from 

Section 1.3.2, oxidation effectively destroys the semiconducting properties of 

chalcopyrites and so evolving oxygen on an n-type chalcopyrite is expected to destroy the 

film very quickly. Anodic potentials do indeed destroy CuGaSe2 electrodes, as has been 

demonstrated accidentally throughout this project. 

A small substitution of Cu with Ag, however, can bring the bands to more 

moderate positions that have been shown to improve the performance of wide-bandgap 

chalcopyrites. Seeing as full replacement results in an n-type material, the addition of Ag 

is increasing the concentration of donors in the crystal. Therefore, a small addition of Ag 

can partially compensate the very highly p-type CuGaSe2 and raise the Fermi level up 

from the valence band. This alignment would push the valence band closer to the O2 

reaction in electrolyte and should help reduce the required voltage bias. A potentially 

even larger benefit is that with the addition of a small amount of Ag, the (Cu,Ag)GaSe2 

alloy can sustain a surface inversion layer like a Cu(In,Ga)Se2 PV cell (and unlike pure 
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CuGaSe2)
63

. It is believed that something similar to this surface inversion layer occurs in 

a semiconductor/electrolyte junction, but it has not yet been confirmed. Silver-inclusion 

in copper-chalcopyrites has received much recent attention in the realm of high-bandgap 

PV cells, currently benchmarked by a 13% efficient silver-containing copper-chalcopyrite 

PV device with a bandgap of 1.6eV
85,86,87

. 

Considering next modifying the VI-column component, again looking at the 

periodic table and Figure 16, one will find sulfur, selenium and tellurium. Sulfur is 

already a commonly used component in I-III-VI2 PV cells, largely because of its 

abundance and low-cost
88,89,90,91

. After indium, selenium is the next element currently 

limited by a considerable price tag and supply issues. It is also toxic in its vaporous form, 

which can be a problem during manufacturing; so replacing Se with cheaper, safer sulfur 

would be very beneficial. Fabrication of high-performance material using S in this 

project, however, has proven to be more difficult. Especially in the case of thermal co-

evaporation, in order to obtain truly elemental sulfur, high-energy “cracking” evaporation 

sources are required because sulfur bonds strongly to itself forming Sx molecules 

inappropriate for high-quality crystals. 

The bulk addition of sulfur has been shown in a closely related project at HNEI to 

indeed perform very well in a PEC device. CuInGaS2 (note that S completely replaced 

Se) grown at the Helmholtz Center Berlin with a bandgap of ~1.6eV (comparable to 

CuGaSe2) were donated by Dr. Bjorn Marsen, a former researcher of the University of 

Hawai`i’s HNEI Thin Films Lab. While these devices performed very well in short tests, 

they were unfortunately prone to degradation. With a lower onset voltage while 
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maintaining high photocurrent, it is suspected that the substitution did indeed move the 

valence band energy down to improve the energy band alignment as theory predicted, 

however the source of the degradation has not yet been identified. 

The tunability of the electronic structure in I-III-VI2 materials also offers the 

opportunity to grade the bandgap of the bulk absorber
92,93

. A graded bandgap, as shown 

in Figure 18 using the copper-chalcopyrite material class as an example, can enhance 

both optical and electronic properties. Bear in mind that this specific case entails that 

with the increase of In, the bandgap is decreased by a decrease in the conduction band 

towards a static valence band, as discussed in previous sections.  

 

Figure 18: A graded bandgap structure using the copper-chalcopyrite material class as an example. 

The band energies are shown in black showing the conduction band (EC), valence band (EV) and 

Fermi Level (EF). Items in blue show the material alloy properties indicating an increasing In content 

going to the right, starting with ternary CuGaSe2 on the left and quaternary Cu(In,Ga)Se2 at the 

right. The sloping conduction band creates a built-in electric field (in red) applying a force on the 

electrons to the right and on the holes to the left, improving charge separation. Illuminating this 

absorber from the left hand, higher-bandgap side would be ideal so that higher-energy photons could 

be utilized to their full potential. 
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With a graded bandgap, much like tandem cells, high-energy photons can be 

absorbed in high-bandgap regions of a single absorber; optimally with the higher end of 

the grade facing the insolation, which would be from the left hand side in Figure 18. It 

can be thought of qualitatively as a stack of differentially thin absorbers of decreasing 

bandgap. Electronically, the graded bandgap will produce a built-in electric field to assist 

the separation of excited charges. Especially in a semiconductor/electrolyte interface such 

as a PEC device, there is no “pn-junction” like that of a PV cell to provide a strong 

electric field to enhance charge separation. A built in bulk electric field would help to 

improve this deficiency. 

It should be noted that a graded bandgap poses an interesting logistical problem. 

The optical benefit is only realized when the bandgap is decreasing as insolation is 

absorbed, referring to Figure 18 this case occurs when the solar flux is coming from the 

left hand side. The electrical field points in the direction of increasing bandgap, meaning 

the electrons will flow against it and in the direction of the decreasing slope, the same 

direction as the insolation. In a p-type semiconductor evolving hydrogen, it is the 

electrons that are injected into the electrolyte reducing H
+
 ions to H2 gas, meaning the 

semiconductor/electrolyte junction must be at the bottom of the sloping bandgap to the 

right of Figure 18, opposite the insolation. Therefore in order to benefit from both optical 

and electrical effects, a p-type semiconductor must be used in a superstrate configuration 

where the light is absorbed through a transparent back contact and the substrate, typically 

glass. This may introduce more losses than gains, especially since now the majority of the 

charge carriers are excited at the back contact instead of nearer to the 
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semiconductor/electrolyte interface where they are needed. Utilizing a graded bandgap 

with an n-type configuration is much more straightforward, where in a typical substrate 

configuration the holes are going towards the source of insolation to reach the 

semiconductor/electrolyte interface to oxidize O
-
 ions to O2. 

Some bulk modifications of CuGaSe2, while beneficial in some ways, can detract 

from the original advantages this material possesses. For example, sulfurization degrades 

durability, and Ag has a tendency to segregate during fabrication without preventative 

measures. For inclusion of both these materials, it is mostly the energy band alignments 

with the electrolyte that we are interested in since CuGaSe2 has a very high 

optoelectronic and durability characteristics already. For this reason, it is sometimes 

adequate to only modify the surface of the PEC film. 

As shown in Figure 17, a surface modification will only affect the first ~100nm of 

the film, therefore preserving the optoelectronic properties and durability of the bulk 

semiconductor, but using the modification techniques to only engineer the interface. 

Surface modification has proven to be a beneficial means of modifying the 

semiconductor/electrolyte interface while maintaining favorable bulk properties. In a 

related project using n-type WO3 as a baseline material, a thin layer of WO3:Mo was 

deposited by carefully incorporating a percentage of molybdenum in just the surface 

layer, resulting in a so-called “bilayer” structure
94

. The result was more favorably aligned 

band edges and preservation of high photocurrent. 

The photoelectrochemistry of this very thin layer can be very complicated as well 

as dynamic. It could be argued that this miniscule 100nm layer is the most important 
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aspect of any PEC device, as it is the site of the actual water-splitting reaction, however 

also unfortunately the site that will be the first to experience signs of degradation in a 

PEC reaction. It is the opinion of the author that surface modification of promising PEC 

material candidates, materials that satisfy the majority of the optical, electrical, and 

chemical requirements of water-splitting, to produce bilayer structures is one of the most 

productive engineering techniques available to achieve efficient PEC water-splitting. 

Many of the candidate materials have just one or two specific deficiencies, and surface 

modification is a technique that can potentially be used to target them without adversely 

affecting the beneficial characteristics of the bulk material. 

The last material modification that will be discussed is surface catalysis. Unlike 

surface modification, surface catalysis is a “passive” enhancement, in this case meaning it 

is not photosensitive. Surface catalysis involves the deposition of a very small amount of 

a catalytic material onto the surface of an active semiconductor with the intention of 

reducing the overpotentials associated with the H2 and O2 redox reactions. The benefits of 

this sort of modification are plentiful. A wealth of knowledge regarding catalytic material 

for water-splitting can be referenced from both electrolysis and fuel cell technologies, 

providing insight into materials, deposition techniques and chemical theory. Surface 

catalysis is also a generally valuable material enhancement in the PEC field because any 

hydrogen evolution reaction (HER) catalyst can be used to enhance a variety of p-type 

hydrogen-evolving PEC materials. Conversely, any oxygen evolution reaction (OER) 

catalyst can be used on a variety of n-type oxygen-evolving PEC materials. Exceptions to 
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this rule are materials that do not have compatible fabrication techniques, like thermal or 

chemical intolerances, or those that do not form an ohmic contact. 

The PEC world benefits highly from the catalysis work already accomplished in 

fuel cell and water-electrolysis technologies. Typical HER catalysts include the noble 

metals, predominantly Pt. Because of the high price of Pt, much work has been done to 

either replace it with another comparable catalyst or reduce the amount of Pt needed by 

using nanostructures with very high surface area to mass ratios. Typical OER catalysts 

also include the noble metals, however with such an energetic reaction as oxygen 

evolution, Pt is in fact partially oxidized in the process diminishing its effectiveness as an 

oxygen evolution catalyst. One of the most efficient OER catalysts is RuO2, a very highly 

conductive oxide that can be easily fabricated but also suffers from the high cost of Ru 

metal. RuO2 is in fact used in this project as a counter-electrode, the oxygen evolving 

anode, for photocathodes like CuGaSe2. 

Because these catalysts are often metallic or non-transparent oxides, the issue of 

light transmission becomes an issue. Typically a PEC cell is in a substrate configuration 

because it has a high bandgap to optimize the spectrum splitting, meaning that a surface 

catalyst will be shadowing the absorbers. For this reason, as well as material costs 

mentioned earlier, it is preferred to use nanostructured catalysts with very high surface 

areas but very low planar areas. Structures like nanoparticles and nanotubes fit this 

category, where the chemical advantages can be realized without sacrificing optical 

shadowing. 
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For a production device down the road, it is very likely that the optimal structure 

will incorporate all three of the aforementioned modification methods described as well 

as others not mentioned here. As long as certain detriments are avoided, for example 

depositing so much catalyst that light-transmission is degraded, these different 

enhancement methods all address different aspects of the solar to hydrogen conversion 

process, and therefore can potentially work in concert with each other to benefit the 

complete reaction. 

 

1.4 – The Hydrogen Economy 

Although the benefits of PEC vs. PV-electrolysis hydrogen production have been 

argued in Section 1.2.6, the basic viability and potential of hydrogen as a fuel may not be 

entirely evident. With such efficient semiconductor materials such as the copper-

chalcopyrites, why complicate an already efficient device by using it for PEC water-

splitting? 

Hydrogen is the most abundant element in the universe and has the highest energy 

density per unit mass of any chemical fuel known
95

. It is, however, rarely found in its 

molecular form (H2) as it only occurs naturally as water, hydrocarbons or other molecular 

formations. Because of this, molecular hydrogen must be produced from other hydrogen 

sources, incurring an inherent cost. Despite this, hydrogen has still been referred to as 

“the forever fuel” because it is clean, plentiful, and reusable
96

. Most hydrogen production 

systems use water as a feedstock and produce water as a byproduct when the energy is 
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extracted. Unfortunately however, despite its high energy mass density, hydrogen has a 

very low hydrogen volume density requiring a demanding storage mechanism. The most 

common methods are high-pressure tanks, cryogenic tanks (liquid), or adsorptive storage 

in the form of metal hydrides
95

. An alternative is to pipe the hydrogen somewhere it can 

be used immediately. 

Hydrogen gas is of interest as an alternative, sustainable energy carrier. It can 

rival coal and oil as a fuel that provides sustainability, and perhaps more importantly, 

environmentally friendly byproducts. Because it does not occur naturally, hydrogen must 

be produced, incurring costs. There are, however, a variety methods of producing it that 

are gaining favor as technology continues to reduce costs
97

. 

For storage, it rivals batteries, flywheels, heat, gravity (e.g. hydroelectric) or other 

common electrical energy storage mechanisms; all with associated efficiencies and costs. 

For transport, existing technology used for transmission of natural gases can be used to 

deliver hydrogen to wherever it needs to get for immediate use. This can be directly 

transmitted through pipes, or in tanks by land, air, or sea. 

The United States Department of Energy Fuel Cells Technology Program, which 

provided most of the funding for the work presented here through the office of Energy 

Efficiency and Renewable Energy (EERE), is a collaboration between “industry, 

academia, national laboratories, federal and international agencies” that addresses every 

aspect of the future manifestation of a sustainable hydrogen energy economy in 

America
98

. While the research presented here is only concerned with hydrogen 
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production, all aspects of the hydrogen economy are being studied in parallel in this 

program as a whole. 

 

1.4.1 – Issues Regarding Solar to Electrical Energy Conversion 

 A grid-tied system, while seemingly very convenient, unfortunately incurs many 

losses. The simplest effect is that electrical energy transport naturally suffers resistive 

losses in the conductive cables. Aside from that, direct-current (DC) power from a PV 

panel must inverted to alternating-current (AC) current before being injected to the grid, 

then it must be metered so it can be adequately compensated for by the power company 

buying it. At each step of the way from the solar energy conversion to the use of the 

electricity, losses are incurred
99

. 

Possibly one of the biggest losses, however, is due to a specific grid’s ability to 

handle a diversity of input sources. This ability is what has given rise to the term “smart 

grid” technology, and is currently one of the many roadblocks hindering more 

widespread use of virtually all alternative energies, solar energy being just one of them. It 

is often the case, and is definitely the case in Hawai`i currently, where the existing power 

grid infrastructure cannot handle such a diversity of input sources and much of the 

converted energy is unfortunately lost. Distributed power sources also add a lot of noise 

to an AC grid, which can be troublesome for sensitive electronic equipment that requires 

a very clean 60Hz (in America) sinusoidal power signal
100,101

. 

If a grid-tied system is neither available nor desired, the other option is to store 

the electrical energy. The most widespread storage device currently is lead-acid batteries; 
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alike in chemistry to typical car batteries, but with different features optimized for 

cycling often referred to as deep-cycle batteries, in contrast to starter batteries for cars. 

There is currently a large push to replace lead-acid batteries with more weight- and 

space-efficient lithium-ion battery technology often found in smaller electronic devices 

like cell phones. As expected, lithium-ion technology is currently more expensive than 

lead-acid technology and raw lithium availability as this technology becomes more 

widespread is an important issue
102

. 

A battery storage system, while much simpler in operation and unfettered by the 

resistive losses of long transmission lines as in grid-tied systems, is restrained by its own 

set of losses as well. The battery itself has an efficiency factor (power out/power in) and a 

performance dependent on factors like lifetime, charging/discharging rates and 

magnitudes, and temperature. A different cost structure will most definitely apply, but the 

technology is mature enough that robust off-grid solar systems are commercially 

available. Costs often dictate that they are, however, most often used only in rural areas 

lacking infrastructure. 

Dependence on batteries is itself a potential preclusion to large-scale energy 

storage. While lead-acid battery technology is very robust, they suffer from a low power 

density (vs. mass) making them ill-suited for transportation. Even for residential use in a 

secluded place like the islands of Hawai`i, shipping large quantities of them will get 

expensive. Added costs may present themselves at the end of their lifetimes, when 

recycling may require shipping them back out of the islands. It is unclear whether 

batteries can be a successful storage device for the amount of power our society needs. 
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1.4.2 – Hydrogen as Fuel 

Hydrogen gas can be mechanically stored in high-pressure tanks, chemically 

stored in a variety of different ways (i.e. metal-hydrides, ammonia), or transported 

through pipes to be immediately converted into other forms energy like electricity or 

heat
95

. Quite possibly one of the best characteristics of hydrogen as an energy source, 

however, is that it can be produced by splitting water, and can be used to make energy by 

converting it back into water. There are many methods to accomplish both processes 

without the use of conventional fossil fuels, and the result is a complete energy cycle 

using a non-toxic, carbon-free, abundant water feedstock that can be reused
96,97

. 

Converting hydrogen into other forms of energy can be accomplished in a number 

of different ways. Perhaps the most elegant is by chemically combining hydrogen and 

oxygen gases back into water (H2O) in a fuel cell, directly converting chemical energy 

into electricity
103

. Fuel cells come in a variety of different forms and can consume a 

variety of different fuels. For example, the polymer electrolyte membrane fuel cell 

(PEMFC) is of particular interest because it operates at low temperature, greatly reducing 

costs while increasing efficiency and safety. The PEMFC does, however, require a very 

pure hydrogen source; it is very sensitive to input gas impurities. Conveniently, PEC 

water-splitting produces very high-purity hydrogen gas, eliminating any purification 

steps. 

 Hydrogen combustion is another way to use hydrogen, either in a hydrogen 

combustion engine or simply for heat. Care must be taken, however, because in certain 
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temperature ranges the combustion of hydrogen in the presence of nitrogen produces 

nitrous oxides which can be very harmful to the environment
104

. 

 Finally, it should be noted that even though the “hydrogen economy” is still in its 

infant phases, there is a massive global demand for hydrogen gas for industrial uses such 

as hydrogenation to enhance other hydrocarbons, as an O2 scavenger in order to remove 

trace amounts of oxygen from a system, as a high-energy density fuel in rockets mainly 

for space travel, and as a coolant for many mechanical and electrical applications
105

. 
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CHAPTER 2 – FABRICATION 

 The fabrication of laboratory-scale hybrid PV/PEC photoelectrodes involves 

many steps, largely due to non-standardization of many of the pieces that must fit 

together. At the basis of any of the pieces is the solar absorber material, in the case of this 

project limited to the I-III-VI2 material class and a-Si thin-films used for PV devices in 

hybrid photoelectrodes. This chapter will go through the different processes involved in 

depositing I-III-VI2 materials and preparing them for use as photoelectrodes. The a-Si PV 

devices were obtained from collaborative partner MVSystems Inc., and only preparation 

will be discussed. 

 

2.1 - CuGaSe2 Thin-Film Deposition 

 At the heart of this project is a custom, now one-of-a-kind thermal co-evaporation 

chamber capable of ~2µTorr high vacuum, the deposition of up to 6 metals at once (an 

opportunity not yet utilized), and finite control of the substrate temperature.  This vacuum 

deposition system is shown in Figure 19 with the front door open. The rear door opens as 

well, offering plenty of room for loading, modification and maintenance. 

In its time in the HNEI Thin Films Lab, it has been used to fabricate a very wide 

array of materials in the I-III-VI2 material class for both PV and PEC applications 

including CuInSe2, Cu(InGa)Se2, CuGaSe2, and more recently AgGaSe2 and 

(CuAg)(InGa)Se2. Up to 5 sources have been used at once, plus a substrate heater, for 

(CuAg)(InGa)Se2 deposition as well as for Cu(InGa)Se2 cells requiring Na flux when 
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deposited on Na-free substrates like metal foils. Copper-Chalcopyrites typically require a 

very small amount of Na for quality crystallinity, but this Na is usually provided naturally 

by the ionic diffusion of Na out of soda-lime glass (SLG) into the film
106,107

.  

 

 

 

Figure 19: Thermal co-evaporation chamber, capable of depositing 6 metals simultaneously as well 

as control substrate temperature. Mechanical plus diffusion vacuum pumps capable of pumping 

down to ~2µTorr (high vacuum range), but typically operated from 5-10 µTorr (pressure rises as 

sources heat, causing molten metals, chamber walls and internal equipment to outgas). 

 

 

2.1.1 – Co-Evaporation Hardware 

 The full list of hardware involved in keeping this co-evaporation system 

functional could fill a document even longer than this, so only the most vital pieces will 

be mentioned here. 
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 Being a thermal evaporation system, arguably the most important components are 

of course the source heaters, responsible for melting and vaporizing the various metals 

being deposited. There are normally 4 Luxel Corp. RADAK II heaters installed (at the 

bottom of the chamber), one each for Cu, In, and Ga with the 4
th

 interchangeably used for 

Ag or Na (there hasn’t been a need for both in one deposition yet). 

 In the case of Se evaporation for use in just about any high-quality crystalline 

application, care must be taken to sufficiently “crack” Sex molecules that typically form 

when solids are thermally evaporated
108,109

. In Sex molecules, typically x is in the range 

2<x≤8, and such large molecules impede reactions with other metal fluxes (Cu, Ag, In, 

Ga, Na) to form stoichiometric crystals. While Se melts at 221°C, which in a high 

vacuum is when it will start vaporizing, a cracker will create a zone the Sex flux must 

pass through that imparts a higher energy in the form of heat, RF vibration or plasma to 

name a few ways such that the Sex molecules are cracked into smaller pieces. These types 

of crackers are very expensive and difficult to use. 

Another method to crack large molecules is to force the flux to pass through a 

series of hot baffles before escaping the source heater, thereby allowing only higher-

energy molecules or possibly individual atoms through and slamming larger molecules 

into the hot walls to hopefully crack them. The method employed in this project is a 

baffling system, either by a variety of box heaters available commercially from R. D. 

Mathis Co., or by a custom nozzle on crucible heater. Both types of baffles ensure that 

molten Se never has “line of sight” with the substrate being deposited on. They are both 

also relatively cheap and readily replaceable alternatives to more exotic crackers. 
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For rate monitoring of the metal flux rates, HNEI’s thin films lab is fortunate 

enough to be equipped with an appropriately named Inficon Guardian Co-Deposition 

Controller which uses a process called Electron Impact Emission Spectroscopy (EIES) to 

monitor many metal flux rates in real time at the same time. It can handle up to 8 

different metal fluxes at once, however for this project it is only outfitted for 3 (Cu, In, 

Ga). It is capable of source control as well, however it seems to be incompatible with the 

RADAK II heaters as will be discussed in the next section. The EIES has proven 

indispensible in efforts to improve I-III-VI2 material technology for both PV and PEC 

research. 

 

2.1.2 – Copper-Chalcopyrite Deposition 

 For high-performance Cu(InGa)Se2 PV devices, a 3-stage deposition recipe has 

become the overwhelming standard
36,58,110,114

. The recipe, obviously resulting in high 

optical and electrical quality, has also proven success in PEC devices
80,81,82,83,84

. The 

reasons for its success are very complex and still topics of some dispute. One of the 

things it definitely does, however, is allow for a very simple way to consistently get the 

correct stoichiometry to achieve the chalcopyrite crystal phase, even without very 

accurate deposition rate measurements. This was very important before some of the 

technology at our disposal now made flux rate measurements far more accurate, but 

nevertheless, the 3-stage method has many intricacies that continue to produce repeatable 

high-quality chalcopyrite films. 



79 

 

It should be noted, however, that in a large-scale production capacity the 3-stage 

process would be very difficult to realize. It would make sense for a 3-stage recipe to be 

used for calibration purposes, however, and then the resultant flux rates and alloy ratios 

used in a scaled-up deposition system assuming adequately accurate deposition sources 

and flux monitoring. 

The entirety of the recipe is most appropriately represented graphically, as is 

shown in Figure 20. This figure is actually a simplified deposition log that doubles as a 

procedure guide, which is very valuable both because the procedure is rather complex 

and because of that, comparisons of runs with varying parameters can be difficult. 

What is not included in this runsheet is the pumping down procedure, which 

rarely changes and so is not valuable in comparing runlogs. All sources that will be used 

are ramped up to 150°C towards the end of the pumping phase in order to outgas or 

evaporate any residual solvents that have been used to clean any of the materials or 

evaporate any water that may have been absorbed from the atmosphere during loading, 

which happens even though materials are stored in desiccators, vacuum, or inert gas. 

From there, the procedure continues with what is described in Figure 20.
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. 

 

Figure 20: Simplified deposition procedure for 3-stage CuGaSe2 thin-films. Versions of this document also used as visual deposition logs to 

quickly compare depositions in which the recipe was varied (for example, peak temperature, 1
st
 stage GaSex time, deposition rates, etc.). Full 

description in text.
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 A pre-melt of all materials being used was added in order to fully outgas any 

contaminants in the source metal slugs, or puddle, in the case of Ga. It was found, despite 

many attempts to address it, that outgassing contaminants from even the most pure 

sources of oxygen-free Cu would for reasons unknown sporadically destroy quartz 

crystals used in the metal flux crystal monitor. This required breaking vacuum to change 

the crystal and wasting a lot of time. By bringing everything up to temp before any of the 

shutters were opened, including the shutter on the crystal monitor, and letting the 

pressure stabilize, the problem was mostly resolved. 

 Once the pressure is stabilized, calibration follows. Calibration is carried out with 

the substrate shutter closed, so no metal flux gets deposited on the substrates. Note that 

Cu is always calibrated first, before Ga. The reason for this is that Ga, at room 

temperature, more specifically in an air-conditioned lab in Hawai`i, is a liquid. Ga vapor 

condensing on cooler surfaces does not solidify but forms macroscopic liquid beads 

instead of a film required by the quartz crystal monitor to determine the flux rate. Ga also 

has a tendency to readily alloy with just about any other material, making it a very tricky 

material to handle, which can be used to our advantage to alleviate the beading effect. By 

calibrating Cu first, the thin film of Cu left on the quartz crystal will readily alloy with 

condensing Ga vapor, creating a solid continuous thin film that can be detected by the 

quartz crystal monitor. A bit of error is introduced here, however, as the parameters 

programmed into the crystal monitor for Ga (density and z-ratio) are now incorrect 

because the Ga is partially alloyed. The error is addressed, however, by a tooling factor 

calibration using repeated x-ray fluorescence (XRF) atomic alloy quantification post-
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deposition. This type of calibration does of course require that the source alignment never 

be moved or tilted thereafter, as that requires re-calibration. 

Calibration accomplishes two objectives: 1) determine the temperatures at which 

each source reached the desired flux rate, and 2) match the Electron Impact Emission 

Spectrometer (EIES) flux to the crystal monitor. The reason for the first objective is to 

have a ballpark estimate for what ramp endpoint temperature to program into the 

Eurotherm PID controllers. The EIES is used just for monitoring during a deposition; 

adjustments are manually made through temperature setpoints based on the flux rate 

observed on the EIES.  

The second calibration objective is necessary because although the EIES is very 

accurate and can monitor multiple metal rates at once in real time, it functions with the 

use of a hot filament that is actually exposed to the metal fluxes. This filament constantly 

degrades and its sensitivity diminishes. While it will be accurate for a complete run 

lasting few hours, it must be calibrated each run to match the crystal monitor, the 

performance of which does not wander once geometrically calibrated correctly. The 

decrease in sensitivity trend is usually evident from run to run as small deposits and age 

affect the filament, indicating of course, the need for a replacement when calibration 

parameters go out of acceptable bounds. 

Calibration ends when the Ga rate is stabilized, temperature notated, and EIES 

matched to calibrated rate. With Ga still on, because the first stage is GaSex, as shown in 

the preparation stage in Figure 20, the Se and substrate temperature (SST) are ramped up. 

The Se does not need to be calibrated because it is rate controlled by the crystal monitor 
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in real-time, not the EIES which is currently incapable of monitoring Se. Se is 

periodically re-tooled to verify proper rate control, especially when a lot of things get 

moved around in the chamber and geometry may have changed. The substrate 

temperature ramps are typically limited to 20°C/min. to avoid any unnecessary thermal 

stresses. With 10 high-power halogen lamps in an approximately 6”x6” area, the 

substrate heater is capable of much higher rates, and care must be taken anytime it is 

controlled manually to avoid damaging or dangerous temperatures. Except for at the end 

of the 2
nd

 stage, the substrate heater is controlled by ramps to avoid these situations. 

The first stage of the deposition starts when the substrate shutter is opened, 

exposing the active metal fluxes (Ga, Se) to the heated substrates and all timers and 

thickness integrators are reset. The duration of the 1
st
 stage determines the average final 

film thickness, and the establishment of this parameter is an iterative process comparing 

post-fabrication thickness measurements (via profilometer or cross-section SEM) back to 

1
st
 stage duration. For a ~0.9µm film (baseline thickness) this duration has been found to 

be 9 minutes. The final thickness will still vary slightly due to the inconsistencies 

associated with the 2
nd

 and 3
rd

 stages, which will be described shortly. The 1
st
 stage 

temperature, in this lab, is chosen as high as possible while maintaining amorphous 

precursors of GaSex or possibly InGaSex for other films, which is believed to encourage 

Cu diffusion in the next stage. 1
st
 stage temperature varies widely between labs and this is 

the upper end of the spectrum, chosen here to allow for a stable transition to the hotter 2
nd

 

stage. 
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Another consideration with SST in all stages is that Se, with a very low melting 

point, is typically constantly re-evaporating off the surface of the deposited film. 

Therefore Se flux is set in heavy excess, in the range of 3-15 times the combined atomic 

rates of the metals. This ratio is often referred to as the Se-Metal, or Se/Metal ratio and 

the excess is employed in order to reach an equilibrium deposition of the correct amount 

of Se. The extent of this excess varies from chamber to chamber, largely due to geometry, 

and at the HNEI Thin Films lab optimized to Se/Metal ~5. Determination of the proper 

rate for a given system is typically carried out iteratively, as improper Se inclusion can 

have drastic effects on film morphology and performance
111

. This value does seem low 

and the optimization could stand to be run again. 

The Cu source at this point is sitting at “standby temperature”, where it is just 

barely molten, but Cu flux is zero. This temperature can vary, especially when heater 

parts or full heaters are periodically replaced due wear or malfunction. Because Se flux is 

constant, it was decided that it was undesirable for there to be a period of no metal flux 

for it to react with. For this reason, the Cu ramp overlaps the 1
st
 stage somewhat so that as 

the Ga rate drops, the Cu rate is rising notated by the “Cu On” stage in Figure 20. 

As Cu is introduced, the substrate temperature is also ramped up. The start time 

and the rate for the substrate temperature ramp also vary between laboratories for a few 

reasons. On the one hand, Cu diffusion is enhanced at higher temperatures; however, Ga 

can either crystallize or re-evaporate out of the film if the temperature is risen too fast 

without the presence of enough Cu. On the other hand, if the temperature is too low when 

Cu effusion starts, a CuSex film may form, which could possibly impeded Cu diffusion. 
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In this procedure, the SST is ramped up with the Cu, possibly re-evaporating or 

crystallizing some GaSe2 but rectifying the situation quickly. In Figure 20, the SST of the 

2
nd

 stage is given as 450°C representing the baseline recipe, however this is one site of 

much variation, especially when considering different substrates and possibly monolithic 

hybrid device considerations. 

In the 2
nd

 stage, CuSex is diffused into the GaSex film to form CuGaSex. This is 

where the “magic” happens: the film is allowed to get Cu-rich, which is externally 

evidenced by a change in the film emissivity, the radiative properties of the material. 

When the alloy goes Cu-rich, the emissivity dramatically increases. This can be measured 

in a number of different ways  such as constant power or constant temperature, which is 

discussed more in the deposition control section next. 

When the EPD is reached and the film transitions to the Cu-rich condition, with 

our method of detection, the pressure-contacted thermocouples drop in temperature as 

shown in Figure 21. At this point in the procedure, as shown in Figure 20, the Cu flux is 

ramped down and Ga flux is ramped back up to correct the Cu-rich condition. As the Cu 

rate slows and is emissivity is counteracted by the renewed Ga flux, the temperature will 

hit a local minimum before beginning to rise again. As it rises the slope will hit a point of 

inflection (labeled POI in Figure 21), and finally a plateau indicating the emissivity of the 

film has reached the proper Cu-poorness again.  
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Figure 21: Idealized transition from 2
nd

 stage to 3
rd

 stage and finally termination. The 2
nd

 stage ends 

when EPD is reached, indicating the film has gone Cu-rich. The Cu rate is ramped down while the 

Ga rate is ramped up to correct the Cu-rich condition. The temperature will hit a minimum where 

Ga begins to reverse the Cu-rich phase, slope hits a point of inflection (POI), and then finally 

plateaus when the original emissivity of GaSex is reached again, signifying the proper degree of Cu-

poorness for CuGaSe2. For reference, the 3
rd

 stage of CuInSe2 ends at the “MIN” point, 

Cu(In0.7Ga0.3)Se2 and similar alloys at the “POI” point. 

 

 The 3
rd

 stage while fabricating different alloys in the I-III-VI2 material 

class is a very large point of interest. The termination point in this stage is what 

determines the degree of Cu-poorness in the final film, and the desired degree varies by 

alloy composition. For solar conversion devices in this material class, the general rule of 

thumb is to stay in the range of Cu/III=0.7 to 0.9 (III being the III-column elements In, 

Ga)
58,80,112,113

. What has been found in our lab producing a variety of cells including 

CuInSe2 (Eg=1.0eV), Cu(In0.7Ga0.3)Se2 (Eg=1.1eV) and CuGaSe2 (Eg=1.65eV) is that 

optimal devices are produced using varying termination points in the 3
rd

 stage. For 

CuInSe2, the 3
rd

 stage is terminated at the “min” point in Figure 21, for Cu(In0.7Ga0.3)Se2 
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the termination point is the “POI” point, and for CuGaSe2 the termination point is the 

“plateau” point. This makes for a lightly Cu-poor CuInSe2 and a very Cu-poor CuGaSe2 

on the other spectrum (within the range of Cu/III=0.7 to 0.9), with varying In/III ratios 

lying somewhere in between. A definitive reason for these optimization points has not 

been established as the Cu/III ratios in literature vary very widely, with many 

explanations for the chosen ratio. 

 Finally at the end of the 3
rd

 stage in Figure 20, we reach the termination 

procedure, which is also a very delicate phase of film growth. As the Ga flux subsides, 

the film is left very hot with a continuing Se flux in high excess with no Cu or Ga to react 

with it. A balance must be struck with Se influx, Se outflux from film re-evaporation and 

dropping temperature to accomplish 1) excess outflux of Se resulting in defective 

crystalline structure and 2) excess of influx of Se resulting in a Se layer on the CuGaSe2. 

Iterative optimization was used to determine the current procedure of lowering the Se 

power by 0.2% manually and controlling the SST drop with a 10min. ramp down to 

400°C, at which point it seems Se bound in the CuGaSe2 lattice is stable and Se influx is 

no longer required. At SST=400°C, Se and SST are both shut off, and all other sources 

are shut off when Se flux has reached a sufficiently low level to prevent Se deposition on 

other furnaces. 

 All furnaces are allowed to cool naturally with water cooling channels running 

through chamber walls down to around 200°C, at which point an argon purge improving 

thermal conduction versus the vacuum should not cause undue thermal stress anywhere in 

the system. 
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2.1.3 – Co-Evaporation Control 

 Evaporation control of the Cu, In, Ga, Ag/Na sources and control of the substrate 

temperature is done through a collection of LabView virtual instruments in conjunction 

with power controllers. The power source for each metal evaporation furnace and 

substrate heater is a Eurotherm PID temperature/power controller, each with PID 

parameters tuned for each individual application. Se flux control, which has been found 

to be an extremely important priority when producing quality films, is controlled by an 

Inficon XTC/2 controller with a dual quartz crystal monitor. The dual monitor is used so 

that in the event of primary crystal failure, a 2
nd

 crystal is ready behind a switched shutter 

to take over because the crystal monitor is used to control the Se flux throughout the 

entire deposition process. This monitor is shielded to only be exposed to Se flux and not 

the other metals. 

 The LabView VI control front panel that is used to control the metal fluxes 

(meaning not the Se source) and the substrate temperature/power is shown in Figure 22. 

This panel includes control for power or temperature of any of the Eurotherm PID 

controllers (Figure 22B, C) as well as monitoring of the Se flux rate (E). 



 89 

 

Figure 22: Labview co-evaporation datalogger (save path in A). Includes independent monitor/control (B) of 5 source and 1 substrate heater 

(C), datalog polling indicator/control (D), and selenium flux monitoring (via Inficon XTC/2 quartz crystal monitor, E). A separate program 

(not shown) is used to input and execute temperature ramps and the Inficon XTC/2 is used to control the Se power source.

A

B

C

D

E
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One of the Eurotherms is connected to a passive thermocouple in the Se source 

for redundant monitoring in case of crystal monitoring malfunction, which could lead to a 

meltdown. All parameters are polled at a variable interval indicated in Figure 22D and 

written to the path indicated in Figure 22A. 

The metals are controlled using temperature as the PID input to maintain the 

specified flux rate as monitored by the EIES. Others use power instead, but we have 

found that a controlling them by temperature works very well in conjunction with the 

highly insulated RADAK heaters to keep flux rates relatively stable. As long as metal fill 

levels in each of the metals is kept constant from run to run they are generally very 

predictable. Deviations are indications of maintenance requirements of baffles, covers, 

insulators and coils most often, and are monitored carefully from run to run.  

Se flux is controlled directly by the Inficon controller using the flux rate as the 

PID input. In conversations with others running similar systems Se was often run 

manually by power with a technician constantly monitoring the Se flux rate. The Inficon 

controller does a wonderful job in our lab, however, which greatly simplifies running 

complexity. Nonetheless, great care must be taken allowing the Inficon to control the 

power because a crystal failure can quickly let the Se rate get out of hand. If the rate is 

read incorrectly high, the PID control will automatically limit the Se source power 

delivering an insufficient amount of Se to the film and the run is likely ruined. On the 

other hand, if the rate is read too low, the PID control will increase the power to the 

source until the rate comes back up. While a maximum power can be set, it must be set 

higher than will actually keep a stable temperature because of the way Se melts and 
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evaporates. Therefore at maximum power it does run the risk of damaging the source, 

chamber, as well as represent a significant safety hazard. The Inficon does not accept a 

maximum temperature to guard this. This is the reason for the large Se flux rate graph on 

in Figure 22E, so that it can be easily and quickly monitored. Again, in the event of a 

crystal malfunction, the dual crystal monitoring head offers a backup crystal to restore 

control. 

 The substrate heater is also generally controlled with a temperature parameter, 

like the metal sources, except for the 2
nd

 stage in the 3-stage recipe. As described in the 

deposition section, the 2
nd

 stage ends with the Cu-rich end-point detection (EDP)
114

. 

Again, EDP is evidence of a change in the film emissivity due to some thermal 

circumstance; this method is not reserved for the Cu-Chalcopyrites. In our case the 

thermal change is the transition from a Cu-poor to a Cu-rich phase indicating near-

stoichiometry. This change in emissivity in this project is detected by manually setting a 

constant power output effectively defeating the PID control, and watching closely for a 

substrate temperature drop. This is the indication that the emissivity has risen, the film is 

radiating more heat, and at constant input power this results in a downward temperature 

spike. There are other methods of witnessing this effect, including the opposite where 

constant temperature is maintained and a power increase is observed, allowing the PID 

parameters to try and correct the temperature drop. Regardless of the method of 

detection, EDP has become quite a standard for Cu(InGa)Se2 deposition procedures. 

 The emissivity change must be caught quickly as it is undesirable to allow the 

film to get too Cu-rich because it becomes difficult to correct in the 3
rd

 stage and 
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thickness gets hard to control. For this reason, a separate LabView virtual instrument is 

used to intimately monitor the substrate temperature, shown in Figure 23. As in the VI 

shown in Figure 22, this is also a datalogger, storing temperature and pressure 

information in the path designated in 18A. In Figure 23B is the output of the two 

pressure-contacted thermocouples indicating the temperature of the back of the substrate, 

where EDP will be evident. Figure 23C is a discrete-time average temperature differential 

that is used to verify that any temperature drop is indeed the EDP, and not just noise. 

With these two graphs the EDP can be detected within about a 2°C drop in temperature, 

which is adequate for our applications. 

Also included in Figure 23D is the chamber pressure measured by an ion gauge 

controlled by a Stanford Research Systems IGC100. Pressure is an important indicator of 

malfunctions of various sorts in a vacuum evaporation chamber such as vacuum pump 

malfunction, inadequate chamber cooling, vacuum seal fatigue or failure, organic debris 

combusting (more than one misplaced texwipe has unfortunately been incinerated in the 

system causing minor setbacks), or outgassing from contaminated source material or 

internal chamber components. 

One of the most valuable deposition tools utilized in this project is the EIES 

system, capable of monitoring the Cu (and can include Ag), In and Ga fluxes in real time. 

Prior to the installation of the EIES, furnace temperature determined during pre-

deposition calibration was used throughout the deposition process.
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Figure 23: Substrate temperature and vacuum chamber pressure datalogger and monitor. Individual logs are saved for each run (A). Displays 

include temperature of two individual pressure-contacted thermocouples monitoring substrate temperatures (B), discrete-average temperature 

differential (C), and chamber pressure (D). Panels B and C are used to intimately monitor the temperature drop associated with the end-point 

detection of the Cu-rich phase of stage 2 in a 3-stage recipe. Pressure logs are used to indicate leaks, heavy outgassing (usually due to 

contaimination) or possibly furnace malfunction

A

B C D
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 It was discovered with the EIES, however, that at constant temperature, the 

RADAK furnaces did not maintain static deposition rates. Instead, In rates dropped 

slowly and Ga rates rose heavily. Cu was in fact relatively stable. Real-time adjustments 

of actual rates resulted in hugely improved reproducibility of quality films. 

While the EIES is capable of source control using a rate parameter much like the 

Se flux controller, the sampling rate was not compatible with the response time of the 

RADAK heaters and a constant lag was encountered despite all efforts to properly 

program the PID parameters. While the high-quality insulation and baffling in the 

RADAK heaters allowed for very quick heating, it had the unfortunate side-effect of very 

slow cooling making them hard to control with a rate parameter. Simpler standard 

evaporation sources like box heaters used for the Se evaporation would be easier to 

control, however much more difficult to integrate into the small spaces allowed in the 

deposition chamber. 

This set of hardware and software tools enable the deposition of a very wide range 

of I-III-VI2 alloys. Of course, other metals and alloys could be used if desired, but 

contamination is a large issue because with so many furnaces and hot surfaces, deposited 

materials inside the chamber can possibly be re-evaporated and deposited on any 

successive samples. 

 

2.2 - Photocathode Fabrication with CuGaSe2 Thin-Film 

 Although the CuGaSe2 or related absorber is the most complex and important part 

of a PEC photoelectrode, the complimentary materials and processes required to produce 
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a finished device are vital. This section will briefly detail the procedure of fabricating a 

full electrode. 

For clarity, in the following discussions a simple “photoelectrode” refers to just 

the PEC device (one photoactive film) which in this material class requires voltage from 

another source to satisfy the golden rule: enough voltage to split water. A “hybrid 

photoelectrode”, on the other hand, is a PV/PEC tandem device which can be in a variety 

of structures. The ultimate goal of a hybrid photoelectrode is to integrate the voltage 

requirement into a standalone device; in this case with the use of PV junction(s).  

However, the term “hybrid photoelectrode” will also be used to refer to a PV/PEC device 

with only a part of the voltage requirement fulfilled, as they will be stepping stones 

towards our ultimate goal. 

 

2.2.1 – Substrates 

 Because the ultimate goal of CuGaSe2 thin films for PEC water-splitting is a 

monolithic hybrid photocathode, the back contact of the absorber must be transparent, yet 

conduct electricity. The baseline substrate used in this project is a commercially available 

transparent conducting oxide (TCO) on soda-lime glass (SLG) called TEC 15, where the 

15 refers to its resistivity of 15Ω/sq and the TCO used is fluorinated tin oxide (SnO2:F, or 

FTO). It is a very commonly used TCO because of its commercial availability, 

affordability, good optoelectronic properties, thermal resistance and chemical resistance. 

Interestingly enough, it has an SLG/FTO/SiO2/FTO structure, where the SiO2 layer is 

deposited reportedly as Na-diffusion inhibitor
115

. Recall that Na is typically noted as a 
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very vital element attributed to quality crystal-growth in PV-purposed Cu(InGa)Se2 

films
106

. It was actually discovered by Yan et al. that Na did still diffuse through 

commercial TEC 15 SiO2 layers; however intentionally layered FTO/SiO2/FTO did 

successfully inhibit Na diffusion
115

. It was noted that their deposition method may differ 

from the commercial method. 

Nonetheless, Na diffusion and its effect on CuGaSe2 films, as opposed to the PV-

purposed In-containing films, is currently rather unclear. Our lab did attempt Na 

inclusion by co-evaporation, the method of which being borrowed from PV procedures, 

however the resultant films degraded very quickly in PEC operation. Further research in 

this direction is warranted as the Na amount was optimized for other films. 

 In low-bandgap I-III-VI2 In-containing PV devices, the back contact is almost 

exclusively molybdenum (Mo, often referred to as “moly”) thin films deposited on SLG 

glass or other high-temperature substrate. The straightforward reasons for Mo as a back 

contact are first and foremost, high thermal stability, but this particular element also has 

high mechanical strength as well as great conductivity. The more complicated reasons for 

Mo involve Na diffusion from SLG substrate to absorber film, and the electronic 

properties of the Mo/I-III-VI2 interface
116,117,118,119

. More specifically, with the high 

temperatures and Se effusion in the first stages of, for example, Cu(InGa)Se2 deposition, 

it was found that in high-performance PV cells the formation of a thin MoSe2 thin film on 

the order of 10nm to 100nm was vital to the back contact electronics. A Mo-Cu(InGa)Se2 

contact would create a Schottky barrier limiting performance due to high recombination, 

however a thin MoSe2 layer acts as a quasi-ohmic contact, reducing recombination
120,121

. 
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 TCOs, and in fact most metal-oxides in general, are n-type semiconductors. What 

this implies is that as a back contact for a p-type photocathode where electrons are 

pushed to the surface and holes pushed to the back contact, an pn-junction there should 

form a very high hole barrier, causing high recombination
121

. It is of interest that 

CuGaSe2 photocathodes deposited on TEC 15 perform as well as they do with this 

possible barrier. It is, however, possible that the TCO film could develop a high degree of 

defect states after high deposition temperatures creating more of an ohmic contact, but 

this would be expected to include a high series resistance which is also undesirable. It has 

been suggested that a very thin layer of Mo on the order of nanometers be deposited on a 

TCO before CuGaSe2 deposition to promote the formation of a MoSe2 layer (which is 

transparent) to act as an ohmic contact, again mimicking PV technology
39

. 

 Other popular alternatives include zinc oxide typically doped with Al to improve 

conductivity and referred to as aluminum zinc oxide, or AZO, indium tin oxide (ITO) and 

indium molybdenum oxide (IMO)
122,123

. These materials have been used extensively as 

top contact “window” layers in PV cells, on which grids are deposited on in most cases, 

very successfully. They are of course usually adapted to effectively utilize the n-type 

semiconductivity. 

Tandem cell research is motivating the need for window layers with more 

flexibility; mainly to transmit as much light as possible as well as act as an ohmic contact 

or tunneling junction for both n- and p-type materials since it will be sandwiched between 

the two. This inevitably adds new loss mechanisms to tandem cells, however the added 

voltage is more than capable of overcoming this loss even with existing materials if 
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properly engineered.  ITO is very an extremely popular material in display technologies, 

especially those involving touch screen, LCD, or LED technology, and competition 

drives the price up significantly. AZO is a good alternative because it is very cheap; 

recalling that In prices are on the rise. IMO has been experiencing a rise in interest due to 

high transmission in the near-IR and IR band of the solar spectrum while maintaining 

good electronic properties
123,124,125

. 

Again, as tandem-PV technology develops especially with overlapping absorber 

materials, the same interconnecting windows can be utilized in hybrid PV/PEC devices. 

For this project, only TEC 15 substrates were used unless otherwise stated. 

 

2.2.2 – Photocathode Finishing (Wiring and Sealing) 

 With a finished CuGaSe2 film on TEC 15, it must then be wired and sealed by 

either adhesive, typically epoxy for its temperature and corrosion resistance, or 

compression gasket. Compression gaskets often damage the edge of a film and initiate 

corrosion, so they are not used in this particular project. 

Wiring provides an electrical interface to the back contact with either a single or 

pair of wires. A pair of wires soldered independently provides a redundant assurance that 

the soldering has created a good electrical contact by measuring the resistance between 

them. The resistance should represent just the lateral resistance of the TCO, which can be 

roughly calculated based on film resistivity. Cu or Al wire is used with In solder to 

connect it to the TCO substrate. Indium is used because it has a superior wetting ability 

on non-metallic surfaces like TCOs. Interestingly enough it does not wet metals well and 
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thus, must “encase” the wire in order to complete the connection; nevertheless, the large 

contact area still ensures minimal contact resistance. Indium is also very easy to work 

with due to its low melting point, and this imparts minimal thermal damage to the film 

during soldering. 

Indium is a very soft metal at room temperature, so although it provides a good 

electrical connection, it offers little mechanical strength such that an inadvertent tug on a 

wire could dislodge it. The epoxy coating used to insulate the device and outline the 

device area also reinforces the In-soldered wire, preventing a broken connection. Figure 

24 shows a finished CuGaSe2 photocathode with a 2-wire system offering contact 

assurance. Note that the “active area” of the device is outlined by the gray epoxy, which 

is measured by scanning the device in a flat bed scanner and using a pixel counting 

software program to determine the area. For all applications except durability tests, 

ResinLab EP 1290 Gray epoxy is used. It offers reasonably convenient application 

process, high thermal and corrosion resistance, performance, and affordability. It has 

been found to degrade between 100 and 200 hours in 0.5M H2SO4 acid (with mild heat 

and visible light illumination), so for durability tests a more appropriate epoxy is Loctite 

Hysol 9462.  

Sealing of the edges of the devices is required to 1) ensure the device 

characteristics measured are of the semiconductor film and not the substrate, solder or 

wire, and 2) keep the edges of the film from contacting electrolyte. Because films are 

deposited through shadow masks, the edges of the films are of subordinate quality and/or 

composition, especially in the process of co-evaporation where materials are influxed 
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from geometrically differing directions. Even depositions without masks will deposit 

material on the edge of a substrate, where it is unlikely that film quality can be controlled. 

Also, these imperfect regions of the films would likely initiate a corrosion reaction, 

which could propagate laterally into the target material. 

 

 

Figure 24: Prepared CuGaSe2 photocathode ready for testing. 2-wire system allows assurance that 

proper electrical contact has been made (by measuring resistance between them). Active area is that 

outlined by the gray epoxy, measured digitally. 

 

In thin film PV technology, completed devices are often “scribed” either 

mechanically, thermally using very precise lasers, or with chemical lithography to 

designate device area boundaries, which is appropriate because the top TCO window 

contact is severed, effectively separating neighboring devices or dead regions like 

boundaries. In PEC devices, the “top contact” is the electrolyte, so in order to define a 

device area it must be insulated from this conductive electrolyte. In an industrial process, 
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this insulation would likely take the form of a cheaper, faster, more durable solution like 

the deposition of a thin SiO2 mask. 

 

2.2.3 – Preliminary Hybrid Photocathode Fabrication 

 Baseline CuGaSe2 PEC films currently do not have the parameters necessary for 

practical monolithic integration into a standalone hybrid photocathode. Mainly, the 

required voltage is too high and the transmitted light is too low. The term “practical” is 

used because there are exotic PV cells available that reach the Voc =1V range and can 

likely fulfill the voltage requirements with the filtered light available, however they do so 

at such an exorbitant cost that they are not practical for large-scale energy applications 

yet
21,126,127

. 

 However, as will be explained more in the device design section, CuGaSe2 has 

such an excess of photocurrent that it can be sacrificed in the form of area. This 

effectively does nothing to affect the performance of the CuGaSe2 except to divide its 

current by the portion of the final device that it occupies. The remaining real estate can 

then be filled by PV cells which will receive full illumination, greatly reducing the 

performance required of these PV cells under filtered light allowing the use of more cost 

effective solutions. 

 The fabrication of such “coplanar” hybrid devices entails integration of as-

produced single-junction cells into one series-connected device. Recall that this material 

class possesses very high photocurrents but relatively low photovoltages, so the intent is 

to sum the voltages of individual devices to step it up. For this project, with the available 
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PV devices, 3 series-connected PV cells were required to drive the PEC reaction for a 

total of 4 junctions. This is of course not practical on its own, but serves as a very 

valuable starting point for further integration; again, as will be discussed more in the 

device section. 

 Typical laboratory scale PV devices are unfortunately designed to produce a high 

quantity of small devices in one run. Re-designing the procedure, which involves 

different substrates, substrate holders, and most troublesome, shadow or other types of 

masks for device connections, was not feasible for this project, so devices were integrated 

together post-fabrication. This method did, however, allow the process of matching 

devices together. Because they were to be wired in series, the current would be limited by 

the weakest cell. Therefore cells were chosen to match each other while collectively 

maximizing the output voltage. Without going into unnecessary detail, the devices were 

integrated using a combination of insulating tape, conductive tape, conductive silver 

paste and epoxy. Two different PV cells were used for this portion of the project: 

Cu(GaIn)Se2 (1.1eV, fabricated in-house, see Section 1.3.4) and a-Si (provided by our 

collaborators, MVSystems Inc.). 

The delicate grids for Cu(InGa)Se2 PV cells deposited on a very thin TCO layer 

would not withstand the mechanical abrasion of soldering and it is also unlikely the cell 

could withstand the direct heat applied by the soldering iron. Therefore, silver paste was 

employed as an interconnect. With insulating tape laid down first to shield neighboring 

cells or back contacts, Cu tape fingers were laid over it as close as possible to connection 

sites and painted over the edge with silver paste to contact the device grid and some 
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TCO. This network of interconnects between three PV cells on one substrate is shown in 

Figure 25A. In this case it was lucky that three matching cells existed on one substrate, 

but that is not always the case. 

 

 

Figure 25: Two series-connected co-planar PV devices. In (A) is a Cu(InGa)Se2 cell optimized for PV 

(1.1eV, fabricated in-house). At right in (B) is a substrate containing 10 functioning superstrate-

structure a-Si PV cells, of which 3 were chosen (demarcated by black dots) that both matched and 

performed well. The a-Si cells were independently wired to offer access to each individual cell 

allowing the testing of 1, 2 or 3 cells in series to explore the possibility of only a double co-planar PV 

device. So far, just two does not produce enough photovoltage. 

 

In Figure 25B is the a-Si co-planar device provided by MVSystems. Using a-Si 

PV devices to drive PEC devices for future integration into monolithic devices has been 

done before and is very attractive because of its technological maturity and low cost
128

. 

From a substrate containing 10 full devices (the edge cells are incomplete), 3 were 

chosen that performed well and matched. These 3 cells are distinguished by the black dot 

over each. These a-Si cells are fabricated in a superstrate structure, where they are 

inverted and illuminated from the back side through glass/TCO substrate allowing the use 

of a metal pad as the front contact. Far more robust than a delicate grid, this allowed 

direct wiring using silver paste and filled with setting with clear epoxy. The independent 

B 
 

A 
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wiring of the cells is for the purpose of mixing and matching double-PV cells, instead of 

all 3, to see if two could provide enough voltage. The a-Si cells compared to Cu(InGa)Se2 

have very high voltage, making them very good candidates as the voltage drivers for PEC 

cells. For now, however, a pair of a-Si PV cells cannot provide enough voltage, but 

improvements of both the PV and PEC devices are ongoing and two devices may soon 

suffice. 

 

2.3 – Silver Incorporation for 

(CuAg)(InGa)Se2Thin-Film Deposition
84

 

 

 The addition of silver to CuGaSe2 was mentioned earlier as a way of modifying 

band energies to more appropriately align with the water-splitting redox potentials. As a 

cation substitution for Cu in the I column in the I-III-VI2 crystal structure, silver does 

have influence on the valence band, unlike In/Ga substitution which only affects the 

conduction band. Ag incorporation can raise the bandgap slightly, move the valence band 

down, and also move the Fermi level up by creating more Se vacancies, thereby reducing 

hole concentration which is too high in CuGaSe2 and limited by the doping pinning rule. 

 Ag incorporation does entail some technical issues, however, which will be 

discussed in detail in this section. 

 

2.3.1 – Phase Segregation Associated with Ag-Chalcopyrites 

Silver-incorporated absorber layers in the (CuAg)(InGa)Se2 class were deposited 

in a variety of processes in order to efficiently incorporate Ag into the alloyed crystal.  
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First, to avoid adding Ag to our existing Cu(InGa)Se2 system, a 3-step (not just 3-stage, 

but steps including vacuum breaks to move between deposition systems) procedure was 

formulated. Ag contamination is highly discouraged in any Cu(InGa)Se2 vacuum system 

as traces of it can be detected afterwards in other films for a long period of time after the 

initial contamination. 

The first step was a GaSex-alloy co-deposited in the Cu(InGa)Se2 system. This 

was essentially the first stage in the 3-stage recipe, noting that the GaSex film should be 

amorphous at the 380°C substrate temperature. The GaSex-alloy film was then removed 

and in a separate single-source evaporation system a Ag film was evaporated on top of it.  

The thickness of this Ag film represented 80at% of the Cu normally required in a Cu-

poor CuGaSe2 film).  

The GaSex/Ag bilayer film was then mounted back in the Cu(InGa)Se2 system, 

heated in a Se atmosphere and then exposed to a Cu effusion with continued Se 

atmosphere, assuming that Cu and Ag would diffuse into the GaSex film and reproduce 

the Cu-rich end-point detection typical of a 3-stage Cu(InGa)Se2 process.  Studies have 

demonstrated that Ag shows the same temperature drop as Cu does in the 2
nd

 stage end-

point detection showing when the film has become Cu/Ag rich using molecular beam 

epitaxy
129

.  Unfortunately, the Ag in this thermal evaporation process did not diffuse into 

the GaSex and they segregated into two different films confirmed through mechanical 

scraping. UV-Visible Spectroscopy also confirmed this conclusion, showing little 

spectrum-dependant transmission and reflection which would be typical of a uniform 

crystal. 
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The second deposition process, after determining that Ag incorporation in a 

separate system was unfeasible, included Ag into the Cu(InGa)Se2 system with 

removable internal shielding to minimize permanent Ag contamination.  First, AgGaSe2 

was attempted with a 3-stage process replacing Cu completely with Ag.  Again, the Ag 

did not seem to diffuse into the GaSex layer and segregation occurred.  

Suspecting that the pure GaSex was the problem, in a third process a small amount 

of Indium (In/(In+Ga)~0.2) was added and a continuous, semi-transparent film was 

produced.  UV/Visible photospectroscopy confirmed that the bandgap of this 

Ag(InGa)Se2 film was very near that of CuGaSe2, as Ag incorporation raises bandgap 

slightly, and the small inclusion of In lowers it back down. The Ag(InGa)Se2 films 

exhibited n-type semiconduction, as confirmed in literature
129

, in a photoelectrochemical 

open-circuit potential measurement.  PV devices fabricated with this absorber layer 

(adding CdS/ZnO/ITO/grids), possibly creating an n/n+ structure with CdS, did not 

produce any appreciable photocurrent. 

Next, aiming towards a p-type, high bandgap film, only a partial-Ag incorporation 

(Ag/(Ag+Cu)~0.2) was performed in order to raise the Fermi-level slightly, maintain a 

high bandgap (In/(In+Ga)~0.2), and maintain p-type conductivity.  Unfortunately, a first 

attempt at the recipe used a co-deposition of Cu/Ag in the correct ratio in the second 

stage which showed no discernable end-point detection. 
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2.3.2 – Successful Incorporation of Ag in  (CuAg)(InGa)Se2 

Successful films were finally fabricated in a method where, Ag was incorporated 

with In and Ga instead in both 1
st
 and 3

rd
 stages, co-depositing Ag(InGa)Se2 with the Ag 

rate calculated to result in the correct final Ag/(Ag+Cu) = 0.3 ratio presumably in an 

amorphous phase at the low temperature 1
st
 stage. The idea behind this method was to 

incorporate the Ag uniformly throughout the lattice so that ionic diffusion would not have 

to be relied upon as in previous recipes for Ag distribution throughout the film. The 2
nd

 

stage was carried out as usual with the deposition of CuSex, and with this method, EPD 

was finally detected indicating diffusion of CuSex as hoped. This deposition procedure 

resulted in a continuous, semi-transparent film with similar optical properties 

(transmission/reflection) as CuGaSe2 and related materials. X-ray diffraction (XRD) 

measurements confirmed preferential {112} crystal orientation comparable to CuGaSe2 

samples. 

As noted earlier, performance of the (CuAg)(InGa)Se2 films will be discussed 

later in the results section. While successful incorporation of Ag was finally 

accomplished, fabrication is very complex with the added steps to the 3-stage recipe and 

therefore results currently vary widely. A simpler 2-stage recipe that has been recently 

developed for CuGaSe2 films would likely make Ag-incorporation far simpler. 
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CHAPTER 3 – PHOTOCATHODE CHARACTERIZATION 

Characterization of photocathodes for water-splitting involves a large “toolbox” 

of material, optical, electrical and electrochemical techniques. Thankfully, PEC water-

splitting technology overlaps much existing work on semiconductors, especially 

regarding PV applications, and electrochemistry regarding batteries, fuel cells and 

electrolyzers. The union of semiconductors with electrochemistry for PEC water-splitting 

has resulted in an explosion of new techniques and technology attempting to seamlessly 

integrate the two. It has also, unfortunately, spawned many contradictory results, claims, 

definitions and reporting practices even in peer-reviewed literature. 

For this reason, the U.S. Department of Energy (DOE)  Energy Efficiency and 

Renewable Energy (EERE) PEC Working Group (PECWG)
1
, of which this project is just 

a small part of, endeavored to create a library of “standard methods for 

photoelectrochemical research related to hydrogen production” to normalize the reporting 

of PEC characterizations for global comparisons
130

.  In order to reach a broad, but 

focused audience, a finite list of documents were painstakingly generated by a very 

dedicated crew of researchers from a wide range of backgrounds from a wide range of 

laboratories both nationally and internationally. These documents, 16 in total shown in 

Table 2, were then offered to the public PEC community by inviting reviewers to 

comment on the documents through the DOE-EERE website
131

. 
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Table 2: Documents written by the DOE EERE PECWG intended to accelerate PEC water-splitting 

research by normalizing testing methods and results. Uniform practices will allow global, accurate 

comparisons of various PEC devices
131

. 

Photoelectrochemical Research Standards and 
Methods Development 

1 Introduction 

2 Efficiency Definitions 

3 Electrode Preparation and Surface Area 

4 PEC Test and Cell Setup 

5 Spectral Standards and Calibration 

6 Catalyst Surface Treatment 

7 PEC Characterization Flow Chart 

8 UV-VIS 

9 Illuminated Open Circuit Potential 

10 Mott-Schottky 

11 3-Electrode J-V Analysis and Photocurrent Onset 

12 Incident Photon-to-Current Efficiency (IPCE) and Photocurrent Spectroscopy 

13 2-Electrode Short-Circuit Current Density and J-V Experiments 

14 Hydrogen and Oxygen Detection from Photoelectrodes 

15 Stability Test 

16 PEC Glossary 

 

While all are intended for eventual publication, the first publication by Z. Chen et 

al. came out in 2010 outlining the most important characterization parameter in PEC 

water-splitting: solar to hydrogen (STH) conversion efficiency
132

. This initial publication 

also includes methods to determine the flat-band potential (Efb), critical in determining 

energy-band alignments and a deciding factor in feasibility of many materials as PEC 

water-splitting candidates. 
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While many of these methods were used in this project, only the most pertinent to 

hybrid photocathodes using CuGaSe2 will be detailed here. This chapter will only deal 

with single-junction photocathodes, and the results used to design and fabricate hybrid 

photocathodes in the following chapters. 

  

3.1 – Photoelectrochemical Characterization 

Because the devices in question are going to be used in a photoelectrochemical 

scheme, from an engineering point of view it is the PEC standardized methods previously 

mentioned that will yield the most important information. Mainly: 1) how much 

photocurrent can be produced, 2) at what voltage, and 3) how long it will maintain this 

performance. With this information, strengths can be exploited and weaknesses can be 

elucidated by other characterization techniques. When fundamental causes of these 

weaknesses are identified, attempts to rectify them with various engineering techniques 

are undertaken. 

Fitting real data to much of the “qualitative” information discussed earlier about 

CuGaSe2 will elucidate the points previously made. 

 

3.1.1 – Flatband Potential, Open-Circuit Voltage, Onset Potential 

 Flatband potential (Efb) is defined as the potential that needs to be applied either 

externally or by illumination that results in a flattening of the band edges at a 

semiconductor junction
133

. The junction in this case is the semiconductor-electrolyte 

interface, and the Flatband potential would be represented by applying a voltage at open 
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circuit  with no current flow to the example shown in Figure 8 in Section 1.2.2 until the 

bands unbend and result in the situation shown in Figure 7. The voltage between the 

working electrode and a reference electrode in the electrolyte can then be measured to 

determine the position of the Fermi level (EF) in relation to the H2 reduction potential. 

Reference electrodes for these experiments are either a saturated calomel electrode (SCE) 

or a Ag/AgCl2 electrode. It is common practice, however, to convert these potentials to 

the normal hydrogen electrode (NHE). 

 Efb is important because it is an indication of how the semiconductor aligns 

energetically in the electrolyte to the H2/O2 redox potentials. With Efb, bandgap, and an 

indication of how far EF is from either EV or EC, a complete energy band diagram can be 

constructed to determine roughly if or how much extra voltage will be required to split 

water. Efb can be determined in a number of different ways, but the most commonly used 

for PEC research is illuminated open circuit potential (IOCP), Mott-Schottky analysis, 

and onset potential (VOS). In the case of CuGaSe2, an unfortunately wide range of values 

for Efb are obtained. 

An IOCP measurement involves the unbending the semiconductor bands by way 

of very intense illumination. As illumination is increased, photo-induced free charges are 

separated by the electric field but without charge flow in open circuit, the charges build 

up at the interfaces and create an electric field opposite the built-in electric field. At some 

saturation intensity, the recombination rate is equal to the photogeneration rate, at which 

point the electric fields are balanced and all the bands are flat
134

. In the case of CuGaSe2, 

however, at 10 suns illumination the open circuit does not seem to saturate, giving very 
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widely varying values of IOCP. As noted in the standardized methods, 10 suns has been 

found to typically be enough illumination in other material classes for the determination 

of IOCP, however in the case of CuGaSe2, the voltage is still rising as light intensity is 

increased indicating either very misaligned energy bands, or a competing reaction like 

corrosion which may occur outside the assumptions of the flatband model largely 

originating from monocrystalline material theory (vs. polycrystalline in this case)
131

. 

Available hardware precluded more intense illumination; although even accomplishing as 

much would impart large amounts of heat in the vicinity of a highly acidic electrolyte, 

which could damage the sample as well as present a significant safety hazard. 

Mott-Schottky analysis is a very well established method in PV technology used 

to measure both flat band potential and carrier concentrations, and the process can also be 

applied to a semiconductor-electrolyte interface
135

. It is fundamentally based on the 

creation of the depletion region at a semiconductor interface depleted of mobile charge 

carriers, and this dielectric region will therefore have a capacitance related to the 

depletion with and the material’s dielectric constant, related to the carrier concentration. 

The result of the analysis results in a proportionally linear relationship of 1/C
2
 

(C=capacitance) vs. voltage, and the x-intercept of this line is Vfb. Unfortunately for 

polycrystalline CuGaSe2 research, the method is most well suited for monocrystalline 

devices because of the electronic model being employed
132

. Repeated attempts to do so 

with polycrystalline CuGaSe2 with no monocrystalline samples to investigate have 

produced unreliable data so far, indicating values for Vfb as well as carrier concentration 

that lie well outside the theoretically expected range. Measurements on monocrystals 
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could provide a more reliable measurement, however it would greatly change the PEC 

operating conditions and therefore may still not be a good representation of the 

parameters being sought. 

The third common method of flatband potential determination is onset potential 

from a current-voltage (JV) curve
136

. This method applies an external bias to unbend the 

bands, and the voltage at which current goes from anodic to cathodic (where current is 

zero) is Efb. Because this method is voltage-driven, forcing the semiconductor too far past 

Efb can induce anodic corrosion for p-type semiconductors, which could destroy the 

sample as well as result in unreliable data. Care must be taken to go into the anodic 

region only as far is as needed to obtain a consistent x-intercept. Typically this is done by 

repeatedly running the JV curve, a process called cyclic voltammetry, in a small region 

around Vfb to get an equilibrium value. 

For CuGaSe2, the VOS = Vfb = +750mV vs. NHE. For reference, Mott-Schottky 

analysis gave a value of +144mV and IOCP gave a value of +450mV (both vs. NHE). 

The Mott-Schottky value has been discarded until the method is more understood with 

polycrystalline materials, and the IOCP value could be low due to sub-saturating 

illumination intensity, which may possibly be remedied with a different light source, 

perhaps IR-filtered to reduce heat. 

Using the value of Vfb obtained from VOS, Figure 7 and Figure 8 from Section 

1.2.2 can be revisited to obtain a more quantitative energy band diagram, shown in Figure 

26 and Figure 27. For the complete diagram the difference between the Fermi level and 

the valence band must also be included, however as is common practice in high-bandgap 
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photoelectrodes, EF is equated to EV because doping concentrations are so high
82,79,137

. 

Figure 26 shows the semiconductor/electrolyte interface in the flat band condition, 

induced by either saturating illumination (IOCP measurement) or external voltage bias 

(VOS). Figure 27 shows what the bands look like after the bias (voltage or light) is 

removed and the bands allowed to relax to align EF and EF,S, the solution Fermi level. 

 

Table 3: Summary of flatband potential measurements using different methods. Onset potential, 

exhibiting the most consistent results and plausible data, was used for subsequent calculations of 

band energy positions. 

Flatband Measurement 

Method 

Flatband Value vs. Normal 

Hydrogen Electrode (NHE) 
Comments 

Onset Potential (VOS) +750mV 

Trusted method. Consistent 

result and plausible value 

based on energy band 

model. 

Mott-Schottky Analysis +144mV 

Inconsistent results and 

values out of range of 

accepted theoretical 

expectations. 

Illuminated Open Circuit 

Potential (IOCP) 
+450mV 

10-suns (available hardware 

limitation) does not seem to 

be enough illumination to 

satisfy flatband conditions, 

voltage still rising as 

illumination is maxed out. 
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Figure 26: Quantitative band diagram to scale of the semiconductor/electrolyte interface at the flat 

band condition. Figure incorporates Eg = 1.65eV, Efb = 750mV, and EF ~ EV. Also includes scaled 

values of the H2 and O2 overpotentials. 

 

Figure 27: Quantitative band diagram to scale of the semiconductor/electrolyte interface in the dark. 

Incorporates parameters described in Figure 23. Relaxing flat band condition (either by turning off 

light or removing voltage bias to induce flat band) lets bands bend back to equilibrium, where EF 

aligns with EF,S. 
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 What can immediately be seen in Figure 27, remembering that at equilibrium the 

counter-electrode will align with the back contact of the photocathode, is that the bands 

are very heavily weighted towards the H2 redox reaction. This means H2 reduction can be 

accomplished easily, however that reaction cannot happen without the oxidation reaction 

at the anodic O2 reaction which is energetically very far from the counter-electrode. The 

inherently high doping concentration and doping pinning rule gives little freedom for the 

photocathode to produce appreciable photovoltage since light unbends the bands toward 

the flatband condition, and thus, the required voltage bias to complete the water-splitting 

reaction is very high. 

 

3.1.2 – JV Curves: Linear Sweep Voltammetry and Cyclic Voltammetry 

 Where CuGaSe2 is at a disadvantage regarding its energetic alignment with the 

water-splitting redox potentials, it has a massive advantage converting incident light into 

photocurrent. This is of course a characteristic originally identified and utilized in PV 

technology, but the optoelectronics in the bulk of a PEC device are far more analogous to 

PV devices than just about any other parameter. This shining quality of I-III-VI2 

photocathodes is evident in the JV characteristics, very similar to those measured in PV 

devices. 

 In electrochemistry, JV curves are instead called linear sweep voltagrams (LSV). 

As a JV curve is measured, linear sweep voltammetry is also accomplished by plotting 

current (J) versus voltage (V) in some range of V. One difference between solid state and 

so-called “wet” cells is that the electrolyte offers the opportunity to measure the voltage 



 117 

right at the surface of the semiconductor with a reference electrode. Analogously, it 

would be the equivalent of being able to measure the voltage at the very surface of an n- 

or p-type semiconductor in an operating pn-junction. 

The use of a reference electrode requires a tool called a potentiostat, which is a 

type of source-measuring unit (SMU) designed for electrochemistry. It typically consists 

of 5 leads plus ground, in contrast to a typical electronics SMU which has 4 leads plus 

ground. Both have positive and negative source and sense terminals, but the potentiostat 

also has the reference electrode sense. The JV curve is constructed by applying a current 

until the desired voltage is met, and then the voltage and current are output together. This 

results in a “3-electrode” measurement referring to positive source, negative source, and 

reference sense. A 3-electrode measurement plots the current vs. the voltage where the 

reference electrode was positioned, usually as close to the surface of the photoelectrode 

as possible. This reference, for this project either SCE or Ag/AgCl2 can be converted to 

NHE to align the various potentials in the curve to the water-splitting redox potentials. It 

is of great use because it largely eliminates the influence of the counter electrode, 

narrowing down the effects and focusing analysis on just the photoelectrode. 

On the other hand, the reference sense can simply be connected to the counter-

electrode resulting in a “2-electrode” measurement. This measurement includes the 

effects of the counter-electrode, and therefore is the JV relationship that would be 

important in an actual device where both O2 and H2 evolution reactions must be satisfied. 

The effects of the counter-electrode, especially in conjunction with a photocathode where 

the counter-electrode is responsible for the difficult O2 evolution reaction, can be seen in 
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Figure 28 where two different anodes are used to oxidize O
-
 in an electrolyzer setup with 

neither semiconductors nor light conversion. RuO2 is a highly energetic oxygen evolution 

reaction (OER) catalyst, and very well researched in the fuel cell and electrolysis field
138

. 

Despite the common notion that Pt is the most active catalyst for any reaction due to its 

resistance to most types of corrosion, it does in fact oxidize when used as an OER 

catalyst, reducing its activity. In tests done in our lab, however, the oxidation is easily 

reversed, “cleaning” the Pt by applying cycles of cathodic voltage; in short, evolving 

hydrogen on it. Nonetheless, during operation as an OER catalyst, Pt is insufficient for 

any sort of duration. 

The inception of RuO2 as an OER catalyst in this project is actually responsible 

for the first demonstration of a successful standalone hybrid photoelectrode of any sort 

using CuGaSe2 photocathodes. With Pt as a counter-electrode, the required voltage bias, 

evident in the 2-terminal measurement shown in Figure 29, was impractically high. At 

those voltages, electrolysis would be more efficient, indicating that the photogenerated 

charges are not being used effectively. The difference in hydrogen evolution voltage 

using RuO2, however, showed a very dramatic improvement. 
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Figure 28: Pt versus RuO2 anode for O2 evolution (with identical Pt cathode) in 0.5M H2SO4. Both 

hydrogen evolution potential and rate are drastically improved, reducing the requirements of a 

voltage bias (presumably from an integrated PV device) for PEC water-splitting. 

 

Figure 29: 2-terminal measurement of a CuGaSe2 photocathode using either a Pt or RuO2 OER 

catalyst as anodic counter-electrode. Hydrogen evolution onset using a Pt anode is impractically high, 

and the use of RuO2 allowed the first successful demonstration of unassisted water-splitting with 

CuGaSe2 utilizing a novel co-planar hybrid device structure. 
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Obtaining hydrogen evolution below the 1.6V water-splitting plus overpotentials 

voltage difference is one of the benchmarks of a PEC device, indicating that the 

photovoltage is actively being used to drive the reaction. In the previous section 

comparing PEC water-splitting to PV-electrolysis, it was noted that one of the biggest 

advantages of PEC water-splitting is the potential of accomplishing it at low voltages. 

Notice should also be taken in Figure 29 that the saturated photocurrent of this 

device reached 20mA/cm
2
, which is ~83% of the optical limit (24mA/cm

2
) of CuGaSe2 

(as noted in Section 1.2.3). This indicates that the optoelectronic properties of the bulk 

are very nearly optimized in this sample. Despite this record saturated photocurrent, 

however, champion devices did not result from these particular samples because others 

had better voltage characteristics. Being the chief obstacle in I-III-VI2 photocathodes, it 

was the samples with improved voltage characteristics, meaning lower hydrogen 

evolution onset, that were best matched to PV cells in the hybrid photocathodes. 

Promising results also came from LSV testing of (CuAg)(InGa)Se2 in relation to 

CuGaSe2. As shown in Figure 30, (CuAg)(InGa)Se2 (labeled CAIGSe in figure for short) 

photoelectrodes on both TCO and Mo/glass performed rather well compared to a similar 

batch of CuGaSe2
84

. One might notice here that the CuGaSe2 photocathode did not 

achieve the saturated photocurrent seen in Figure 29. This is because batches are typically 

only legitimately comparable if they were prepared within short time periods of each 

other so that systematic variables like chamber condition, furnace conditions, source 

metal, and heating/cooling trends are similar. Accounting for these changes has proven 
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difficult, and reliability of correlations diminishes the longer the duration between two 

depositions. 

 

Figure 30: 2-terminal LSV comparison of CuGaSe2 and (CuAg)(InGa)Se2 (abbreviated CAIGSe) 

prepared under similar conditions. Measurements are made in 0.5M H2SO4 under AM1.5 1-sun 

illumination using a RuO2 counter-electrode. Despite the improved fill factor of (CuAg)(InGa)Se2, 

CuGaSe2 maintained an improved hydrogen evolution onset. 

 

 Although the (CuAg)(InGa)Se2 presents a better fill factor, increasing in current 

faster once hydrogen evolution has begun, the CuGaSe2 still had a superior hydrogen 

evolution onset. The two samples have similar bandgaps, so should absorb the same 

portion of the solar spectrum; however the addition of silver, as mentioned in Section 2.3, 

was in the hopes of improving the hydrogen evolution onset. Of note, the CuGaSe2 

samples were not fabricated on Mo/glass substrates because they have been shown to 

perform subordinately and degrade very quickly on the order of hours or less. Stability 

and impressive performance of (CuAg)(InGa)Se2 on Mo/glass is an attractive result. 
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On an interesting qualitative note, PV samples fabricated in parallel with the PEC 

devices resulted in (CuAg)(InGa)Se2 cells that out-performed CuGaSe2 cells
84

. This 

should be due to the desired ability of the Ag-containing material to relieve the doping 

pinning rule discussed in Section 1.3.5, allowing the surface to accept n-type doping of 

Cd from the CdS buffer layer to improve the junction
63

. Verification of this hypothesis is 

underway. 

 

3.1.3 – Durability Measurements 

 CuGaSe2 and related films are known to be very durable from PV technology, and 

have proven themselves as much in PEC schemes, attributed to active cathodic protection 

in solution under illumination
79,80

. Thus far, CuGaSe2 films have been successfully tested 

for as long as 420 hours at 4mA/cm
2
, corresponding to the equivalent of 5%STH 

efficiency if suitable PVs could be incorporated, under constant applied biases between 

1.6 and 1.8V. Tests are best performed using a RuO2 thin film on Ti-foil as counter-

electrodes because of improved catalytic activity and, compared to RuO2 on glass 

substrates, improved durability during oxygen evolution using the Ti substrate. 

Another cell was also successfully tested at 8mA/cm
2
 for 140 hours; with the test 

being stopped only because of electrolyte fouling. At the time a common nonionic 

surfactant (Triton X-100) was being used to facilitate smaller bubble formation from the 

surface of the photoelectrode. Previous work in the PEC field indicates that large bubble 

formation can cause hot spots as well as other corrosion mechanisms
14

. Unfortunately the 

use of a surfactant for long term tests tends to yellow the electrolyte and, in this case of 
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CuGaSe2, can lead to corrosion. The electrode was, however, revived by re-encapsulation 

with epoxy, sealing pinholes formed near the edges where corrosion had occurred. The 

revived sample was subjected to continued testing, this time in pure 0.5M sulfuric acid  

with no surfactant, and performed stably at 4mA/cm
2
 for the remainder of durability 

testing until the epoxy encapsulant failed. 

Motivating results came from LSV curves taken before durability testing and at 

200 hours, shown in Figure 31. The durability test actually improved JV characteristics, 

uniformly producing 2-3mA/cm
2
 more across the voltage test range.  As seen on the 

right, the sample after 200 hours of testing shows little visible corrosion. As mentioned 

before, this material is expected to have high durability due to active cathodic protection 

during hydrogen production under illumination
79,80

. 

 

 

Figure 31: LSV curves of a CuGaSe2 sample before and after 200 hours operating at 4mA/cm
2
. 

Surprisingly, the sample produced ~2-3mA/cm
2
 more photocurrent uniformly across the testing 

voltage range. 
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 Testing beyond 420 hours was precluded by another epoxy failure, resulting in 

much corrosion. Improvement on this benchmark is currently still underway. Failures of 

cells have so far, however, not been due conclusively to CuGaSe2 failure. Epoxy failures 

allow electrolyte to contact the substrate TCO, which seems to corrode the film from 

beneath it. Electrolyte fouling due to surfactant decomposition under light, heat and 

voltage is known to degrade cell performance and result in corrosion. Finally, as has 

happened numerous times during durability tests, light source failure results in sustained 

exposure of photocathodes to relatively high voltages with no illumination. This has also 

led to corrosion. 

 A hybrid photoelectrode would likely not be subject to corrosion due to lamp 

failure, luckily. Because the voltage bias applied to the PEC is supplied by PV devices, 

removing the light source also removes the voltage resulting in built-in protection from 

voltage-driven corrosion in the dark. Especially important in an installation where the 

cells will inevitably be required to survive the night in highly acidic electrolyte! This is 

unlike our durability tests, where our voltage bias was supplied by a variable voltage 

source. 

 Remedies for the above failure modes in the testing apparatus can be rectified as 

follows. A more apt surfactant may exist that could survive the high illumination, heat 

and acidity of the testing procedure, and would be a welcome inclusion to the test as it 

does help in short term performance. An improved encapsulant has already been 

identified, and replacement of the old ResinLab EP 1290 Gray epoxy with the new 

Loctite Hysol 9462 epoxy for durability tests has resulted in superior results. To combat 



 125 

corrosion due to lamp failure, the use of PV voltage biasing (simulating hybrid device 

operation) or the inclusion of photoresistor would minimize voltage exposure in the dark. 

 

 

3.1.4 - Solar to Hydrogen (STH) Conversion Efficiency: Global Benchmark 

 The one measure of performance that can be used to compare 

photoelectrochemical cells of any sort from any lab is solar to hydrogen (STH) 

efficiency, which is the ratio of power density out to power density in
29,132

. This of course 

is reliant upon a global standard definition of STH efficiency, which is unfortunately not 

as widely used as everyone would like. For now, care must be taken when analyzing how 

STH claims have been measured and calculated, a problem the DOE PECWG is working 

hard to remedy through the encouraged participation in reviewing and circulating the 

standard methods that have been prepared so far
131

. 

 Documented in full in Z. Chen et al., the STH efficiency is defined as the energy 

produced, in the form of chemical energy bound in H2, divided by the incident solar 

energy
132

.  The resultant expression is shown in Eq. (1), with the variables are listed 

below. The value ηF, representing faradaic efficiency, is the ratio of H2 molecules 

produced measured as gas volume to electron-hole pairs measured as current; required if 

the STH efficiency is being calculated based on a current measurement. The equation can 

also be rearranged to use the H2 generation rate instead, eliminating ηF from the equation, 

however gas rates are far more difficult to measure in real-time than current. 
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This standard definition of STH efficiency also comes with it stipulations to 

ensure uniformity. The current measured must be a short-circuit current; meaning it is a 

2-electrode measurement with no included voltage bias where the terminals are “short-

circuited”; of course with the exception of the current-measurement device which applies 

no bias. Without the short-circuit condition, an external voltage bias would be a second 

input energy source in addition to sunlight, and therefore does is not a valid measurement 

of JSC for an STH efficiency calculation. 

 

STH = Solar to Hydrogen Conversion Efficiency (%) 

JSC = Short-Circuit Current Density (mA/cm
2
) 

Thermodynamic Water-Splitting Potential (ΔG) at 25ºC = 1.23V 

ηF = Faradaic Efficiency (%) 

Ptotal = Incident solar illumination (mW/cm
2
) 

AM 1.5G: Standard Solar Spectrum
27

 

 

Chemically, the working electrode and counter electrode must be immersed in 

solutions of the same pH. Compartmentalization of the two electrodes and the utilization 

of differing pH electrolytes introduces a chemical potential input, resulting again in 

added energy and an incorrect value of JSC. Lastly, there can be no sacrificial element in 

the water-splitting process, as this would indicate that another reaction besides water-

splitting is occurring, and therefore again, JSC will be inaccurate. 

 CuGaSe2 photocathodes have been measured in this lab to have near-100% 

faradaic efficiency; measured by collecting hydrogen and oxygen gases evolved and 

(1) 
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verifying a 2:1volume ratio in identical conditions, and correlating the calculated molar 

product to passed coulombs integrated from current output. Although faradaic efficiency 

for CuGaSe2 is negligible in efficiency calculations, new materials like (CuAg)(InGa)Se2 

would need to be evaluated in this respect if included in a standalone device, which has 

not been done yet in this project. 

 

3.2 – Spectral Illumination Techniques 

 While solar conversion devices typically function by absorbing wide bands of the 

white light spectrum, the way it deals with photons of varying energy can be a very 

useful diagnostic tool to determine where losses are occurring. By measuring the optical 

or electrical responses of semiconductors when illuminated by monochromatic light in 

the spectrum of interest, we can deduce what happens in the semiconductor when 

different parts of the solar spectrum are absorbed, reflected or transmitted through a 

device. These properties become very important in multi-junction devices, where 

transmitted light is going to drive devices optically filtered by upper-level devices. 

 

3.2.1 – UltraViolet-Visible Spectrophotometry (UV-Vis) 

As discussed in Section 1.2.3, a semiconductor will only absorb photons that are 

above its bandgap. This means that photons below the bandgap will be transmitted 

through the film. In the case of CuGaSe2 with a bandgap of 1.65eV, photons below 

650nm (higher than 1.65eV) will be absorbed and photons above 650nm (below 1.65eV) 
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will be transmitted and available for collection by other junctions in a monolithic stack. 

For this project, a Perkin-Elmer Lambda 2 UV-Vis Photospectrometer is used. 

To obtain a transmission or reflectance spectrum, UV or white light is shown 

through a diffraction grating which splits the spectrum into narrow bandwidth 

monochromatic light. The entire spectrum from UV through visible and down to infrared 

(IR) light is scanned. Although the IR region is scanned up to 1100nm, it is still most 

commonly referred to as “UV-Vis”. The monochromatic light goes through a beam 

splitter, sending half the signal to a reference detector and the 2
nd

 half to the sample 

mounted in front (for transmission) or behind (for reflectance) an integrating sphere 

equipped with a 2
nd

 detector. The ratio between the reference detector and sample 

detector determines the amount of light that was either transmitted or reflected. From the 

compiled transmission and reflection spectra, spectral absorption and a Tauc plot can be 

used to determine the material bandgap
139,140

. 

This method is one of the simplest methods available to determine the bandgap of 

a material. It is a dry, non-destructive method and requires no wiring or other sample 

preparation. It is often the first test that is done with a sample straight out of the vacuum 

chamber and can immediately, for one thing, determine if an alloyed semiconductor is 

crystalline or not. An amorphous metal-alloy will be opaque and show little to no spectral 

dependence on reflection, and will likely transmit very little. 

Cu(InGa)Se2 UV-Vis spectra from run to run are very consistent, despite varying 

performances. This makes CuGaSe2 a very good reference for modified alloy 

compositions, such as with the incorporation of Ag, and what resulted from UV-Vis was 
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a (Cu0.7Ag0.3)(In0.1Ga0.9)Se2 bandgap slightly lower (higher wavelength) than that of 

CuGaSe2 in Figure 32; however an exact value could not be obtained because of multiple 

linear fits for the Tauc plot
84

.  The meaning of this phenomenon is under investigation. 

It should be noted that the (CuAg)(InGa)Se2 film has less reflection above its 

bandgap, increasing absorption.  It also, however, has lower transmission below bandgap, 

meaning an underlying cell in a tandem configuration would suffer from under-

illumination. 

 

 

Figure 32: UV-Visible Spectrophotometry results of CuGaSe2 (CGS) and (CuAg)(InGa)Se2 (CAIGS) 

films showing a slightly lower bandgap (higher absorption wavelength) with the addition of 

Ag/(Ag+Cu)~0.2 and In/(In+Ga)~0.2. Also of note, the transmission through the (CuAg)(InGa)Se2 

film is lower than that of CuGaSe2 below bandgap, suggesting crystal defects in the Ag-containing 

film. 
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Both films show extremely low transmission above bandgap, which in a film on 

the order of just 1µm thick is indicative of the very high absorption coefficients typical of 

this material class. 

 

3.2.2 – Quantum Efficiency (QE) and (IPCE) 

Quantum efficiency (QE) and incident photon-to-current efficiency (IPCE), 

although sometimes also referred to other terms such as “incident photon-to-electron 

conversion efficiency” or simply “incident photon conversion efficiency”, for the 

purposes of this project are the same thing
13,132

. More apparent in the term incident 

photon-to-current efficiency, an IPCE measurement plots the electrical response to a 

photon of a given wavelength. While UV-Vis shows the spectral optical properties  like 

reflection, absorption or transmission, an IPCE measurement shows the spectral electrical 

properties: useable current at different wavelengths. 

For reasons yet unknown, in PV technology the term QE is most often used, and 

in photoelectrochemistry IPCE is used. Confusion is often created when the 

measurements are differentiated by the term “internal”, which considers only absorbed 

photons and excludes lost reflected photons, or “external”, which considers all photons 

incident on a sample, mistaking the “I” in IPCE for internal. While there are differing 

schools of thought, generally QE by convention, as will be used in this project, and IPCE, 

denoted by the term “incident”, are both external efficiencies unless stated to be internal. 

Internal quantum efficiency (IQE) and absorbed photon-to-current efficiency 

(APCE) refer to the electronic response to incident light minus reflected and transmitted 
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photons. These measurements are very important when internal solar conversion process 

parameters such as photon path length and charge transport lifetimes. Especially in thin 

film technology, the IQE can be used to very finitely determine optimal thickness based 

on the balance between conversion processes. 

For the engineering of stacked multi-junction devices, QE measurements are 

extremely useful because they can be used to simulate actual device operation before any 

stacking, even mechanical, must be done. For each layer, if a JV (for AM1.5G 1-sun 

illumination), a QE curve, and UV-Vis curves are known, a very good estimation of full 

device operation can be made
32,33

. When such comparisons are made, however, it is of 

utmost importance that voltage characteristics be taken into account. In order to calculate 

maximum photon-to-current efficiency, the sample must be biased appropriately to 

operate in the saturated photocurrent region as shown by the JV curve. In high-quality PV 

devices current often saturates at 0V, however in PEC devices a voltage bias is absolutely 

necessary except in a very small number of special cases. 

Because the QE plots the quantity of electron/hole pairs proportional to current 

versus incident light at a certain voltage bias, multiplying the QE curve and the “incident 

light” spectrum piece-wise, the result will result in the current that can be extracted from 

the incident spectrum at each wavelength. Following that calculation, integrating the 

extracted current over the whole spectrum, much like the AM1.5G solar spectrum was 

integrated to obtain the optical limit of a material of a given bandgap, the maximum 

current of the device given a certain light source can be determined at any operating 

voltage. 
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If this “incident light” is the AM1.5G solar spectrum and the voltage bias is in the 

saturated range, then the maximum photocurrent obtained should be equal to the short-

circuit photocurrent (Jsc) of the device, shown in the JV curve. Consequently, a QE curve 

taken at another voltage and integrated in the process above should result in the current 

corresponding to that voltage in the JV curve. 

Moving down the stacked structure, a second, buried device will only see part of 

the incident spectrum: the light transmitted through the first cell. The procedure can be 

continued in a number of ways. In one method, the light incident on the second cell is 

calculated by multiplying the incident light, like say a standard spectrum, by the 

transmission curve obtained from a UV-Vis measurement of the first device. This will 

result in the incident light on the second device. It should be notated that the raw 

transmission curve will contain the optical effects such as absorption of the substrate of 

the first cell. For a mechanical cell this will suffice, but for a fully integrated monolithic 

stack this typically glass substrate filter will not exist. As a closer approximation, an 

identical substrate, for example TEC 15 SnO2:F on glass, can be measured alone to 

generate its own UV-Vis measurement, and the absorption found there can be added to 

the transmission of the first cell. 

Using this secondary incident spectrum, the calculation as described above can be 

used to determine the photocurrent. This value, however, will not match the JV curve for 

the second device if it was taken under a standard spectrum. However, the JV curve has a 

current-voltage interdependence, and with a Jsc calculated from the QE and the secondary 

incidence of light, the diode parameters obtained from the original JV curve can be used 
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to plot the JV curve representing the operation of the second device when shaded by the 

first device. Now with both JV curves based on primary and secondary incident light 

sources, voltages at equal values of current can be added to obtain the simulated JV curve 

of a tandem device utilizing these two cells. The process can be iterated for any number 

of layers. 

As mentioned, there are a variety of ways this optoelectronic model can be 

assembled. A more experimental route would be to take the QE and/or JV curves of the 

second device again, but with the addition of the 1
st
 device as an optical filter so that the 

secondary incident light is exactly what it would be for a mechanical stack. Note that this 

method includes the optical properties of the substrate of the first cell. For an integrated 

monolithic stack, the same method can be used to “subtract” the substrate from the 

model. 

Utilizing the spectral responses of UV-Vis and QE measurements, much 

simulation can be done before devices are made to determine the feasibility of pairing 

various devices. Even without those particular measurements, estimations based on 

bandgaps can be used to determine the upper limits of photocurrent in much the same 

way optical limits were determined in Figure 11 of Section 1.2.3. Combining that 

maximum photocurrent with even a rough estimate of voltage characteristics can then 

offer an idea as to what the efficiency limitations are as well as how sensitive the entire 

device will be to certain parameters. From a basic estimation such as this, any real data or 

parameters like pn-junction diode equation variables can more accurately model 

performance. 
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CHAPTER 4 – CO-PLANAR HYBRID PHOTOCATHODE 

 The vast majority of materials studied for PEC water-splitting are high-bandgap 

n-type metal-oxides, used as photoanodes
141

. This is of no coincidence as the so-called 

“origin” of photoelectrochemical water-splitting devices, reported by Fujishima and 

Honda in 1972, was fabricated using TiO2
7
. The application of a photovoltage directly to 

the oxygen-evolution half-reaction, having the higher overpotential, typically results in 

water-splitting at much lower voltages. Metal-oxides, however, are typically of very high 

bandgaps and thus, have limited photocurrents. 

 The I-III-VI2 material class, on the other hand, comes from the opposite side of 

the spectrum, with materials having generally low bandgaps. While metal-oxide PEC 

research is often attempting to lower the bandgap, I-III-VI2 research is striving to raise 

the bandgap. In this way, the approach was similar to the majority of the PEC 

community, which was to get the material bandgap as close to the ideal ~2.0eV for 

incorporation into a monolithic hybrid stack. 

This approach at the time was progressing with the incorporation of silver and/or 

sulfur, however without a feasible hybrid photocathode having been fabricated due to its 

unfavorable properties in a monolithic scheme, the “global” STH efficiency record of the 

I-III-VI2 material class was, to be exact, 0%. In the DOE PECWG, standards of 

performance in photocurrent, durability and STH efficiency for all materials are 

continually monitored in an effort to “up-select” or “down-select” materials for PEC 

research focus. 
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From the previous discussion of comparison of materials, the only global 

performance benchmarking value is STH efficiency; for which the I-III-VI2 material class 

had none. The goals of the PEC hydrogen project were to have 5% STH efficiency in 

2010, 10% STH in 2013, and 12% STH in 2018
130

. It was therefore decided to take a 

more novel approach to device design, as a first step resulting in  a co-planar hybrid 

photocathode. This device is, however, is only meant to be a stepping stone towards a 

more practical device structures. 

 

4.1 – Simulation 

In the Se-containing alloys, of which CuGaSe2 possesses the highest bandgap, the 

excess of photocurrent should be utilized as an advantage. This can be done by separating 

the active area of a hybrid device between PEC and PV devices, thereby dividing the 

current of each by the portion of the real estate of the complete cell that it occupies. This 

division of area results in a co-planar device configuration. By sacrificing some of the 

photocurrent by way of area division, PV cells can be added in a co-planar configuration 

in order to produce the photovoltage necessary to drive the PEC water-splitting reaction 

on the CuGaSe2 photocathode. This device scheme in shown in Figure 33, with the 

further incorporation of the counter-electrode deposited or attached at the rear of the 

device. It should be noted that the PV devices must be encapsulated to protect them from 

the acidic and energetic electrolyte. 

For a basis of consideration, the photocurrent record for CuGaSe2 in this lab is 

~20mA/cm
2
. To reach the current DOE goal of 5% STH, the JSC goal is ~4mA/cm

2
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meaning the current champion photocurrent-producing device could be divided down to 

¼ the area of a coplanar device to achieve this goal assuming sufficient PV photocurrent. 

 

 

Figure 33 : Co-planar hybrid photocathode utilizing 3-PV cells to develop the necessary photovoltage 

to split water at the PEC electrode. In this scheme the counter-electrode is deposited or attached to 

the rear of the device and short circuited to the hybrid photocathode to realize a fully-integrated 

device. What this means is, being on one substrate, the entire device could be placed in a suitable 

electrolyte and, under illumination, will split water. 

 

Current-matching is required to optimize the performance of this device because 

the cells are wired in series, limiting the hybrid device current to that of the weakest 

device. Circuit models for PEC semiconductor-electrolyte junctions have been 

developed
142,143

, however they do not yet exist for CuGaSe2 due to material variation and 

polycrystalline inconsistencies. Thus, current-matching is unfortunately most reliably 

done by hand with real device JV curves. The PV JV curve could of course be 

parameterized, but since the PEC data is being handled manually it is only a few more 

keystrokes to do the same for PV. The resultant current-matching area optimization load 

line analysis is shown in Figure 34, varying the available real estate between PV and PEC 

devices to find the optimal combination. 

What are shown are area-attenuated JV curves, meaning photocurrent is reduced 

by the ratio indicated while voltage is maintained. Complimentary PV and PEC load lines 
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that intersect indicate the operating point of a device with the indicated area ratio of PV 

and PEC notated in the legend. “Complimentary” load lines are a PV and PEC device 

whose area ratio adds up to 1; for example PV0.7 matches with PEC0.3. The PV device 

used in this simulation and later fabrication is a triple-a-Si co-planar device, shown in 

Figure 25B in Section 2.2.3. 

 

Figure 34: Current-matching area optimization done by load line analysis. Intersection of 

complimentary load lines (PV and PEC load lines whose area ratios indicated in the legend add up to 

1, paired here by matching colors) indicate the operating point of a device with those area 

distributions. For example, PV 0.7 is matched with PEC 0.3. Optimal performance is therefore 

~3.6mA/cm
2
, between 1.55 and 1.70V, indicating the ratio of PV/complete device = 0.5-0.7 (and 

correspondingly, PEC/complete device = 0.5-0.3). 
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A large benefit of a-Si PV devices is their high voltages despite relatively low 

currents; high enough that there is no doubt they will be able to drive the PEC 

photoelectrode. The more sensitive parameter is how much current it can produce at the 

operating voltage. This particular device, LCT8566, had a VOC ~ 2.5V, the result of 

collaboration with MVSystems to fabricate cells that matched well with this device 

scheme. The PEC device, CGSe101206_32C, was chosen out of many champion devices 

for its unique match to this PV device. 

 

4.2 – Fabrication 

 With co-planar hybrid device simulation showing great potential to produce a 

standalone hybrid photocathode, fabrication of said device was well-founded. Although 

this particular device might not surpass 5% STH, the proof of concept is very valuable. 

The PV devices used in this experiment are by no means the best available, offering room 

for improvement simply by obtaining better PV cells. They were appropriate for this test 

because the collaboration available with MVSystems offers the future production of 

varied cells optimized for a variety of applications and device structures. As a-Si PV 

devices advance, it will always represent a cost-effective solution to voltage biasing. 

With the ideal area ratios calculated, opaque gray epoxy was used to mask the 

indicated area of the CuGaSe2 cell. This is by no means a very accurate method of 

defining a given area, which is why an area range is designated from simulation results. 

The area of the PV cells cannot be modified because of scribing or masking 

complications due mostly to the superstrate configuration. For this reason, CuGaSe2 
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devices are always fabricated larger than the final device is expected to be so that after 

the load line analysis, the area can be trimmed down to the optimal area. 

 This being said, aiming for the middle of the optimal area range, the resultant area 

was on the lower side of the optimal PEC area. The CuGaSe2 PEC area was 0.287cm
2
 

while the a-Si triple-PV device was 0.75cm
2
 resulting in a total area of 1.037cm

2
. This 

gave a ratio of PV 0.723 and PEC 0.277. With areas now defined, another LSV curve was 

taken to get real data and do a final load line analysis before hybrid testing. 

In a quick 1-hour durability test to ensure film quality, it was discovered that for 

this particular sample, it took a matter of minutes for the photocurrent to saturate at 

steady illumination and voltage. This is unsurprising considering the durability results 

reported earlier, where water-splitting actually seems to improve CuGaSe2 performance. 

For this reason, the LSV curve was constructed from the results of a “multiple 

chronoamperometry” test, where the current was measured for a defined number of 

voltages for defined durations. The results of this test, where the voltage steps were 5 

minutes long in the range of expected operating potential, are shown in Figure 35. 

Especially at the beginning of the test (V= -1.5V), it does take nearly the full 5 minutes 

for photocurrent to saturate. As expected, further into the test as the device is “broken in”, 

saturation at each voltage is quicker. 
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Figure 35: Multiple chronoamperometry test measuring current at 4 different voltage steps for 5 

minutes each. Allows the saturation of photocurrent which is often required of CuGaSe2. Endpoints 

of each step were used to construct a more accurate LSV curve. 

 

The endpoints of each voltage step in Figure 35 were used to construct a new, 

more accurate LSV curve. This curve (now with real device area) was put into a load line 

analysis again with the complementary a-Si triple-PV device, and the results are shown in 

Figure 36. The new operating point, showing 3.64mA/cm
2
, is higher than the simulation 

results shown in Figure 34 because the cells were allowed to “break in” over the 

durations set in the multiple chronoamperometry tests shown in Figure 35. Despite the 

over-masking of the PEC device resulting in a slightly smaller active area than originally 

anticipated, these results indicate that this area is rather well matched. 

 

 

-1.5V -1.6V -1.7V -1.8V
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Figure 36: Load line analysis of area-optimized CuGaSe2 with a-Si triple-PV device using the more 

accurate LSV curve constructed from multiple chronoamperometry measurement shown in Figure 

35. Indicated operating point is higher than that determined in original area-optimization due to 

“break in” period allowed for CuGaSe2, showing an increased current after a 5 minute duration at 

steady voltage and illumination. 

 

 

4.3 – Device Benchmark: STH Efficiency Measurement 

 With fabrication complete, mild durability verified and operating points well-

simulated, it was time to go outside! Throughout the course of multi-junction work, it 

became apparent that device testing was far more complicated than it is for single 

junctions. After much preliminary testing and analysis, it was concluded that the only 

way to accurately measure a multi-junction device is to use the sun as illumination. 

Outdoors is, after all, where we ultimately intend to use this device. 
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4.3.1 – Indoor Solar Simulation vs. Outdoor Testing 

Typical indoor testing is done using a solar simulator. In this project, a Thermo-

Oriel 1kW Solar Simulator utilizing a xenon-arc lamp capable of projecting an 8”x8” 

area of uniform collimated light. Filter sets are used to tune the output to as close to AM0 

or AM1.5 as possible, however it is virtually impossible to perfectly match the solar 

spectrum. Interestingly enough, it is technically impossible to ever match the ASTM 

1.5G solar spectrum even outside because it is a standard of average insolation across the 

continental United States
27

. Work on another project at HNEI compared solar spectrums 

in Hawai`i to various standards proving as much; the solar spectrum in our tropical island 

state is much different than that of the mid-western United States
144

. 

For single junction solar cells, in order to mitigate the difference in spectrum 

emitted by filtered Xe-arc light, a calibrated photodiode is used to essentially “count 

photons” above a certain bandgap. With a very precise QE characterization of the 

photodiode, the integration described in Section 3.2.2 is carried out using the AM1.5G 

standard spectrum. The current indicated by this integration is a measure of the number 

of photons that would be absorbed by that particular photodiode under standard AM1.5G 

illumination. This also means that if that current is matched by illuminating the 

photodiode with imperfect simulated light, then the number of photons above the 

calibrated bandgap is equal to that of the standard AM1.5G spectrum. Although the 

spectrum will be different, the number of absorbed photons, and therefore the 

photocurrent, should be identical to the AM1.5G spectrum no matter what type of solar 

simulator is utilized, within reason. 
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The problem with this is that when multiple junctions are used in a hybrid device 

of differing bandgaps, there is no way to calibrate the light to satisfy both light 

calibrations. I suppose by some coincidence it might happen from time to time, but at 

least with the Oriel solar simulator used in this project, calibrating to one photodiode was 

on the order of a 200W difference in lamp power compared to the 2
nd

 diode calibration, 

resulting in over- or under-illuminating at least one of the cells if just two bandgaps are 

being used. 

One solution to this problem is to use distance as an attenuating factor, which is 

possible with the device scheme proposed as the PV and PEC cells do not have to be 

mechanically connected to be viable. This scheme may work with a horizontally-aligned 

solar simulator, however the Oriel used in this project is rigidly mounted vertically with 

attenuation controlled by lamp power. In a vertical arrangement, differing light path 

lengths could also be accomplished using a 45° mirror, however in this setup, the large 

focusing cells of the collimator result in a pixelated light distribution when reflected 

making calibration unreliable. 

A more novel approach to rectify the situation is to either use light of a finite 

spectrum, or filter white light into bands of finite spectrums. For example, with a tandem 

monolithic cell, illuminate the entire sample with a blue light and a red light, assuming 

that red is between the bandgaps of the two junctions, with independent intensity control. 

Then the blue light should be fully absorbed by the top cell and can be calibrated to the 

top cell photocurrent, and the red light will pass through the top cell and be absorbed by 

the bottom cell and can be calibrated to the bottom cell photocurrent. This is of course a 
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large divergence from real-sun operation, so much care must be taken that results match 

models predicted using other spectral diagnostic tools. 

So again the simple solution is, of course, to go outside! While the spectrum, 

especially in Hawai`i, is not the standard AM1.5G spectrum, it is still technically more 

realistic than the other options stated above. Experience has also shown that measuring 

the spectrum with two different photodiodes at the time when AM1.5G insolation occurs, 

dependant on solar azimuth and elevation angles, shows agreement to within ~5% of each 

other. Solar calculations were done using a publicly available calculator provided by the 

National Oceanic and Atmospheric Administration (NOAA)
145

. 

 

4.3.2 – Outdoor Testing and STH Efficiency Measurement 

 Outdoor testing was carried out on 9/13/2011 at 4:45pm on a mostly sunny day 

with very few high clouds. As the sun was dropping and a few high clouds occasionally 

passed by, an average insolation of 0.833 suns (+/- ~5% due to photodiode disagreement) 

was recorded for the 30min. duration of the test. The results are shown in Table 4 and 

include simulation, 0.833 sun raw measurement and the calculated 1-sun performance, by 

dividing the JSC by 0.833 suns (from measurement). Note that the efficiencies of the 0.833 

and 1-sun performances are identical because calculated power changes by the same 

factor as JSC. Despite these tests being taken at 0.833 suns, the spectrum will be very 

similar to the AM1.5G spectrum, validating an STH efficiency of 4.35%. This represents 

a laboratory record, and to the best of the author’s knowledge, a world record for 

CuGaSe2 PEC water-splitting in general. 
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Table 4: Results of outdoor test for co-planar hybrid photocathode LCT8566x3-CGSe101206_32C 

 

 

The testing setup is shown in Figure 37, showing all components, and Figure 38, 

zooming in on the PEC electrode showing actual hydrogen evolution in short circuit 

condition with an a-Si triple-PV. 

This device certainly does not represent the limit of the co-planar device structure. 

Better PV cells would definitely improve performance and simulations have shown that it 

can surpass 5% STH efficiency with more expensive Cu(InGa)Se2 PV cells produced in-

house. CuGaSe2 photocathode limitations due to area division do limit efficiencies to 

around 6% STH efficiency in simulation, however. Furthermore, it is a rather impractical 

device structure, as a triple-PV device by itself would be very useful in a number of 

different applications. Its complexity also indicates high fabrication costs. 
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Figure 37: Outdoor testing setup in operation on top of HIG at the University of Hawai`i at Mānoa 

campus. At left is the PEC vessel, at center is the a-Si triple-PV cell, and at right is the ammeter. 

Solution was 3M H2SO4. 

 

 

Figure 38: Close-up view of CuGaSe2 photocathode splitting water in short-circuit with an a-Si 

triple-PV cell (shown in Figure 34). Black backdrop added only for photography reasons. 
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As such, this was meant to be a proof-of-concept between simulation procedures, 

fabrication and testing, as well as provide a material STH efficiency benchmark for the I-

III-VI2 material class. Both goals have been achieved with these experiments. It also 

provides a design pathway towards 10% STH efficiency and beyond, which is the subject 

of the next chapter. 

 

CHAPTER 5 – NOVEL DEVICE DESIGN: >10% STH 

With a benchmarked STH efficiency accomplished and a novel device design 

validated, a new pathway towards 10% STH efficiency is paved. Contrary to the typical 

PEC water-splitting philosophy of getting as close to 2.0eV as possible, this new design 

method utilizes the advantages of an existing material, in the case of CuGaSe2 this is very 

high photocurrent, to help offset the costs of its disadvantage of low photovoltage. As 

materials improve, and they will, this design path can be used to further the performance 

of I-III-VI2 hybrid photocathodes for water-splitting. 

 The co-planar hybrid photocathode in the last chapter used excess current to lend 

space for PV cells in order to develop enough photovoltage to drive the water-splitting 

reaction. The reason for this design approach is because currently the amount of light 

being transmitted through CuGaSe2 photocathodes is insufficient for a bottom cell or 

cells to provide the same photovoltage while maintaining sufficient photocurrent. 

 As material science in the I-III-VI2 semiconductor alloy group advances in both 

PV and PEC technologies, the limitation of insufficient transmission will be slowly 

alleviated. PV researchers are also striving to improve wide-bandgap cell efficiencies in 
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many of the same ways as PEC researchers. It is likely to happen in small steps, and by 

using the co-planar device as the first stepping stone, the first of these small steps has 

been taken towards the ultimate goal of a fully integrated monolithic stack device. 

 These “stepping stones” in this design philosophy involve burying one PV cell 

beneath the PEC top cell at a time. The initial benefit of this method is the freed up real 

estate by the relocation of one cell in the stack. This means devices have more real estate 

to occupy, and therefore lower area division and higher photocurrents. Looking at Figure 

39 as a reference, If Ag incorporation is successful (which it has been in PV applications) 

in PEC photocathodes, the bandgap can be raised as high as to 1.8eV. With this higher 

bandgap, it is likely possible that one of the PV cells can be buried beneath the PEC cell, 

shown in the middle diagram.  Now with only 3 devices occupying lateral real estate, 

photocurrent density can be increased as long as the semi-stack is optimized
40

. 

 

 

Figure 39: Proposed design pathway from validated co-planar hybrid device towards the goal of a 

fully integrated monolithic stack device. Each small step in increasing bandgap (or other parameters) 

can take one small step in this path, burying one cell at a time. 
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As the useable bandgap is increased while maintaining efficient optoelectronic 

properties, the PEC photovoltage will also be improved. Perhaps the next step after the 

burial of one cell, as shown in the middle of Figure 39, would be to eliminate one of the 

outstanding co-planar PV devices. This would result in a PV + semi-hybrid PEC device 

containing only 3 junctions (instead of the current 4). With only 3 cells, feasibility is 

vastly improved. 

Sulfur incorporation can increase the bandgap of I-III-VI2 materials up to 2.43eV, 

which is likely too high for PEC applications, but an intermediate level can be obtained 

using alloy ratios of sulfur with selenium. With sulfur incorporation also for PV 

technology accelerating, it is likely that robust fabrication procedures will become more 

easily accessible and the bandgap can be pushed from ~1.8eV from the inclusion of Ag to 

the target range of ~2.0eV; and from our last intermediate stepping stone, all that needs to 

be done is the incorporation of the last PV cell beneath the semi-hybrid stack. Looking 

back again at the optical limits in Figure 11 in Section 1.2.3, a 2.0eV is capable of 

15mA/cm
2
. If buried PV cells can also maintain this photocurrent, the result is an STH 

efficiency of ~18.5%, an energy conversion efficiency rivaling record CIGSe2 PV cells. 

This design pathway towards 10% STH efficiency is heavily based on the 

material losses present in current materials. It is of course, as mentioned earlier, only a 

stepping stone towards the larger long-term goal of 25% STH efficiencies mentioned in 

Section 1.1. The purpose of this particular design pathway is for full monolithic 

integration of individual devices, which vastly simplifies the fabrication, optimally 

utilizes the solar spectrum, and minimizes electrical resistance losses. Expected material 
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advancements during the course of efforts aimed at raising the bandgap offer good 

confidence that by the time monolithic integration is accomplished, the efficiencies 

obtained are much closer to the ultimate 25% STH PEC water-splitting goal. 

 

CHAPTER 6 – Conclusions  

 Photoelectrochemical water-splitting could very well be the “holy grail” of energy 

sustainability. Offering a massive range of production methods and corresponding 

developments in transportation, storage and use, it is easy to imagine a future where 

hydrogen is the main energy carrier replacing gasoline and power lines. 

 It is also, however, still commercially impractical with the existing materials 

available. In my experiences so far in this field, I often find that there are many “factions” 

in this research community that study a piece of the larger puzzle. This inevitably has led 

to the divergences in reporting methods continually observed as well as the difficulties 

that will be involved attempting to unite these factions; an effort begun with impressive 

success by the PEC Working Group. 

 My goal in this project, especially from an electrical engineering standpoint, is to 

bring all these puzzle pieces together. To take the optics, electronics, chemistry, material 

science, metrology and sometimes even the politics and economics, and condense them 

all into a device that uses sunlight to create hydrogen gas using relatively cheap, 

abundant, non-toxic materials. The information presented in this dissertation is laid out to 

show the entire process of taking a semiconductor material and turning it into a 
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photoelectrochemical water-splitting device, because that is something in my years of 

research in this field that I have rarely found in its entirety. 

 This path from material to device realization is especially important in the I-III-

VI2 material class, in which there were previously no benchmarked standalone devices. 

Despite not having met the current DOE PECWG goal of 5% STH efficiency, at 4.35% 

STH efficiency, CuGaSe2 hybrid photocathodes offer devices capable of water-splitting 

that cost a mere fraction of the current record holding III-V material class with many 

times the durability, currently at 420 hours of continuous operation. Even more so, it 

offers a design pathway towards monolithic integration in the 10% STH efficiency range, 

and later up to the 25% STH commercial viability range as materials are improved. 

 As material science does catch up to the simulations presented here, I hope this 

dissertation can serve as a manual on how to efficiently utilize them in photo-

electrochemical water-splitting. Furthermore, I have no doubt in my mind that the 

material inequities will one day be overcome, both in I-III-VI2 materials as well as in 

others, and we will one day lead a cleaner life using solar hydrogen to power our lives. 
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