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ABSTRACT

Global climate change coupled with increasing global energy consumption drives
the need for renewable and carbon-neutral alternatives to fossil fuels. Photoelec-
trochemical devices store solar energy in chemical bonds, and have the potential
to provide cost-effective fuel for grid-scale energy storage as well as to serve as a
feedstock for the production of carbon-neutral transportation fuels. A widely recog-
nized goal is the demonstration of a monolithically-integrated solar-fuels system that
is simultaneously efficient, stable, intrinsically safe, and scalably manufacturable.
This thesis presents the development of three separate high-efficiency solar fuel
devices protected by thin films of amorphous TiO2, and develops light management
strategies to increase the performance of these devices.

First, high-efficiency monolithic cells were designed to perform solar water-
splitting and CO2 reduction. These designs are driven by high-quality single-
crystalline III-V semiconductors that are unstable when placed in direct contact
with aqueous electrolytes but can be protected against corrosion by hole-conducting
amorphous films. Experimental fabrication and characterization of this tandem
device was realized in the form of a fully-integrated water-splitting prototype with
a solar-to-hydrogen efficiency of 10% showing stability for over 80 hours of opera-
tion. This was followed by the demonstration of water-splitting and CO2 reduction
devices enabled by bipolar membranes, which increased stability and alleviated
materials-compatibility constraints by creating a pH difference between the anolyte
and catholyte, maintained at steady-state. Finally, universal light management
strategies were developed using high-aspect-ratio TiO2 nanocones, resulting in an
increase in catalyst loading with ultrahigh broadband transmission.
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C h a p t e r 1

INTRODUCTION TO SOLAR FUEL DEVICES

Sunlight is an abundant renewable energy resource. However, there is a large mis-
match between the availability of sunlight and peak demand for the electrical power
grid. This requires efficient energy storage to enable large-scale power generation
using photovoltaic solar panels. Photoelectrochemical (PEC) cells convert energy
from the sun into chemical fuel, which can be stored and used on demand.

A fully-integrated photoelectrochemical water-splitting device that efficiently
produces hydrogen directly from sunlight would provide a scalable, sustainable
source of energy that can be used for grid storage as well as the transportation sector.
In such a system all components must safely operate under mutually compatible
conditions. Furthermore, a half-cell that performs water oxidation could also be
used for the photoelectrochemical reduction of CO2, opening up a variety of fuel
products that can be used for energy storage.

The following chapter is an introduction to the basics of solar water splitting,
and provides motivation for the creation of integrated, high-efficiency, III-V solar
fuel devices that are intrinsically safe, operate in extreme pH, and use highly-active
earth-abundant electrocatalysts.

1.1 Solar Fuels

The direct production of fuels from sunlight could provide scalable grid storage
that would offset the intermittent nature of renewable energy sources like wind and
photovoltaics. PEC systems require the following: light-absorbing materials, fuel-
forming electrocatalysts, an electrolyte, and an ability to perform product separation.
Thesematerialsmust operate together undermutually compatible conditions, and the
highest performing components cannot necessarily be combined to create a viable
and efficient device [1]. In addition, there are many viable device architectures for
the production of fuel from sunlight [2].

Hydrogen produced via solar water splitting has been viewed as a viable means
of renewable energy production that can be used to power sources in homes, as a
feedstock for industrial processes, and as fuel for transport to realize a sustainable
hydrogen economy [3].
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The multielectron reduction of CO2 to a liquid fuel, while more challenging
than water splitting, also promises to produce energy-dense fuels from sunlight
that would be particularly useful for the transportation sector [4]. Liquid fuel
requirements for ships, aircraft, and heavy-duty trucks create 40% of the current
global transportation fuel demand [4], and a renewable alternative could have a
significant impact on fossil fuels emissions.

Solar fuel devices for solar water splitting and CO2 reduction must be efficient,
stable, cost-effective, and intrinsically safe for scalable deployment in order to
demonstrate commercial viability.

1.2 Solar-Driven Water Splitting

The production of H2(g) from water and sunlight requires the electrolysis of water,
and Equation 1.1 shows the water-splitting reaction

H2O → H2 +
1
2

O2 (1.1)

which can be separated into two half reactions. In acidic conditions this is

4H+ + 4e− → 2H2 (1.2)

2H2O → O2 + 4H+ + 4e− (1.3)

and in alkaline conditions, these half reactions become

4H2O + 4e− → 2H2 + 4OH− (1.4)

4OH− → O2 + 2H2O + 4e− (1.5)

Equations 1.2 and 1.4 are referred to as the hydrogen evolution reaction (HER),
and correspondingly Equations 1.3 and 1.5 are the oxygen evolution reaction
(OER).

To create a semiconductor device that performs unassisted solar water splitting,
the band edges of the semiconductorsmust straddle the electrochemical potentials E◦

(H+/H2) and E◦ (O2/H2O) in order to deliver holes and electrons to catalytic surfaces
that simultaneously drive the HER and OER. As shown in Figure 1.1 , this can be
accomplished using two p-n PV junctions in series that form a photovoltaic-biased
electrosynthetic cell.

An idealized three-electrode measurement of the current-potential characteris-
tics of water electrolysis is shown in Figure 1.2 (green curve). Anodic current (+)
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Figure 1.1: Energy diagram for a tandem photovoltaic-biased electrosynthetic cell.
Electron energy (in eV) increases in the ordinate vertically. Photons absorbed in
the semiconductor excite electron-hole pairs, with holes moving from the cathodic
surface (left) to the anodic surface (right) of the device.

drives the OER, and, in the presence of dissolved O2(g), reductive current (-) drives
the oxygen reduction reaction (ORR). When combined with a solid state device to
form a photovoltaic-biased electrosynthetic cell, also shown in Figure 1.2 (purple
curve), the energy barrier created by the ideal diode behavior prevents hole conduc-
tion to the surface, and OER does not occur in the dark. Upon illumination, the
diode behavior shifts upward due to photoexcited carriers (cyan curve in Figure 1.2
), and anodic current drives the OER. It is important to note that the onset potential
for the OER at the surface of the device does not change, it is the voltage drop across
the semiconductor device that creates the shift in measured potential.

To extract the solid-state photovoltaic I-V behavior (dashed curve), load-line
analysis can be performed using a simplified equivalent circuit . The electrochemical
load for the device (green) can be subtracted from the, gives the dashed curve in
Figure 1.2 which can give the photovoltaic parameters of the buried junctions
including open-circuit voltage (Voc), short-circuit current density (Jsc), and fill
factor (FF).

The production of H2(g) fuel is subject to the constraints imposed by the
minimum voltage requirements needed to sustain water-splitting. On top of thermo-
dynamic requirements to drive the reaction, there are charge separation and reaction
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Figure 1.2: Oxygen evolution for an photovoltaic-biased electrosynthetic cell in
the dark (purple) and under illumination (cyan). Anodic current drives the oxygen
evolution reaction (OER), and cathodic current drives the oxygen reduction reaction
(ORR). The electrochemical load of water splitting (green) has an onset for the OER
at the expected electrochemical potential E◦ (O2/H2O) at 1.23 V vs. RHE. The
solid-state photovoltaic I-V behavior (dashed curve) can be derived using load line
analysis.

overpotentials, as well as entropic losses in the device. The conversion efficiency for
solar water splitting devices is calculated using the thermodynamic requirement of
1.23 eV to perform water electrolysis. This solar-to-hydrogen efficiency is defined
as:

η =
voltage × current density

total input power
(1.6)

ηSTH =
1.23 (V) × jop (mA cm−2)

Stot (mW cm−2)
(1.7)

where jop is the operating short-circuit current density, and Stot is the total incident
solar irradiance.

1.3 Operational Criteria for Safe, Efficient Electrolyzers

Commercial electrolyzers must meet several criteria to be considered safe and
reliable for operation and sale into the marketplace. They must be intrinsically
safe, and not produce a flammable, potentially explosive mixture of H2(g) and O2(g)
in the reactor at any point in space or time, especially because the reactor contains
active catalysts for the recombination of the gases and is operating in the presence of
light and heat. Electrolyzers must be able to withstand pressure differentials without
undesirable crossover of gases or flooding and flow of the liquid electrolyte across
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the membrane separator, because the stoichiometry of the evolved H2 and O2 is 2:1.
The membrane must be able to hold back pressure because a pressure differential is
required to beneficially collect the H2(g) in a pipeline, as opposed to evolving the
gas at atmospheric pressure in a laboratory demonstration device.

1.4 Discrete Photovoltaic / Electrolyzer Systems

One approach to solar-driven hydrogen production involves use of photovoltaic
(PV) panels, modules or cells connected physically and electrically in series with
an electrolyzer. For a combined photovoltaic/electrolyzer system, efficiency is
calculated using the efficiency of the individual components, as shown in Equation
1.8 .

ηSTH = ηPV × ηelectrolyzer (1.8)

Commercial electrolyzers typically are designed to operate at 70% efficiency [5–
8]. To obtain optimal impedance matching in view of hourly, daily and seasonal
variability in the solar irradiance, a dynamic DC-to-DC converter, with an esti-
mated efficiency of 85%, would be used to connect the electrolyzer to the PV unit.
Therefore a solar-to-hydrogen efficiency based on any specific PV + electrolyzer
system can be estimated by taking the peak PV efficiency and multiplying by ~0.60
[9]. Thus, peak system efficiencies of 12.6% and 24.6%, respectively, could be
obtained by use of an electrolyzer in conjunction with a high-efficiency (21%) Si
PV module or a high-efficiency (41%) III-V triple junction PV operated under op-
tical concentration [9]. Such systems have been demonstrated at commercial scale,
laboratory scale, and research scale [10–17]. For example, Si PV mini-modules and
perovskite-based solar cells, respectively, have been used recently in the PV + elec-
trolyzer configuration[11, 12]. Significant advances include series interconnected
CuInxGa1−xSe2 (CIGS) absorbers in conjunction with two Pt electrodes in 3.0 M
H2SO4(aq) with a solar-to-hydrogen efficiency ηSTH > 10% [10], and a bismuth
vanadate photoanode in combination with a thin-film silicon solar cell has produced
ηSTH = 5.2% [18]. At the commercial level, the high balance of systems cost and
low capacity factor of stand-alone PV-electrolyzer systems results in high levelized
hydrogen costs relative to hydrogen produced by steam reforming or grid electrolysis
using fossil or low-carbon electricity [19].

1.5 Fully-Integrated Photoelectrochemical Water-Splitting Devices

Integrated solar-to-fuel devices provide many potential advantages relative to a
discrete PV + electrolyzer system and offer a unique design space for the balance
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of systems [1, 20–22]. Modeling and simulation has revealed a range of integrated
device architectures that can allow for efficient operation and scalable deployment of
solar-driven water splitting systems that can produce renewable H2(g) as an energy
carrier [22–28]. A compilation of reported devices [21] shows a wide range of
efficiency, integration, and stability. Many monolithically integrated solar-driven
water-splitting devices based on tandem structures or triple junctions have been
described previously [21]. Some of those devices are compatible with operation in
an efficient, intrinsically safe system.

“Wireless” monolithically integrated photoelectrochemical water-splitting de-
vices were reported in 1977 using platinized SrTiO3 [29]. However, the band gaps,
Eg, of SrTiO3 and related metal oxides are too large to allow for highly efficient
use of the solar spectrum [30]. Smaller band gap materials are generally unstable
to photocorrosion in aqueous solutions, and need to be protected, generally with
coatings of transparent, conductive oxides (TCO), to provide stable operation [31–
34].

TCO-coated amorphous hydrogenated Si (a-Si:H) triple junction structures
have been widely explored in monolithically integrated water-splitting systems in
which the photoelectrode, protection layer(s), and electrocatalytic species share a
common optical path [35–37]. Use of a-Si:H triple junctions in monolithically
integrated structures protected by TCOs, in conjunction with either Pt or with earth-
abundant electrocatalysts for the hydrogen-evolution reaction (HER) and oxygen-
evolution reaction (OER), have yielded solar-to-hydrogen efficiencies of up to 5%
[35]. In monolithically integrated solar-fuels devices, tandem structures can provide
significantly higher efficiencies than triple junctions [38].

Near-neutral devices

Both modeling/simulation results and experimental data have shown that electrolyz-
ers operated in solutions buffered to near-neutral pH are inefficient and/or not in-
trinsically safe. For example, operation of a membrane-free near-neutral pH a-Si:H
device with ITO protective layers and earth-abundant, high overpotential electro-
catalysts at ηSTH = 3.2% produced 10% O2(g) in the cathode chamber and up to
40% H2(g) in the anode chamber, presenting an explosion hazard [39]. Introduction
of a membrane was shown to yield a large reduction in the system efficiency and
resulted in significant pH gradients near the electrode surfaces. Further modeling
and simulation has shown that steady-state operation in such a geometry even in
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buffered solutions will result in pH gradients between the anode and cathode that
produce local pH changes near the electrode surfaces, due to the consumption of pro-
tons associated with evolution of H2(g) from water and concomitant production of
protons associated with production of O2(g) from H2O [39, 40]. The overpotentials
associated with the pH gradients and electrodialysis exceeded the combined overpo-
tentials associated with the oxygen-evolving and hydrogen-evolving electrocatalysts,
precluding the construction of an efficient (photo)electrolysis system. Further mod-
eling and simulation efforts have shown that active convection by bubble evolution,
for example, can minimize the formation of pH gradients but results in the loss of
intrinsic safety, due to the concomitant co-evolution of stoichiometric, potentially
explosive, mixtures of H2(g) and O2(g) at atmospheric pressure in the reaction ves-
sel, in the presence of active catalysts for the recombination of these gases as well
as in the presence of light and heat [40].

Triple junction a-Si:H devices, protected by ITO on one side in conjunction
with phosphate-containing Co oxide as an OER electrocatalyst [41–44] and on the
other side by stainless steel in conjunction with a Ni–Mo–Zn HER catalyst, yielded
ηSTH = 1.75–2.5% for 10 h in aqueous solutions buffered to pH = 9 with borate
[41]. The combined HER and OER overpotentials of the electrocatalysts at 10 mA
cm−2 of current density exceeded 1 V [45], and the OER catalyst delaminated from
the electrode at current densities of <10 mA cm−2 [46, 47], precluding construction
of robust, efficient monolithically integrated devices. Moreover, such devices co-
evolve stoichiometric mixtures of hydrogen and oxygen gas, precluding intrinsically
safe operation.

When a cation-exchange or anion exchange membrane is included in the sys-
tem, severe pH gradients and electrodialysis of the solution occurs. These effects
are a consequence of the low transference number [48] at near-neutral pH of pro-
tons or hydroxide ions across the membrane, relative to the transference number
of other, higher concentration, charge-carrying ions in the buffered solution [39,
40]. In the absence of a membrane and with adequate convection of the electrolyte,
the losses due to electrodialysis and ohmic resistance can be minimized, but po-
tentially explosive mixtures of H2(g) and O2(g) are produced over active catalysts
for recombination of the gases, in the presence of light and heat. Thus, electrol-
ysis or photoelectrolysis systems that are operated in buffered or unbuffered bulk
near-neutral pH electrolytes are inefficient and/or not intrinsically safe [23, 39, 40,
49].
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Integrated devices operating in extreme pH

Integrated water-splitting devices that utilize a single electrolyte need to operate
in extreme pH, as the unity transference number for protons or hydroxide ions
in cells that include a CEM or an AEM in strongly acidic or strongly alkaline
electrolytes (pH 0 or 14) minimizes the voltage lost due to resistance, pH gradients,
and electrodialysis.

For example, a-Si:H triple junction devices, with RuO2 on a Ti substrate used
for the OER and Pt islands deposited directly onto the a-Si:H as the HER catalyst,
have been used to split water in 1.0 M H2SO4(aq) [35]. Those devices exhibited
steady-state ηSTH = 5% over >4 h of operation. Triple-junction and quadruple-
junction a-Si:H devices, coated with Pt as a HER catalyst and RuO2 as an OER
catalyst, have yielded ηSTH = 2.6% in 5.0 M H2SO4(aq) [36, 37]. Such structures
would benefit by the use of more advanced a-Si:H triple junction structures [50] that
could produce higher current densities at the ~1.7 V optimal operating voltage that
results from the relatively low combined HER andOER overpotentials of Pt in 1.0M
H2SO4(aq) at 10 mA cm−2 of current density [51]. Such devices have the capability
of being incorporated into intrinsically safe systems because the transference number
of protons in acidic media is essentially unity across gas blocking, cation-exchange
membranes such as Nafion [52]. Monolithically integrated a-Si:H devices, protected
on one side by ZnO in conjunction with a Co-Mo HER catalyst, and protected on
the other side by SnO2 in conjunction with an Fe–NiOx OER catalyst, have yielded
ηSTH = 2.5–3.0% in 1.0 M KOH(aq), with stability for >18 h of operation [53].
Such devices also have the capability of operating in intrinsically safe systems,
due to the essentially unity transference numbers of hydroxide ions across anion
exchange membranes in alkaline media. In 1.0 M KOH(aq), the combined HER and
OER Ni-based catalyst overpotentials are <0.5 V at 10 mA cm−2 of current density
[51]. Hence relatively high efficiency systems can potentially be achieved through
improvements in the performance of the light absorber, especially in conjunction
with the Ni islands on protective TiO2 films deposited by ALD. Indeed, prior
attempts to fabricate monolithically integrated solar-driven water-splitting devices
and systems based on a-Si:H triple junctions in 1.0 M KOH(aq) failed due to the
lack of a suitable, stable protective anode coating [41, 54, 55].

Operation in aqueous alkaline electrolytes allows the construction of efficient,
intrinsically safe systems and allows use of highly active, low overpotential, earth-
abundant electrocatalysts based on Ni and related alloys [51]. In accord with
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established properties of commercial electrolyzers, an intrinsically safe electrolysis
or photoelectrolysis system does not produce a flammable, potentially explosive
mixture of H2(g) and O2(g) in the reactor at any point in space or time. Common
TCO’s, such as indium tin oxide (ITO), are not stable in alkaline electrolytes [41,
54].

Efficient III-V photoelectrochemical devices

GaAs and other III-V semiconductors are ideal materials for photovoltaic and pho-
toelectrochemical energy conversion. Many III-Vs have a direct band gap, can be
epitaxially grown to produce high-quality single crystals, and can be passivated by
other epitaxial III-V materials in the same growth. Single-crystalline thin films of
these materials can provide a wide range of band gaps, and thus voltages, for incor-
poration into a PEC device, a crucial advantage in solar fuel generation. Because
catalyst performance can dramatically change the overpotential needed to drive
fuel-forming electrochemical reactions, voltage requirements for water electrolysis
and CO2 reduction systems can change dramatically when a complete prototype
is assembled. For the large variety in voltage demands, tunable band gaps ensure
optimized device performance over a range of architectures and materials.

For example, a photovoltaic-biased photoelectrosynthetic device based on a
III–V tandem structure has exhibited 12.4% solar-to- hydrogen conversion efficiency,
ηSTH , under concentrated solar illumination [56]. However, III-V semiconductors
are thermodynamically unstable under operating conditions and, without protection,
undergo self-corrosion in alkaline and acidic environments [57]. The design of the
III-V layer stack must account for t operation in solution. The III–V semiconductors
photocorrode both under hydrogen-evolution reaction (HER) and oxygen–evolution
reaction (OER) operating conditions [56–58], and therefore require protection to be
utilized in such applications.

Tandem structures based on on InGaP/GaAs structures, but where the InGaP is
exposed to the electrolyte as a photocathode, in conjunctionwith Pt/Ru andPt asHER
and OER electrocatalysts, respectively, have been used to produce monolithically
integrated solar-driven water-splitting devices in 1.0 M H2SO4(aq) or in >1 M
KOH(aq) [59]. Such devices yielded ηSTH = 4–6% under ~11 sun illumination
[59], whereas related structures based on a two-electrode photoelectrosynthetic cell
configuration have yielded ηSTH = 12.4% under 11 suns of concentrated illumination
for <20 h of operation in 1.0 M H2SO4(aq) [56]. Another option for surface
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protection of III-V tandems that has been the chemical and photoelectrochemical
surface transformation of AlInP window layers using an aqueous solution of RhCl
that serves to deposit Rh catalyst and to prevent corrosion of the underlying substrate
[60]. This system decayed rapidly over time, decreasing steadily from ηSTH = 17%
to half of that performance over 40 hours [60]. The stability of these systems is
limited due to cathodic decomposition processes characteristic of III–V materials in
aqueous electrolytes [57].

Protection of III–V materials as photoanodes has also been a valuable and
unrealized objective. Such devices are well-suited for use in efficient, intrinsically-
safe water-splitting systems, and increases in the stability of such devices will require
the development of robust protective coatings that are compatible with operation in
aqueous acidic media, and/or the use of the protection schemes.

1.6 Devices for the Reduction of CO2

CO2 reduction (CO2R) involves very different optimal electrolyte conditions than
water-splitting reactions. Electrocatalysts for CO2R have been developed mainly
for near-neutral pH values [61, 62]. In alkaline conditions, the low concentration
of dissolved CO2 imposes severe mass-transport limitations for the cathodic CO2R
reaction, while in acidic conditions the high proton concentration favors H2(g)
production. Currently the only efficient and selective operation of CO2R catalysts in
near-neutral pH and at high operating current densities (e.g. 101 mA cm−2) involve
the two-electron/two-proton reduction of CO2 to produce either CO or formate. [61,
63–66].

Just aswith thewater-splitting cells described previously, theOERhalf-reaction
is required to provide electrons and protons for the sustainable electrochemical re-
duction of CO2 [4]. Mixed-metal oxides have been extensively studied in strongly
alkaline conditions, with state-of-the-art catalysts exhibiting ~250-300 mV overpo-
tentials at 10mAcm−2 of anodic current density [51, 67]. In contrast, electrocatalysts
for the OER in near-neutral electrolytes exhibit substantially larger overpotentials
[51, 68] because the negatively charged hydroxide ion is more readily oxidized than
a neutral water molecule, and because hydroxide is present in high concentration in
alkaline solutions [69]. For this reason, laboratory demonstrations of solar-driven
CO2R devices at near-neutral pH values suffer substantial overpotential losses for
the OER [64, 70–72]. A device that used a Au catalyst for CO generation in 0.5
M NaHCO3(aq) electrolyte had a solar-to-fuel conversion efficiency (ηSTF) of 6.5%
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[64]. A polymeric Ru complex for formate generation in 0.1 M aqueous phosphate
buffer achieved an ηSTF = 4.6% [70]. However, in addition to increased efficiencies,
a full solar-driven CO2R device requires a robust means to separate the end products.
To improve efficiencies in a sustainable device, transitioning the OER catalysts to
extreme pH can resolve these overpotential losses, but will require anodic protection
of semiconductors in solution.

1.7 Scientific Gap

For more than four decades, the cathodic and anodic protection of small-bandgap
semiconductor electrodes for use in photoelectrochemical devices has been an im-
portant drive in the solar fuels community [31, 73]. Corrosion is an issue for many
non-oxide semiconductors used in photoelectrochemistry, and depending on pH and
potential, they exhibit either passivation, where the production of insoluble species
on the exposed surface prevents further corrosion, or dissolution into surrounding
medium. To date, all known non-oxide semiconductors are unstable during anodic
oxygen evolution [31]. Stabilization of large-area photoelectrodes for operational
lifetimes sufficient to allow practical or commercial deployment of an integrated
solar fuel system requires defect-tolerant surface protection of semiconductor ma-
terials.

In order to protect high-quality single-crystalline semiconductorswithout chang-
ing their electrochemical properties for hole or electron transfer through the electrode-
solution interface, many different strategies have emerged. Alternate redox couples
have been added to the solution to allow a preferential electrode reaction rather
than the dissolution of the semiconductor. Thin metal films have been deposited on
the surface of the semiconductor, sometimes requiring constant cathodic current on
the exposed III-V surface during operation for stability [56], a severe impairment
for long-term stability with an intermittent energy source and the day-night cycle.
Using large bandgap semiconductors like n-type TiO2, SnO2, and SrTiO, originally
used as light absorbers in low-efficiency water-splitting devices for their stability
during the photo-oxidation of water, is yet another strategy towards stable device
architectures.

The challenge when utilizing protection schemes with large-bandgap materials
that are stable under operating (and non-operating) conditions is band alignment
with the underlying substrate, as well as surface conformity. Protection schemes that
utilize CVD-deposited TiO2 to protect photocathodic materials have been around
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since the 1970s Kohl:1977, and recent advances have been made towards protecting
III-Vs like InP for use in solar water splitting [74] and CO2 reduction [75].

1.8 Protecting Semiconductors with Hole-Conducting TiO2

The energy bands of TiO2 , while aligned with the conduction band of InP and Si,
has a large valence band offset that creates a tunneling barrier for photogenerated
holes [76]. Previous attempts to create oxide protection layers for photoanodes
relied on a tunneling mechanism for charge carrier transfer to solution, and thus
underlying layers were prone to corrosion due to pinholes in the thin oxide films
[34]. While TiO2 has been used to protect semiconductors for water reduction
by taking advantage of energy band alignments for electron transport through the
conduction band [77], charge transfer for water oxidation was unexpected due to the
large band gap offset between the protective film and the underlying semiconductor.

Figure 1.3: Hole conduction through a defect band within the protection layer band
gap. Without this miniature band, the large mismatch in valence band energies be-
tween the photoanode and thick oxide protection layer would block hole conduction
to the electrolyte.

Work performed at the Joint Center for Artificial Photosynthesis (JCAP) found
conformal growth of thick TiO2 via atomic layer deposition (ALD) can enable hole
conduction through the oxide film [78], creating an opportunity for the construction
of stable and highly efficient solar-fuel generators. An illustration of the hole
conduction mechanism is shown in Figure 1.3, where a miniature band in the
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protection layer explains the behavoir of these TiO2-coated electrodes. One of
the many advantages of using the ALD process is the conformal nature of the
growth. The thickness of these films can be controlled very precisely, as each layer
is assembled monolayer by monolayer. The deposition utilizes alternating gas phase
chemical processes that are self-limiting, ensuring every exposed surface is covered
uniformly during each step. This allows for conformal coating of not only planar
films, but of any 3D structure, which enables the protection of many different cell
architectures.

Figure 1.4: Corrosion of GaAs in 1.0 M KOH(aq) using a compression cell (top)
and epoxied electrode (bottom) with and without an ALD-TiO2 protection layer.

As can be seen in Figure 1.4, III-V materials that actively corrode under OER
conditions in 1.0MKOHcan be successfully protected for long-term operation using
amorphous TiO2 films deposited using atomic-layer deposition (ALD). These films
were shown to protect a variety of photoanode materials under operation in alkaline
electrolytes including Si, GaAs, GaP, and CdTe [78–80]. This opens up a wide
variety of high quality semiconducting materials that can be incorporated in devices
that operate in alkaline conditions. While anodic protection is an important goal
for stable water-splitting devices, it can also increase stability for a large variety of
integrated devices. Any device that operates in aqueous environments with extreme
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pH will also require anodic protection, regardless of the fuel that is produced on the
cathodic surface. Many constraints on the fuel production, such as large catalytic
overpotential requirements, are likely to interfere with light absorption, and would
necessitate illumination from the anodic side of the device. A protection scheme that
chemically passivates photoanodic surfaces designed for oxygen evolution in a solar-
driven water-splitting device could be modified for use as the anodic component for
other purposes, such as a CO2 reduction device. Thus, demonstration of a device that
incorporates a long-term stable photoanode opens up a wide number of architectures
for solar fuel devices.

1.9 Contents of this Thesis

In this thesis the ALD-TiO2 protection scheme is used to create highly efficient,
stable, earth-abundant, intrinsically safe, and fully-integrated solar fuel prototypes
that use high-quality III-V materials to perform unassisted solar water splitting
and CO2 reduction. Light management strategies are also developed to improve
efficiencies of solar fuel devices, with potential use for a variety of optoelectronic
technologies.

• In Chapter 2, two optimized III-V multijunction architectures are presented,
and an MOCVD-grown high-quality InGaP/GaAs tandem cell is fabricated
and characterized. Optical simulations lead to the design of a TiO2 protective
coating that serves as a single-layer antireflecion coating.

• In Chapter 3, this III-V design is used to create a monolithically integrated
device for solar-driven water splitting in 1.0MKOH(aq) to achieve record sta-
bility using the TiO2 protective coating. A large area (1 cm2) and intrinsically
safe solar-hydrogen prototype system performed unassisted water splitting,
and collection of H2(g) and O2(g) confirmed 100% faradaic efficiency.

• In Chapter 4, bipolar membranes are incorporated into PEC devices for solar
water splitting and CO2 reduction, enabling large pH gradients between anode
and cathode compartments. This allows for the stable pairing of previously
incompatible materials leading to increased efficiency and stability.

• InChapter 5, the properties of dielectricwaveguide structures for light trapping
on planar PEC surfaces are explored. Two light management schemes are
designed using TiO2 nanocone arrays and double-layer antireflection coatings,
and show broadband transmission through thick metal electrocatalysts.
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Finally, the work is summarized and the directions for future research are discussed.
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C h a p t e r 2

DESIGN OF MONOLITHIC III-V LIGHT ABSORBERS FOR PEC
DEVICES

2.1 Material Choices and Constraints

Light absorbing materials selected for use in monolithically stacked, efficient, fully
integrated photoelectrochemical devices must meet three major material constraints.
They must (1) be high quality semiconducting materials to facilitate light absorption
and carrier collection, (2) have band gaps that are within the range of interest, and (3)
be stable in the electrochemical environment during operation (if they are exposed
to solution). While there has been extensive work on developing materials for use in
solar fuel devices, there are currently no viable materials that meet all three of these
requirements [1, 31]. To achieve long-term stability, fully integrated water-splitting
prototypes have generally relied on stable but inefficient light-absorbing materials.
These devices generally have large band gaps that supply excess voltage for the
fuel-generating reaction, resulting in low current densities and low efficiencies.

The optimal band gaps for use in a tandem photoelectochemical cell will de-
pend upon the geometry of the device and the performance of other components
in the system. The device design in this chapter was motivated by a detailed-
balance analysis of the Shockley–Queisser limits of light absorbers with a variety of
bandgap combinations [81]. The iso-efficiency plots are derived from a model that
accounted for light absorbers, filling fractions, electrocatalysts, solution electrolyte,
and ion exchangemembranes. Utilizing the highest performing earth-abundant elec-
trocatalysts available (Ni-Mo HER and NiFeOx OER) and a 1.65/1.0 eV bandgap
combination, devices can achieve an efficiency of ηSTH = 28.5%. However, this is
assuming ideal light absorption conditions, with 280 mV overpotential for the OER
electrocatalyst at 10mA cm−2, and solution resistance of 5 ohm cm−2. Any deviation
from the ideal conditions presented in this analysis might fail to meet the voltage
requirements to drive the water-splitting reaction, resulting in a sharp decrease in
performance. A more achievable efficiency goal using earth-abundant electrocata-
lysts, accounting for realistic overpotential requirements from non-ideal materials,
is a 1.8/1.2 eV bandgap combination with a maximum ηSTH of 24%, assuming FF
of 0.85, a non-optmized 560 mV overpotential for the OER electrocatalyst at 10 mA
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cm−2, and solution resistance of 5 ohm cm−2 [81].

Multijunction III–V compound semiconductor solar cells have been the domi-
nant choice for high-efficiency photovoltaic devices. This material system displays
excellent optical and electronic properties, and offers a wide array of bandgaps for
use in multijunction devices that can be used to achieve the bandgap combination
required for high-efficiency photoelectrochemistry.

Deposition of III-V materials

Once a material system is selected, many different deposition processes are avail-
able, each yielding varying quality semiconductor growths. Multi-crystalline films
cut down on cell manufacturing costs, but majority and minority carrier recom-
bination at grain boundaries limit conversion efficiencies. Single-crystalline films
grown epitaxially using techniques like metal-organic chemical vapor deposition
(MOCVD) produce higher quality semiconductor materials. To ensure single-
crystalline growth and prevent the propagation of defects and dislocations through
the epilayer, the semiconductor must be lattice-matched to the substrate.

Most III–V multijunction cells are grown epitaxially on either GaAs, Ge, or
InP substrates. InGaP is a high-quality material often used as the top cell in triple-
junction or dual-junction stacks, and control of atomic ordering in the InGaP layers
provides a range of bandgaps from 1.78 to 1.9 eV. Another option is AlGaAs, which
has a tunable bandgap that ranges from the 1.424 eV direct-gap GaAs to the indirect
2.12 eV AlAs bandgap, all with only a small deviation in lattice constant. For the
lower bandgap, the elementary compostion of quaternary InxGa1−xAsyP1−y can be
tuned to create a film of desired bandgap in the 0.74-1.34 eV range that is lattice-
matched to InP. Alternatively, metamorphic growth of a InGaP/InGaAs tandem on
a Ge substrate can yield 1.78/1.26 eV bandgaps if grown on a Ge substrate using
stepgraded buffer layers to account for lattice mismatch of the epilayers [60].

Epitaxial liftoff of MOCVD-grown multijunction devices

One opportunity to decrease material costs of III-V MOCVD is to utilize epitaxial
liftoff (ELO) to create thin film devices [82–84]. This process has multiple benefits
over conventional MOCVD growth, and the company Alta Devices has utilized this
new technology to create record-breaking thin film GaAs heterojunction solar cells
while significantly reducing the cost of GaAs thin film photovoltaics.

After an initial seed layer, a thin, lattice-matched sacrificial layer is deposited
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on the substrate. For growths on GaAs a layer with a high percentage of aluminum
is chosen, such as AlAs (or AlxGa1−xAs with x > 0.3) that is selectively etched in
hydrofluoric acid [84]. After post-treatment, this process allows reuse of the sub-
strate wafer for additional epitaxial growths, which has the potential to dramatically
cut down on fabrication costs by decreasing source wafer material.

This process also enables an increase in efficiency of the final device architec-
ture. A more traditional multijunction cell grown on the (roughly index matched)
substrate wafer only allows incident photons a single pass through the active device.
Because the inactive substrate is hundreds of microns thick, any photons not ab-
sorbed in the first pass will be lost to the substrate. With thin films lifted off from the
substrate, a back reflector or scattering surface can be used to increase the number
of passes of incident light inside the cell, allowing increased absorption in thinner
films and further reducing the material cost for the growth.

While ELO avoids many of the disadvantages of regular epitaxial growth,
multijunction devices grown epitaxially on a single substrate have a limited range
of available bandgaps for use in PEC devices. Inverted metamorphic multijunction
(IMM) growths that use ELO can help alleviate the bandgap constraints [85]; for
instance, an InGaP/(In)GaAs tandem cell can be grown epitaxially on GaAs using
an AlAs sacrificial liftoff layer. The composition of InGaAs junctions can be
controlled though the use of metamorphic buffers, allowing bandgaps that range in
principle from 0.33 eV for InAs to 1.42 eV for GaAs. However, these designs must
contend with losses in material quality of all lattice-mismatched materials due to
the propagation of defects after the stepgraded buffer layer.

Direct wafer bonding of independent semiconductor devices

Ternary and quaternary III-V semiconductor growths on GaAs and InP substrates
can be used to create high-quality single-junction devices with a large variety of
band gaps. While growths on GaAs are ideal for the 1.6-1.8 eV bandgap range
described above, the 1.42 eV bandgap of GaAs is a lower bound for lattice-matched
epitaxial growth; on the other hand, lattice-matched growths on InP, while ideal for
a low-bandgap subcell, cannot accomodate the high-bandgap junction to deliver the
voltage required to drive water electrolysis in a tandem structure.

Direct wafer bonding of sulfide-passivated p+-GaAs and n+-InP layers has
been used to make high-quailty tunnel diodes between GaAs and InP substrates
at a relatively low temperature of 300 °C [86]. The sulfide-passivated improve
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Figure 2.1: Wafer-bonding and epitaxial liftoff process to produce ideal bandgap
combinations using single-junction III-V cells grown epitaxially on GaAs and InP.
(a) High-quality growth of ternary InGaP (~1.84 eV) on GaAs, and quaternary
InGaAsP cell with tunable band gap. (b) Cell processing to create wafer-bonded
thin film device.

the interfacial electrical conductivities and direct bonding of the heavily-doped p-
GaAs/n-InP heterojunction. Subcells grown on GaAs and InP can connected in
series using a wafer-bonded tunnel diode to create a multijunction device with an
ideal bandgap combination.

When coupled with ELO of inverted cells, wafer-bonding technologies allow
the combination of high-quality III-V semiconductors grown on substrates with
different lattice constants into a single device. This strategy, shown in Figure 2.1,
would facilitate planar thin-film devices with desired material properties and tunable
bandgaps, achieving optimal bandgap combinations for solar fuels. The process in
Figure 2.1b can be used to create standalone tandem thin-film structures, decreasing
cost and providing optical benefs from the metal back reflector; alternatively, on-
wafer testing can be performed after ELO of the GaAs substrate following the
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wafer-bonding process.

2.2 Device Physics Modeling of III-V Tandem Architectures

The Helmholtz-Zentrum Berlin’s AFORS-HET simulation software for 1-D numer-
ical device physics modeling of single-junction semiconductor devices was used
to predict cell performance and optimize layer thickness. Material parameters for
quaternary and ternary alloys were linearly interpolated from available III-V mate-
rial properties. A commercial epitaxial manufacturing company Sumika Electronic
Materials Inc. was consulted during the design process, and provided feedback on
the capabilities of their MOCVD growth process.

No. Material Thickness (nm) Doping Density (cm−3) Dopant
9 Al0.3Ga0.7As 20 p++ >2 × 1019 C
8 In0.48Al0.52P 20 p+ 2 × 1017 Zn
7 In0.49Ga0.51P 1000 p 1 × 1016 Zn
6 In0.49Ga0.51P 70 n+ 1 × 1017 Si
5 In0.48Al0.52P 30 n+ 5 × 1017 Si
4 In0.49Ga0.51P 10 n+ 3 × 1018 Si
3 GaAs 7 n+ 5 × 1018 Si
2 AlAs 15 n+ 1 × 1018 Si
1 GaAs 50 n+ 5 × 1018 Si
0 GaAs Substrate n+ 5 × 1018 Si

Table 2.1: Epitaxial structure for single-junction reversed n+-p InGaP subcell grown
on GaAs.

No. Material Thickness (nm) Doping Density (cm−3) Dopant
8 InP 30 n+ >3 × 1019 Si
7 In0.52Al0.48As 10 n+ 5 × 1018 Si
6 In0.87Ga0.13As0.28P0.72 150 n+ 1 × 1018 Si
5 In0.87Ga0.13As0.28P0.72 3000 p 5 × 1017 Zn
4 In0.52Al0.48As 10 p+ 1 × 1018 Zn
3 InP 30 p+ 1 × 1019 Zn
2 In0.53Ga0.47As 30 p+ 1 × 1019 Zn
1 InP 30 p+ 1 × 1019 Zn
0 InP Substrate p+ 1 × 1019 Zn

Table 2.2: Epitaxial structure for single-junction n+-p InGaAsP subcell grown on
InP.

The optimized 1.84/1.2 eV dual-junction InGaP/InGaAsP cells were designed
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for growth on GaAs and InP substrates, respectively, and are listed in Table 2.1 and
Table 2.2 . The InGaP cell is grown in inverted order, with removal of the substrate
using the 15 nmAlAs thin film (layer 2) as the epitaxial lifoff layer leaving behind the
highly-doped 7 nm GaAs layer (layer 3) on the surface of the device. Layers 6 and 7
show the n/p solid-state buried junction. Each growth included a highly-doped thin
tunnel junction layer for the wafer-bonding process. In Table 2.1 an AlGaAs layer
was chosen, increasing the bandgap of the tunnel junction layer to prevent shading
of the low-bandgap cell. Layer 2 in the growth on the InP substrate in Table 2.2
is meant as an etch stop layer in order to enable etching of the InP substrate layer.
This allows liftoff of the bonded GaAs cell without the complications of a second
liftoff step. Initial laboratory-scale demonstrations can be performued using on-
wafer testing. Afterwards, with the sidewalls of the wafer-bonded device chemically
protected, and the InP substrate can be selectively etched to produce the final thin
film device. Future designs could include a sacrificial liftoff layer lattice-matched
to InP instead of the etch stop layer.

No. Material Thickness (nm) Doping Density (cm−3) Dopant
14 GaAs 100 p++ >1 × 1019 Zn
13 In0.48Al0.52P 30 p+ 3 × 1017 Zn
12 In0.49Ga0.51P 70 p+ 1 × 1017 Zn
11 In0.49Ga0.51P 430 n 1 × 1016 Si
10 In0.48Al0.52P 20 n+ 1 × 1017 Si
9 GaAs 20 n++ >2 × 1019 Te
8 Al0.3Ga0.7As 20 p++ >2 × 1019 C
7 In0.49Ga0.51P 20 p+ 5 × 1018 Zn
6 Al0.2Ga0.8As 150 p+ 1 × 1018 Zn
5 GaAs 3000 n 2 × 1017 Si
4 In0.49Ga0.51P 30 n+ 3 × 1018 Si
3 GaAs 300 n+ 5 × 1018 Si
2 AlAs 150 n+ 1 × 1018 Si
1 GaAs 50 n+ 5 × 1018 Si
0 GaAs Substrate n+ 5 × 1018 Si

Table 2.3: Epitaxial structure for dual-junction InGaP/GaAs III-V cell.

A second tandem structure was also modeled and optimized using a single epi-
taxial growth on GaAs. While this design delivers a lower current which would limit
efficiency, it can provide an increase of 600 mV compared to the InGaP/InGaAsP
cell. This InGaP/GaAs structure had a bandgap combination of 1.84/1.42 eV and
was designed for PEC applications that require a larger voltage for operation. For
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optimal performance under the AM1.5 spectrum, thinning of the InGaP top cell is
required to allow current matching between both junction. The 100 nm surface layer
of GaAs was included for solid state testing, meant to be etched awaywith a selective
etch for use in the PEC device. However, this process created many complications
in the cell fabrication process, and future iterations of this growth did not include
this thick film.

The predicted cell performance and solar-to-hydrogen efficiencies of these two
cell architectures are shown in Table 2.4. The remaining sections cover the growth
and characterization of the higher-voltage InGaP/GaAs design that will lead to the
demonstration of a full solar water-splitting device using the ALD-TiO2 protection
scheme.

Subcells Bandgaps Voc (V) Jsc (mA cm−2) ηSTH (%)
InGaP/InGaAsP 1.84/1.20 1.9 16.4 20.2
InGaP/GaAs 1.84/1.42 2.5 13.19 16.2

Table 2.4: Results fromAFORS-HET 1D numerical simulation of themultijunction
devices under the 1-sun AM1.5 solar spectrum.

2.3 Epitaxial MOCVD Growth and Cell Processing

The initial dual junction device was grown commercially through Sumika Electronic
Materials, Inc. according to specifications shown in Figure reffig:VER1a. Planar
III-V layers were grown epitaxially by metal-organic chemical vapor deposition
(MOCVD) on an n+-GaAs wafer with a (100)-oriented polished surface with 2
deg offcut towards (110) (Si-doped, acceptor concentration of 1 × 1019 cm−3, 6"
diameter).

A tandem-junction photoabsorber consisting of an InGaP top cell (Eg = 1.84
eV) and GaAs bottom cell (Eg = 1.42 eV) was designed and modeled using a 1-D
numerical simulator for operation under the Air Mass (AM) 1.5 solar spectrum [87].
Figure 2.2 shows the structure of the InGaP/GaAs tandem cell. The GaAs bottom
cell consisted of an n+-InGaP back surface field (BSF) layer, an n-GaAs base layer,
a p+-AlGaAs emitter, and a p+-InGaP window layer. The InGaP top cell consisted
of an n+-InAlP BSF layer, an n-InGaP base layer, a p+-InGaP emitter, an p+-InAlP
window, and a p+-GaAs contact layer. The InGaP top cell and GaAs bottom cell
were connected electrically by an GaAs/AlGaAs tunnel junction.

Ohmic contact to the n+-GaAswafer was formed using a Ge-Au eutectic (20 nm
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Figure 2.2: Structure of the InGaP/GaAs tandem cell architecture using an Al-
GaAs/GaAs tunnel junction.

Ge/ 30 nm Au/ 15 nm Ni/ 100 nm Au) deposited by radio-frequency (RF) sputtering
and annealed under N2(g) at 400 °C for 30 s using rapid thermal annealing. Solid-
state devices were formed by RF sputtering a metal grid of 100 nm thick Ni onto
the p+-GaAs surface.

2.4 Non-Aqueous PEC Characterization

In order to test the quality of the III-V epilayer growth, especially the performance
of the thin and degenerately doped layers of the n++-GaAs / p++-AlGaAs tunnel
junction, our first step was to design an experiment to verify the voltage of the
device under illumination. In order to avoid any cell processing on the surface of the
device, which would complicate this first round of testing, initial characterization
of the tandem structure was made using the ferrocene/ferrocenium (Fc/Fc+) redox
couple is shown in Figure 2.3.

This characterization was performed in the inert atmosphere of a N2 glovebox.
The non-aqueous solution of 50 mM ferrocene (Fc) and 0.5 mM Ferrocenium (Fc+)
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Figure 2.3: Non-aqueous two-electrode cyclic voltammetry using (a) a platinum
wire, and (b) the tandem InGaP/GaAs device.

was prepared inside the glovebox, and all glass and electrode surfaces were rinsed
in methanol before testing. An ELH-type W-halogen lamp was used to simulate
1-Sun illumination, and was calibrated using a Si photodiode.

Figure2.3a shows the characteristic curve that results from two-electrode cyclic
voltammetry using a Pt wire as the counter electrode. In Figure 2.3b the Pt wire was
used as a reference electrode, and the result is an illuminated cyclic voltammetry
(CV) curve of the III-V multijunction stack. Although this curve is not indicative of
the fill factor (FF) or current density of the tandem, the open-circuit voltage (Voc) is
shown to be greater than 2.0 V, which is indicative of a good quality growth with a
high-performing tunnel junction, as neither the InGaP nor the GaAs subcells could
individually supply such a large Voc.

2.5 Dual-Junction Solid State Device Performance

A Xe lamp-based solar simulator and probe station was used to measure the solid-
state device performance. The light intensity was adjusted based on an NREL-
calibrated Si photovoltaic reference cell.

Figure 2.4a shows the solid-state current density vs. voltage (J-V) performance
of the tandem cell. Under simulated 1 sun illumination, the short-circuit current
density (Jsc), the open-circuit voltage (Voc) and the fill factor (FF) were 7.6 mA
cm−2, 2.4 V, and 0.76, respectively. Figure 2.4b shows the spectral response
behavior of the tandem device. The integrated short-circuit current density under
AM 1.5 illumination for the top cell and the bottom cell were Jtop,int = 7.6 mA cm−2

and Jbot,int = 9.3 mA cm−2, respectively. The large band gap InGaP top cell was



25

Figure 2.4: Solid state performance of III-V dual junction cell using a Ni metal
front contact. (a) J-V performance in the dark (black) and under 1 sun illumination
(red). (b) Spectral response behavior of the tandem cell, for which the integrated
light-limiting current densities under AM 1.5 illumination were Jtop,int = 7.6 mA
cm−2 and Jbot,int = 9.3 mA cm−2, respectively.

current limiting, and the calculated Jtop,int matched the measured Jsc in Figure 2.4a.

The EQE of the solid state device and the photoelectrochemical electrodes
made from this III-V stack explored inChapter 3 are not optimal and have room for
improvement in future designs. The solid-statemeasurementswere obtainedwithout
any surface treatment or anti-reflection coating, which results in reflection losses of
~30% for most wavelengths in the solar spectrum. A second cause of reduced EQE
is parasitic absorption by the ~7 nm GaAs contact layer, which absorbs photons
that have energies above the band gap of GaAs, 1.42 eV. The presence of this layer
was needed to obtain facile for hole conduction through the TiO2 protection layer,
since ALD-TiO2 grown on window layers that contained exposed aluminum did
not exhibit the desired electrical properties. Simulations indicated that parasitic
absorption of short wavelength light was especially detrimental to the performance
of the high bandgap InGaP cell.

2.6 TiO2 as an Antireflective Coating for Photoelectrochemical Devices

Given a a surface with a single antireflective coating of thickness d and index
n1, the expression for the fraction of energy reflected off of the surface from a
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monochromatic beam with normal incidence is

R =
r2
1 + r2

2 + 2r1r2 cos 2θ
1 + r2

1r2
2 + 2r1r2 cos 2θ

(2.1)

with
θ =

2πn1d
λ

(2.2)

and where r1 and r2 are

r1 =
n0 − n1
n0 + n1

, r2 =
n1 − n2
n1 + n2

(2.3)

with n0, n1, and n2 being the indices of refraction for the solution, antireflective
layer, and substrate, respectively. The reflection is minimized when n1d1 = λ0/4,
which gives:

Rmin =

(
n2

1 − n0n2

n2
1 + n0n2

)2

(2.4)

and is zero when n1 =
√

n0 n2.

For a Si (n ≈ 3.9) or InGaP (n ≈ 3.5) device in solution (nsol ≈ 1.3), the
optimum refractive index for the ARC is n1 =

√
nsol ncell which gives an optimal

index range of n1 ≈ 2.0–2.2. The index of ALD-TiO2 at around 600 nm is 1.9, close
to ideal for a single-layer ARC.

Figure 2.5: Reflectance of InGaP/GaAs structure with varying thicknesses of TiO2
that serves as a single-layer anti-reflection coating. Left: Optical model. Right:
Integrating sphere.

In order to design the optimal thickness of TiO2, simulations were performed
and compared to experiment. Reflectance spectra of the tandem III-V substrate with
TiO2 coatings of different thicknesses were calculated by solving the transfer ma-
trix (Figure 2.5). Refractive indices of all the layers were obtained or interpolated
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from experimental data at http://www.ioffe.ru/SVA/NSM/nk/. The refractive index
of protective TiO2 from atomic layer deposition was obtained from spectroscopic
ellipsometry. The Matlab function (multidiel), developed by Sophocles J. Orfani-
dis from Rutgers University, was used to calculate the reflection responses of the
isotropic lossy multilayer dielectric structures [88]. The structural information used
in the calculation is shown in Figure 2.2.

The optical reflectance of the III-V tandemsubstrates as a function ofTiO2 thick-
ness (Figure 2.5) was determined by using an integrating sphere at normal incidence
(Agilent Cary 5000UV-Vis spectrometer). The absorptance (A) of TiO2-coated sub-
strates was calculated from the measured total reflectance (R) and transmittance (T)
of the electrode as A = 1−R−T . All optical measurements were performed in air on
fresh samples without chemical/electrochemical treatment. These results motivated
the design of a TiO2 anti-reflection coating, explored in Chapter 3 .

2.7 Summary

Following the design of two III-V multijunction stacks optimized for use in PEC
devices, an InGaP/GaAs tandem cell was grown via MOCVD. It was characterized
using non-aqueous electrochemistry and also found to have good solid-state J-V
performance with a large Voc and relatively high current densities, with room for
improvement. In the following chapters, removal of the surface GaAs cap layer
and improved current matching between the two junctions will be used to increase
performance.
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C h a p t e r 3

FULLY-INTEGRATED, HIGH-EFFICIENCY III-V DEVICE FOR
SOLAR WATER SPLITTING

The following chapter discusses the assembly of a fully integrated, unassisted water-
splitting solar fuels prototype with solar-to-hydrogen efficiency ηSTH > 10%, culmi-
nating in the final design shown in Figure 3.1.

Figure 3.1: Fully integrated III-V unassisted water-splitting prototype.

Content in this chapter is drawn from the following publication:

• Verlage, E., Hu, S., Liu, R., Jones, R. J. R., Sun, K., Xiang, C., Lewis,
N. S. & Atwater, H. A. A monolithically integrated, intrinsically safe, 10%
efficient, solar-driven water-splitting system based on active, stable earth-
abundant electrocatalysts in conjunction with tandem III-V light absorbers
protected by amorphous TiO2 films. Energy & Environmental Science 8,
3166–3172 (2015).

3.1 Hole Conduction Through Amorphous TiO2

It has recently been shown that thick films of amorphous TiO2 deposited using
atomic-layer deposition (ALD) capped with a Ni electrocatalyst can be used to pro-
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tect a variety of photoanode materials under OER conditions in alkaline electrolytes
[78–80].

The sputtered Ni electrocatalyst is essential for conduction through thick layers
of TiO2. While high work function metal contacts such as Ir produce lower conduc-
tivity through the TiO2 film [78, 89], the deposition of low work function metals like
Ni removes the rectifying barrier of the TiO2/solution interface that blocks charge
conduction to the surface [78]. Cyclic voltammetry can be performed to age the
Ni film, transforming it into NiFeOx , which is a highly-active and earth-abundant
electrocatalyst.

This phenomena of hole conduction in TiO2 has previously been ascribed to
many different processes, from intrinsic conductivity through the conduction band
[90], to mid-gap energy levels due to carbon and nitrogen impurities and/or Ti3+

electronic defect states [89]. This conductivity is not dependent on deposition
method or the amorphous structure, as sputtered and crystalline TiO2 have been
shown to conduct charge on n-Si/TiO2/Ni photoanodes[89]. Operando X-ray phto-
electron spectroscopy performed on the Si/TiO2 interface has elucidated the junction
characteristics that lead to TiO2 conduction under operating conditions [91].

Current work indicates Ti3+, from oxygen vacancies or disordered structure, is
responsible for creating the energetic defect states within the band gap of amorphous
TiO2 [92]. Changing the TiO2 deposition processes and temperatures produces a
variety of different concentrations of Ti3+, which affects the hole conduction through
these films. If the metallic top contact has a work function below ~5.2 eV, the Ti3+

states remain on the surface; however, higher work functions cause local states to be
converted into Ti4+, which leads to a decrease in conductivity [92].

3.2 Design of the ALD-TiO2 Protection Layer for III-V PECs

The protective films were deposited on the exposed p+-GaAs epilayer at 150 °C
using an Ultratech Fiji 200 plasma atomic-layer deposition (ALD) system (Figure
3.2). In order to prevent corrosion of the III-V epilayers, care was taken to clean
surfaces prior to deposition of ALD-TiO2 in order to prevent pinhole formation.
Prior to ALD, the epitaxial surface was immersed for 30 s in 1.0 M KOH (aqueous
solution of potassium hydroxide pellets, semiconductor grade, 99.99% trace metals
basis, Sigma-Aldrich), rinsed with copious amounts of deionized water, dried using
a stream of N2(g), and loaded immediately into the ALD chamber. Each ALD cycle
consisted of a 0.06 s pulse of H2O (18 MΩ·cm resistivity, Millipore), followed by a
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0.25 s pulse of tetrakis(dimethylamido)titanium (TDMAT,Sigma-Aldrich, 99.999%,
used as received). A 15 s purge under a constant 0.13 Lmin−1 flow of research-grade
Ar (g) was performed between each precursor pulse. The base pressure during the
TiO2 growth was maintained at ~0.1 Torr. Though care was taken to clean surfaces
to prevent defect formation in the TiO2 film, and small area samples were routinely
found to be chemically passivated under operation, large area samples on the order
of 1 cm2 were likely to develop at least one pinhole. The yield of stable > 1 cm2

devices was low, most likely due to particulates in the environment. Access to an
ALD system in a class 100 cleanroom would likely reduce this issue, increasing
yields of pinhole-free films.

Figure 3.2: Cross-sectional SEM image of a GaAs/InGaP/TiO2/Ni photoelectrode.

The results from Section 2.6 were used to select a TiO2 anti-reflection coating
thickness that increased current density in the current-limiting InGaP cell. While
ALD-TiO2 thicknesses around 62.5 nm were ideal for light absorption in the device,
thicker films were found to provide more conformal coverage to serve as a protec-
tion layer. For large-area devices, thicker protection layers were grown to provide
improved longevity during stability tests. ALD-TiO2 films with thicknesses of 62.5
nm and 150 nm were used to protect III-V surfaces.
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3.3 Catalyst and Ion-Exchange Membrane Incorporation

The scalability of III-V devices for use in solar water-splitting depends upon the
exclusion of noble metal catalysts in favor of earth-abundant components, and the
creation of intrinsically-safe architectures that use anion and/or cation exchange
membranes avoid explosive mixtures of hydrogen and oxygen.

Electrocatalyst selection and preparation

The chemical stability and catalytic overpotential of electrocatalysts in acidic or al-
kaline environments are important considerations for the design of a fully-integrated
water-splitting device, and determine the electrolyte used in the final design.

Molecular electrocatalysts, both soluble and attached to an electrode, have cre-
ated many systems that exhibit high turnover frequencies; however, this metric is
often at the expense of catalytic overpotential [1]. On top of this, many molec-
ular catalysts are active in nonaqueous electrocatalytic conditions and not stable
in aqueous solutions. In the design process, we chose to focus on metal-oxide
heterogeneous catalysis.

From literature, and from a comprehensive benchmarking studies by the Joint
Center for Artificial Photosynthesis (JCAP) that looked at OER electrocatalysts for
use in acidic and alkaline environments [51, 68], it is clear there are many earth-
abundant OER electrocatalysts for use in strong base, and currently no viable options
in acidic environments. The only highly active catalysts suitable for operation in
acidic environments are expensive IrOx andRuOx . Until earth-abundant alternatives
to Ir and Ru-based electrocatalysts are available, a photoanode that utilizes earth-
abundant materials must operate in alkaline conditions.

Available active and earth-abundant OER electocatalysts that show stability
in strong base include NiFeOx , CoFeOx , NiCoOx , and NiOx [51], all of which
show catalytic activity that rivals that of IrOx in 1.0 M NaOH at 10 mA cm−2.
Of these options, NiFeOx has the lowest overpotential. Oxidation/aging of Ni
films in aqueous solutions (1.0 M KOH solution) by cyclic voltammetry, initially
thought to form Ni(OH)2/NiOOH surfaces, leads to the absorption of Fe impuri-
ties in the film, causing a large increase in OER activity for these electrocatalysts
[93]. In fact when the aging process is performed under inert conditions to produce
Ni(OH)2/NiOOH, the activity of the film is drastically reduced [93]. In the aged
Ni1−xFex(OH)2/Ni1−xFexOOH, Fe-induced partial-charge-transfer mechanisms ac-
tivate Ni centers throughout the film. Long-range order is unimportant for the
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catalytic activity of Ni1−xFexOOH systems [93], and no annealing is required for
activation. Ni1−xFexOx electrocatalytic films can easily be formed on electrode
surfaces by physical vapor deposition of Ni films (through sputtering or e-beam
evaporation techniques) followed by the aging process in the aqueous alkaline elec-
trolyte of the cell.

The design of these films for use on III-V photoanode surfaces must also
take into account optical transparency of the electrocatalyst, as well as interfacial
properties when combined with the protective oxide. In thick metal films patterned
onto the surface of tandem light-absorber structures, there is a trade-off between
optical obscuration and concentrated operational current densities at the catalyst
surface. Low filling fractions, which decrease parasitic absorption in the films,
force operation at high current densities, resulting in an increase in the kinetic
overpotentials of the electrocatalytic films [94]. In the case of NiFeOx , patterning
was not required as the oxidation process applied to very thin Ni films decreases
obscuration significantly.

For all photoanode surfaces in this chapter, an optically transparent nominally
2 nm thick Ni film was deposited on TiO2 surfaces using RF sputtering. Before
all electrochemical measurements, Ni aging was performed in 1.0 M KOH(aq) to
activate the NiFeOx and decrease obscuration of the device.

Looking at compatible electrocatalysts for the HER in alkaline solutions, NiMo
was a very attractive option. In a benchmarking study, it was shown to outperform
Pt at 10 mA cm−2 per geometric area in 1.0 M NaOH [68]. Previous work has used
NiMo nanoparticles [95, 96], and this method was used to create large area cathodic
counter electrodes for 3-electrode testing of the photoanode surface.

Counter electrodes were formed by drop casting NiMo nanoparticles on Ni foil
and annealing under forming gas (5% H2, 95% N2, 500 sccm, Airliquide) at 450 °C
for 30 min, then cooling the electrodes to room temperature under forming gas [95].
For the fully integrated prototype, a Ti/NiMo electrocatalyst was deposited using
RF sputtering onto the Au-Ge back contact of the III-V device.

Anion exchange membrane (AEM) selection and incorporation

Following the discussion in Section 1.5 about intrinsically safe operation, it is clear
that a water-splitting cell must consist of two electrolyte-containing compartments:
a cathode compartment in which protons and/or water molecules are reduced to
H2(g), and an anode compartment in which hydroxide ions and/or water molecules
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are oxidized to O2(g). The compartments are bridged by a membrane that pro-
vides the ionic transport necessary to complete the oxidation-reduction circuit while
maintaining separation of the products.

The incorporation of planar III-V cells into a photoelectrochemical cell requires
a module design that allows transport through ion exchange membranes without
significant reduction in the illuminated active area. For a planar device, the oxygen
and hydrogen evolution reactions occur on opposite sides of the semiconductor stack.
The louvered cell geometry shown in Figure 3.3 [97] allows incorporation of a
vertically-mounted membranes that separate the anode and cathode of angled planar
light-absorbing structures, while minimizing ionic pathway between the oxygen and
hydrogen evolution reaction surfaces [97, 98].

Figure 3.3: Module design for a planar PEC device. Photoelectrodes and the
membrane separators are interconnected in a louvered system configuration, with
optimized light absorption and solution-transport pathways.

For our device, a commercial AHA-type NEOSEPTA anion exchange mem-
brane was selected for use in 1.0 M KOH. Simulations were performed using the
membrane resistance of this AEM to optimize cell architecture dimensions for both
a small prototype with a single planar light absorber, and for the more advanced
louvered design that incorporated multiple tilted light absorbing slats separated by a
vertical membrane. The dimensions of the final prototype design shown in Figure
3.1 were established using these calculations.

3.4 Cell Processing and Compression Cell Assembly

To measure the current density during photoelectrochemical operation, wafers were
cleaved into samples 0.5~1 cm2 in area, and samples were mounted onto a Cu film
using a Ag-based conductive epoxy. Samples were then assembled into custom-
made compression cells (Figure 3.4 and Figure 3.6a) that were equipped with
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fluorosilicone O-rings (0.0314 cm2 Teflon, 0.34 cm2 polymethyl methacrylate).

The fully-integrated prototype chassis (Figure 3.6a) consisted of 1x PEC as-
semblies (10.0 mm x 10.0 mm), 2 x AHA-type NEOSEPTA anion exchange mem-
brane (2 x 10 mm), 2 x acrylic chassis that were 3-D printed, 1 x quartz window (15
mm in diameter), 8 x inlet and outlet ports (PEEK, ID 0.75 mm, OD 1.5875 mm),
and 16 x bolts (2-56" x 1") and/or epoxy (Loctite 9460, Hysol).

All transparent sections of the compression cells were covered using high-
performance black masking tape purchased from Thorlabs to prevent illumination
of electrochemically inactive surfaces.

Figure 3.4: Teflon O-Ring compression cell for aqueous photoelectrochemical
testing.

3.5 PEC Characterization

For photoelectrochemical experiments, illumination intensity from a Xe arc lamp
with an AM 1.5 filter was calibrated by placing a Si photodiode (Thor Labs) in the
Teflon compression cell, in the same location occupied by the exposed area of the
photoelectrode. The Si photodiode was previously calibrated by measurement of
the short-circuit current-density value under AM 1.5 simulated sunlight at 100 mW
cm-2 (1- Sun) of irradiance from a Xe arc lamp with an AM 1.5 filter.

To obtain spectral response data, monochromatic light was chopped at 17
Hz and was focused onto the sample surface. An unchopped light-emitting diode
(LED) was used to saturate the AlGaAs/GaAs heterojunction (850 nm) or the InGaP
homojunction (405 nm), to measure the external quantum yield of the unsaturated
subcell. Photoelectrochemical spectral response data were obtained at the formal
potential for water oxidation using a side- facing chassis with a 0.34 cm2 O-ring.
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A saturated calomel electrode (SCE, CH Instruments) was used as a refer-
ence electrode for all three-electrode photoelectrochemical measurements, includ-
ing spectral response data. The pH of the 1.0 M KOH(aq) solution was 13.7,
as measured using a VWR SympHony SB70P Digital, Bench-model pH Meter.
The equilibrium potential for water oxidation in 1.0 M KOH(aq) was calculated
to be 0.18 V vs. SCE. The active cell area was determined by the size of the
O-ring. For stability tests the custom-built Teflon compression cell (Figure 3.4)
O-ring size was 0.031 cm2, and a liquid pumping system was used to facilitate
removal of bubbles from the sample surface and to decrease mass transfer effects.
All data for three-electrode electrochemical measurements in aqueous solutions in-
cluded compensation for solution series resistance as obtained from high-frequency
electrical-impedance measurements.

Figure 3.5: Photoelectrochemical performance of III-V water-splitting device. (a)
Cyclic voltammetry of the photoanode in 1.0 M KOH(aq) under 1 sun illumination,
and dark electrolysis of the TiO2/Ni protection layer on p+-GaAs. The formal po-
tential for the oxygen evolution reaction (OER) and the hydrogen evolution reaction
(HER) are indicated by dotted lines at 0.18 V and 1.05 V versus SCE. (b) Spectral
response of the tandem photoelectrode, for which the integrated light limiting cur-
rent densities under AM 1.5 illumination were Jtop,int = 8.5 mA cm−2 and Jbot,int =
mA cm−2, respectively.

For water oxidation, the photoanode surface was protected from corrosion by a
62.5 nm layer of amorphous, hole-conducting TiO2 that was grown by atomic-layer
deposition (ALD).Figure 3.2 shows a cross-sectional scanning-electronmicroscopy
(SEM) image of the cell structure. The thickness of the TiO2 layer was chosen to



36

minimize reflection as a single-layer anti-reflection coating. A 2 nm layer of Ni
metal provided an ohmic contact to the TiO2 surface and, upon activation, formed a
highly active, stable, OER catalyst. Figure 3.5a shows the cyclic voltammetry of the
photoelectrode at 1 sun illumination in 1.0 M KOH(aq). The cyclic voltammetric
behavior closely matched the solid-state J-V performance of the device structure,
with a light-limited photocurrent density of 8.5 mA cm−2. Figure 3.5a also shows
the dark electrochemical behavior of the TiO2/Ni protection layer on highly-doped
p+-GaAs anodes. A load-line analysis using an equivalent-circuit model that con-
sisted of a photodiode connected in series with the dark electrolysis cell indicated
that a photodiode with a Voc = 2.25 V, FF = 0.82 and Jsc = 8.5 mA cm−2 (i.e. η =
15.7%) would be required to produce the same shift in current density vs. potential,
J-E, properties as was produced by use of the TiO2-coated InGaP/GaAs photoelec-
trode. Figure 3.5b shows the spectral response of the photoanode. The integrated
light-limiting current densities under AM 1.5 illumination were calculated to be
Jtop,int = 8.5 mA cm−2 and Jbot,int = 10.0 mA cm−2, respectively. The slightly larger
light-limited photocurrent density for the photoelectrode relative to the solid-state
device is ascribable to decreased reflection losses in the PEC cell configuration with
a TiO2 protection/anti-reflective coating.

3.6 PEC Stability Under Operating Conditions

Unassisted solar-driven water-splitting was performed in 1.0 M KOH(aq) by wiring
the 0.031 cm2 photoanode to a ~1 cm2 Ni-Mo cathode, to form a full photoelec-
trosynthetic cell (Figure 3.6a). The photoanode and the cathode were separated
by an anion- exchange membrane (AHA-type, NEOSEPTA membrane). The com-
pression cells were covered using high-performance black masking tape to prevent
illumination of electrochemically inactive surfaces outside of the O-ring area. Two-
electrode chronoamperometry of the device (Figure 3.6b) was measured under
simulated 1 sun illumination in 1.0 M KOH(aq) through two quartz windows and
without an external voltage bias. Initially, a short-circuit photocurrent density,
Jphoto,short = 8.5 mA cm−2, which corresponds to ηSTH = 10.5%, was observed.
Jphoto,short decreased to 7.3 mA cm−2 after 80 hours of operation, maintaining ηSTH

> 10% for 40 h of continuous operation. At these current densities, dissolution of
the entire epilayer at 100% Faradaic efficiency would require only 3% of the total
charge passed. The use of a round and thick fluorosilicone O-ring caused occasional
bubble accumulation inside the O-ring compartment. The transient blocking of the
photoelectrodes from the electrolyte due to bubble accumulation caused a sudden
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Figure 3.6: Long-term stability test of III-V water-splitting device with TiO2 pro-
tection layer. (a) A schematic illustration of the two-electrode cell configuration,
in which the photoanode and the cathode were separated by an anion-exchange
membrane. (b) The short-circuit photocurrent density, Jphoto,short , and the corre-
sponding solar-to-hydrogen conversion efficiency, ηSTH , as a function of time in a
two-electrode configuration under 1 sun illumination in 1.0 M KOH(aq).

decrease in Jphoto,short during the chronoamperometric measurements. However, the
dislodging of bubbles did not noticeably affect device performance.

The gradual decrease in current density could be attributed to multiple causes.
One potential cause is the evolution of pathways in the TiO2 film, possibly due
to cell processing in a non-cleanroom environment, leading to minimal corrosion
on the III-V surface. Over time, more and more of the underlying film is etched
away slowly, resulting in a breaking point when the TiO2 film is compromised.
Another explanation for the diminishing current is due to issues with the NiOx

catalyst. While it is possible that the catalyst is delaminating from the surface, over
tens of hours of operation, Ni-based oxygen evolution reaction electrocatalysts [93]
undergo complex transformations that can cause electrochromism [99, 100] and lead
to a gradual change in transmittance.

3.7 Fully-Integrated Water-Splitting Prototype

Following the characterization of a small-scale 3-electrode device, and after ver-
ifying the potential for long-term stability of planar structures using amorphous
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ALD-TiO2, the next step was to design a stand-alone device for solar H2(g) fuel
production.

Figure 3.7: Hydrogen fuel collection in unassisted water-splitting prototype. (a)
Schematic illustration of a fully monolithically integrated intrinsically safe, solar-
hydrogen system prototype. (b) Collected hydrogen and oxygen as a function of
time for the integrated prototype (active area = 1.0 cm2 for both the photoanode
and cathode, ALD-TiO2 thickness of 150 nm) under 1 sun illumination in 1.0 M
KOH(aq). Linear fits (dashed lines) during the first two hours of operation were
employed to estimate the production rate for H2(g) (0.81 mL s−1) and O2(g) (0.41
mL s−1).

A membrane-based, wireless prototype was constructed to demonstrate opera-
tion of a full, intrinsically safe, solar-driven water-splitting system. The system was
based on a monolithically integrated device that included tandem light absorbers
with two sets of protection layers, as well as the HER and OER electrocatalysts. The
dimensions of the chassis were designed using a multi-physics model to minimize
the transport losses in the electrolyte and in the membrane [23], and a thicker 150
nm layer of ALD-TiO2 served as a protection layer. The thicker TiO2 film did not
function optimally as an anti-reflection coating, but was required to ensure complete
coverage of the anodic surface of the device and long-term stability.

A custom-built polymethyl methacrylate (PMMA) chassis with anion exchange
membrane partitions shown in Figure 3.7awas used to separate the gas products. A
system of Teflon tubing at the top of each chamber allowed H2(g) and O2(g) to flow
into two eudiometers (0.05 mL precision) that were filled with deionized water and
suspended over large water reservoirs. To prevent escape of hydrogen gas through
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the solution, the reservoir for H2(g) collection was saturated with pure H2(g) for 30
min before operation.

The respective conduits transported gas products from the chassis chambers
to the eudiometers (inverted burette geometry), terminating at the water reservoir
level to insure that the chassis continuously operated at STP without any buildup of
backpressure. High precision manometers (Extech HD755) were used to sample the
pressure variation inside the eudiometers due to increasing gas volume every second.
The pressure was measured in inches water column, resulting in a well-defined
meniscus velocity during the experiment. A simple conversion factor between
the eudiometer length and the eudiometer volume allowed determination of the
gas production rate (ml/s) from measurement of the meniscus velocity (in/s). As
produced gases were introduced to the inverted burette and the water level decreased,
the pressure of the gases inside the burette increased. An additional conversion factor
was applied to obtain the volume of produced gas at STP, which was used to obtain
the solar-to-hydrogen conversion efficiency.

The prototype exhibited an average hydrogen and oxygen production rate of
0.81 mL s−1 and 0.41 mL s−1 as measured by the two eudiometers (Figure 3.7b).
The gas evolved from the cathode chamber and from the anode chamber showed
minimal (<0.5%) product gas crossover. The near 2:1 ratio of the product gas and the
minimal product crossover also indicated that minimal photocorrosion of the III-V
materials occurred during the testing period. The gas production rate decreased
around 10% after 4 h of operation of the monolithically integrated device, likely
due to pinhole formation around dust particles that were present on the photoanode
surface before the protection coating process.

The performance attributes exhibited by the fully operational system resulted
from adherence to the optoelectronic and electrochemical engineering design prin-
ciples that have been developed to guide the fabrication of efficient, intrinsically
safe, solar-fuels generators [22, 23, 39, 81, 101, 102]. The system geometry and
sample dimensions produced maximal light absorption while minimizing the ohmic
losses in the electrolyte [23, 39]. In the absence of product separation, co-evolved,
stoichiometric mixtures of H2(g) and O2(g) would be produced, and this explosive
mixture would prevent safe operation of the device. The membrane allowed for ro-
bust product separation [23, 39], and low gas crossover rates through the membrane
ensured intrinsically safe operation of the system. The pressure differential between
the anolyte and catholyte allowed for beneficial collection of the H2(g) into a pipeline
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without fluid flow across the membrane, resulting from Darcy’s law, which would
produce catastrophic failure of the system [23]. The alkaline electrolyte insured
a transference number of essentially unity for flow of hydroxide ions across the
anion exchange membrane, to allow for neutralization of the pH gradient that would
otherwise occur between the surface of the anode and cathode in the system [23,
39]. The band gaps and photovoltages of the light absorbers were optimized to
produce a photovoltage at the maximum power point of the system that would be
sufficient to drive the electrolysis reactions as facilitated by earth-abundant, active,
stable, HER and OER electrocatalysts in conjunction with the residual ohmic losses
in the device.48 Further improvements in efficiency are possible by minimizing
reflection losses and by optimization of the subcell current densities for current
matching. Note that the electrolyte need not be a liquid, and polymeric electrolytes
in conjunction with a pure water feed are generally used in analogous systems such
as PEM-based electrolyzers [103].

Figure 3.8: Faradaic efficiency of water-splitting prototype. (a) Short-circuit pho-
tocurrent density Jphoto, short under 1.5 Suns using AM 1.5 illumination. (b) Gas
volume was measured at regular intervals, and is compared to expected gas produc-
tion (dotted lines) based on total charge passed.

Faradaic Efficiency

Additional gas collection measurements were made using the chassis from Figure
2.5a to determine the faradaic efficiency of the system, as shown in Figure 3.8. The
current density from spontaneous water splitting was measured at zero external bias
under 1.5 Sun illumination from a Xe arc lamp with an AM 1.5 filter. This system
was used to calculate the expected gas production. Measurements were made at
regular intervals over a 5 h period. The Faradaic efficiency was 100% for O2(g),
and was 90% for H2(g) collection, probably due to hydrogen leaks in the chassis
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and tubing. The final products were analyzed using gas chromatography (GC) by
thermal conductivity detectors (TCD), and the composition of the products was
confirmed as well with a ~2% gas crossover rate.

3.8 Device Failure Mechanisms

For all samples, device failure was followed by a large increase in current density
(as shown in Figure 3.9) caused by a breach in the TiO2 protective film that led
to photocorrosion of the III-V layers. Lateral corrosion of the III-V device caused
cracks in the TiO2 that would eventually lead to liftoff of the protection layer, as can
be seen inFigure 3.10. The large increase in current density is due to corrosion of the
underlying III-V epilayers. Cyclic voltammetry of the device during the corrosion
process (Figure 3.9) reveal a decay in voltage over time and a corrosion onset around
the OER redox potential. When the protection layer is breached, shunting occurs
for the current-limiting top junction as the InGaP cell as it is corroded away, leaving
exposed the GaAs subcell leading to a drop in voltage and larger Jsc. This increase
in current density contributes further to lateral etching of the pretection layer.

Figure 3.9: Example of III-V device corrosion due to pinhole formation during
long-term stability test (representative sample). (a) Chronoamperometry (CA) of
device. (b) Cyclic voltammetry (CV) during corrosion process.

This behavior is expected becauseGaAs and the underlying III-V layers undergo
active corrosion by dissolution under anodic conditions in alkaline electrolytes [30,
57, 58]. Therefore, for suchmaterials, the presence ofmacroscale defects or pinholes
in the protective film, due to the presence of dust particles on the semiconductor
surface prior to and during film deposition, can lead to etching and undercutting of
the TiO2 that eventually results in catastrophic failure of the device.
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Figure 3.10: SEM images of device failure after 6.5 hours of operation. (top) crack-
ing of ALD-TiO2 protection layer and corrosion of underlying III-V semiconductors.
(bottom) Cross section of III-V corrosion.

3.9 Stability of Large-Area Prototypes and Future Protection Strategies

The ~1 cm2 protected III-V photoelectrodes used in the functioning prototype system
were less photochemically stable than the protected III-V photoelectrochemical
devices with smaller exposed surface area. One approach to mitigate this issue and
create scalable devices is to mutually electrochemically isolate the defects, such as
by use of nanostructured arrays. In this way, only small areas that possess a defect
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will be etched, leaving the other structures in the device protected and operational.

Figure 3.11: Protection scheme for chemically-isolated III-V structures on a self-
passivating substrate using ALD-TiO2. (a) Mesa-etched planar films. (b) Mi-
crowire/nanowire array.

One method is to mesa-etch planar III-V films that have been deposited on or
wafer-bonded to a stable or self-passivating substrate (Figure 3.11a). This can be
achieved by the combination of epitaxial liftoff (ELO) and wafer bonding. Recently
this has been demonstrated for high-throughput fabrication ofMOCVD-grown III-V
films on Si [104], which has the potential to dramatically reduce the cost of creating
an ideal bandgap combination for use in solar fuels.

A second strategy is to grow microwire or nanowire III-V semiconductors on
Si (Figure 3.11b). Planar metamorphic growth of III-V films on a Si substrate
is limited by defect propogation due to lattice mismatch, causing dislocations to
propagate through the film [105]. III-V nanowire growth on Si relaxes strain due
to the high surface-area-to-volume ratio of the sidewall surfaces of nanowires.
This allows growth of high-quality single-crystalline III-V materials that allow for
bandgap tuning to create a tandem partner with Si. Another benefit of high-aspect-
ratio structures is lower photocurrent density over the internal surface area favors
fuel production relative to corrosion, and thus enhances functional device lifetimes
relative to planar structures operated under the same illumination [80]. This was
further explored by work at the Joint Center for Artificial Photosynthesis (JCAP)
using GaAs nanowires grown on Si substrates with a semiconductor/liquid junction
formed in the ferrocenium/ferrocene redox couple (FeCp+/02 ) in dry acetonitrile
(CH3CN) that contained lithium perchlorate as the supporting electrolyte [106].
This work was continued by coating the nanowires with ALD-TiO2 and using a
conformalNiOx electrocatalyst [107]. In these structures, the radius of the nanowires
was small enough to mitigate strain due to lattice mismatch of GaAs and Si, and
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the protective TiO2 film passivated the entire photoanode surface. The photoanode
displayed resistance to corrosion and performed continuous water oxidation for over
200 h in 1.0 M KOH(aq) [107].

3.10 Summary and Outlook

A monolithically integrated device consisting of a tandem-junction GaAs/InGaP
photoanode coated by an amorphous TiO2 stabilization layer, in conjunction with
NiFeOx/NiMo earth-abundant active electrocatalysts for the hydrogen-evolution and
oxygen-evolution reactions, was used to effect unassisted, solar-drivenwater splitting
in 1.0 M KOH(aq). When connected to a Ni-Mo-coated counterelectrode in a two-
electrode cell configuration, the TiO2-protected III-V tandem device exhibited an
ηSTH of 10.5% under 1 sun illumination, with stable performance for > 80 h of
continuous operation, and for 40 hours at an efficiency of ηSTH > 10%. The protected
tandem device also formed the basis for amonolithically integrated, intrinsically safe
solar-hydrogen prototype system (1 cm2) driven by a NiMo/GaAs/InGaP/TiO2/Ni
structure. The intrinsically safe system exhibited a hydrogen production rate of
0.81 µL s−1 and a solar-to-hydrogen conversion efficiency of 8.6% under 1 sun
illumination in 1.0 M KOH(aq), with minimal product gas crossover while allowing
for beneficial collection of separate streams of H2(g) and O2(g).

Future directions for these protection schemes with III-V devices include IMM
devices to create more ideal bandgap combinations for increased efficiency, as well
as mesa-etched structures and nanowires on stable or self-passivating substrates for
corrosion resistance to promote longer device operation.

In addition, this work demonstrates the effectiveness of conductive ALD-TiO2

films for use in any future device that requires stable photoanodes in corrosive
environments, including CO2 reduction for carbon-based liquid fuel production.
The voltages we demonstrate would be ideal for fuel formation in CO2R devices,
which would benefit from combining a TiO2-protected photoanode with a CO2R
cathode. This will be explored further in Chapter 4 .
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C h a p t e r 4

BIPOLAR MEMBRANE DEVICES FOR SOLAR FUEL
PRODUCTION

Content in this chapter is drawn from the following publications:

• Sun, K., Liu, R., Chen, Y., Verlage, E., Lewis, N. S. & Xiang, C. Solar-
Driven Water Splitting: A Stabilized, Intrinsically Safe, 10% Efficient, Solar-
Driven Water-Splitting Cell Incorporating Earth-Abundant Electrocatalysts
with Steady-State pH Gradients and Product Separation Enabled by a Bipolar
Membrane. Advanced Energy Materials 6, 1600379 (2016).
DOI: 10.1002/aenm.201670077
Contribution: experimental design, III-V photoelectrochemical cell design and
processing.

• Zhou, X., Liu, R., Sun, K., Chen, Y. K., Verlage, E., Francis, S. A., Lewis,
N. S. & Xiang, C. X. Solar-Driven Reduction of 1 atm of CO2 to Formate at
10% Energy-Conversion Efficiency by Use of a TiO2-Protected III–V Tandem
Photoanode in Conjunction with a Bipolar Membrane and a Pd/C Cathode.
ACS Energy Letters 1, 764–770 (2016).
DOI: 10.1021/acsenergylett.6b00317
Contribution: III-V photoelectrochemical cell design and processing.

4.1 Introduction and Motivation

Typically, laboratory-scale solar fuel devices have utilized a single electrolyte in
both the anode and cathode compartments, necessitating compatible materials for
use in each half-reaction. The devices described in Chapter 1, as well as our own
highly-efficient and stable water-splitting device presented in Chapter 3, operate
in either strongly acidic or in strongly alkaline electrolytes. This necessitates com-
patible material choices for cathodic and anodic reactions, and prevents desired
combinations of OER and HER technologies.

In the absence of earth-abundant OER catalysts that are stable in acid, devices
that operate in acidic electrolytes and use a Nafion membrane require the use of
IrOx or RuOx . As described in Section 3.3, the lack of stable, earth-abundant
electrocatalysts for oxygen evolution in acid [51] prevents the incorporation of
useful materials for the HER in acid. For instance, an acid-stable photocathode like
Si, combined with highly active, stable, and earth-abundant HER electrocatalysts

http://dx.doi.org/10.1002/aenm.201670077
http://dx.doi.org/10.1021/acsenergylett.6b00317
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(like transition-metal phosphides) have the potential to dramatically decrease the
cost of solar water splitting.

In this chapter we explore device architectures that allow a variety of different
pH combinations for the anolyte and catholyte, and we create novel, efficient, and
stable prototypes for water-splitting and CO2 reduction.

4.2 Water Dissociation using a Bipolar Membrane

To ensure continual and intrinsically safe operation, scalable devices must include
either a cation-exchange membrane (CEM) or an anion-exchange membrane (AEM)
to provide proton and hydroxide-ion transport for acidic and alkaline media, re-
spectively. Membranes with high ionic conductivities, such as Nafion in acid and
SELEMION membranes in alkaline solutions, are used to separate the anode and
cathode chambers to minimize product gas crossover.

Hybrid anion and cation exchange membranes are widely used in industrial
electrodialysis processes to separate anions from cations in a salt solution. These
bipolarmembranes (BPMs) account for charge balance by performingwater electrol-
ysis at the interface between the AEM and CEM, producing protons and hydroxide
ions. For charge balance, and to maintain a pH gradient between the two chambers,
these systems split water to produce protons and hydroxide ions at the interface
between the AEM and CEM [108, 109].

Recently the incorporation of BPMs with BiVO4 photoanodes and Pt cathodes
for light-assisted water splitting has been shown to maintain steady-state differences
of 0-14 pH units and 0-7 pH units [110], showing much potential for the inclusion
of BPMs in photoelectrochemical devices [108].

4.3 Cell Architecture Redesign

The current density and external quantum efficiency of both the solid state device
and the photoelectrochemical device, shown in Figure 2.4 and Figure 3.5, are not
optimal and have much room for improvement.

Record dual-junction GaAs/InGaP devices in literature include double layer
anti-reflection coatings (DL-ARCs) with optimized indices of refraction and thick-
nesses for a III-V layer stack. Many of these DL-ARCs are unstable in alkaline
electrolyte or are unsuitable for operation in a planar PEC device. The solid-state
measurements reported in Chapter 2 were obtained without any surface treatment or
anti-reflection coatings, which results in reflection losses of ~30% for most wave-



47

lengths in the solar spectrum. The behavior of the photoelectrode benefits slightly
from being submerged in solution that has a higher index of refraction than air,
as well as from the TiO2 coating which acts as a (sub-optimal) single-layer anti-
reflection coating (ARC). A second cause of reduced EQE is parasitic absorption
by the 7 nm GaAs contact layer, which absorbs photons that have energies above the
band gap of GaAs (1.42 eV). The presence of this layer was needed to obtain facile
for hole conduction through the TiO2 protection layer, since ALD-TiO2 grown on
window layers that contained exposed aluminum did not exhibit the desired electri-
cal properties. Simulations indicated that parasitic absorption of short wavelength
light was especially detrimental to the performance of the high bandgap InGaP cell.

No. Material Thickness (nm) Doping Density (cm−3) Dopant
14 GaAs 4 p++ >1 × 1019 Zn
13 In0.48Al0.52P 30 p+ 3 × 1017 Zn
12 In0.49Ga0.51P 70 p+ 1 × 1017 Zn
11 In0.49Ga0.51P 530 n 1 × 1016 Si
10 In0.48Al0.52P 10 n+ 1 × 1017 Si
9 GaAs 20 n++ >2 × 1019 Te
8 Al0.3Ga0.7As 20 p++ >2 × 1019 C
7 In0.49Ga0.51P 20 p+ 5 × 1018 Zn
6 Al0.2Ga0.8As 250 p+ 1 × 1018 Zn
5 GaAs 2000 n 2 × 1017 Si
4 In0.49Ga0.51P 30 n+ 3 × 1018 Si
3 GaAs 300 n+ 5 × 1018 Si
2 AlAs 150 n+ 1 × 1018 Si
1 GaAs 50 n+ 5 × 1018 Si
0 GaAs Substrate n+ 5 × 1018 Si

Table 4.1: Epitaxial structure for dual-junction InGaP/GaAs III-V cell.

A re-design of the original multijunction III-V MOCVD growth on GaAs was
performed using AFORS-HET simulations to avoid these losses in future devices
and to ensure current matching of the InGaP and GaAs subcells. Additionally,
these cell growths were designed to deliver increased voltages for use beyond water
splitting in 1.0MKOH. The InGaP n-type basewas increased to 530 nm. In addition,
the GaAs top contact layer was reduced to 4 nm in order to decrease the obscuration
of the device after cell processing. The final structure from these simulations is
shown in Table 4.1. In the rest of this chapter we use the tandem cell to drive water
electrolysis and CO2 reduction using bipolar membranes, where larger overpotential
requirements will utilize the voltage supplied by the InGaP/GaAs structure.
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4.4 High-Efficiency Water-Splitting Device Enabled by a Bipolar Membrane

Operation in lower pH has the potential to increase performance and stability for the
water-splitting protection scheme described in Chapter 3. Substituting the anion
exchange membrane with a bipolar membrane could allow near-neutral operation
with the TiO2 protection scheme while avoiding complications described in Section
1.5. This would also open up the possibility of using earth-abundant acid-stable
HER electrocatalysts, which have no acid-stable OER pairing and could not be used
in a purely alkaline device.

Using the improved III-V multijunction design, we created a sustained, intrin-
sically safe, efficient, solar-driven water-splitting cell based on CoP/H2SO4 (aq, pH
= 0)/BPM/KBi (aq, pH 9.3)/Ni/TiO2/InGaP/GaAs. The photoanode was coated by
a 62.5 nm thick layer of amorphous ALD-TiO2, optimized by optical modeling to
minimize the reflection loss at the water/dielectric layer interface.

Counter electrodes were made from a Ti mesh coated by electrodeposition of
CoP [111]. To minimize leaching of Co into the catholyte, the CoP counter elec-
trode was electrochemically conditioned in a separate home-made cell with 1.0 M
H2SO4(aq) in the dark using a three-electrode configuration, prior to transferring
the cathode to the water-splitting cell. This electrochemical conditioning was con-
ducted using cyclic voltammetry with a potential window of -0.15~0.05 V vs. RHE
at a scan rate of 10 mV s−1 for at least 20 cycles, to remove excess Co metal in the
Co phosphide film.

The catholyte was 1.0 M H2SO4(aq) and the anolyte was a 0.5 M potassium
borate solution. The two electrolytes were separated by a bipolar membrane (fu-
masep FBM). The pH of the 0.5 M KBi(aq) solution was measured to be 9.3, and
the SCE reference electrodes were calibrated in 0.5 M KBi(aq) using a reversible
hydrogen electrode (RHE) fabricated from a homemade Pt disc in contact with a
continuous purge of 1 atm of H2(g). The equilibrium potential for water oxidation
in 0.5 M KBi(aq) was therefore calculated to be 0.434 V vs. SCE.

A custom electrochemical cell with a flat glass (Pyrex) bottom was used for
all of the 3-electrode (photo)electrochemical measurements (Figure 4.1a). Sam-
ple sizes in the 3-electrode measurement were typically ~0.2 cm2. Two custom-
made three-necked cells, with a flat quartz window for side-facing illumination and
side connectors, were used in the 2-electrode BPM electrochemical measurements
(Figure 4.1b). In addition to the stirring described above, a peristaltic pumping sys-
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Figure 4.1: Schematic showing the BPM measurement setup for 3-electrode (a)
and 2-electrode (b) electrochemical measurements.

tem (Simply Pumps PM300F) with a minimal flow rate of ~500 mL min controlled
by a tunable power supply was used to facilitate the removal of bubbles from the
sample surface and to minimize the dissolution of the Ni catalysts at near-neutral
pH. Curved glass tubing was connected to the pump through polyimide tubing, and
was placed close to the sample surfaces for efficient circulation.

The current density versus potential (J–E) behavior of a 0.23 cm2 tandem-
junctionGaAs/InGaP/TiO2/Ni photoanode in contact with theKBi solution is shown
in Figure 4.2a, both in the dark and under simulated 1 sun illumination. For
comparison purposes, Figure 4.2a also shows the J-E behavior of the OER using
the TiO2/Ni layers deposited onto a nonphotoactive p+-Si substrate (p+-Si/TiO2/Ni),
where the amorphousTiO2 layer provided ohmic contactswith low contact resistance
to the degenerately doped semiconductor as well as to the Ni metal catalyst. After
correction for uncompensated resistance, an overpotential of ≈660 mVwas required
to drive the OER at a rate corresponding to 10 mA cm−2 of current density, using
the activated thin Ni metal catalyst in contact with the 0.5 M KBi solution. The
Ni metal catalyst required the application of an additional ≈300 mV overpotential
when operated in KBi relative to the overpotential required to drive the OER at the
same current density and catalyst loading in 1.0 M KOH(aq) shown in Chapter 3.

The photocurrent density of the GaAs/InGaP/TiO2/Ni photoanode during a
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Figure 4.2: BPM water-splitting device performance in 3-electrode setup. (a)
Cyclic voltammetry of a freshly prepared GaAs/InGaP/TiO2/Ni photoanode in con-
tact with a 0.5M potassium borate buffer solution (KBi) at pH 9.3 in the dark (black)
and under 1 sun of simulated solar illumination (red). The current density versus
potential (J-E) characteristic for a non-photoactive p+-Si/TiO2/Ni electrode effect-
ing the oxygen-evolution reaction under the same conditions is shown in blue. The
equilibrium potentials at pH 9.3 for the oxygen-evolution reaction (OER) and the
hydrogen-evolution reaction (HER) are indicated by the dotted lines. (b) The pho-
tocurrent density, Jphoto, as a function of operational time for a GaAs/InGaP/TiO2/Ni
photoanode biased potentiostatically to -0.016 V versus a reversible hydrogen elec-
trode (RHE) (blue dotted line).

100-hour stability test is shown in Figure 4.2b. It was biased potentiostatically at
the formal potential for the OER (-0.016 V versus a reversible hydrogen electrode,
RHE) while in contact with 0.5 M KBi(aq) and illuminated by a halogen lamp at 1
sun, in a three-electrode configuration with a standard calomel reference electrode
(SCE) and a Pt mesh counter electrode. The photocurrent density at this applied
bias, Jphoto (–0.016), increased from 9.0 to 10.5 mA cm−2 during the 100 h test.
After the 100 h stability test, the photoanode exhibited negligible change in onset
potential or equivalent open- circuit voltage relative to the beginning of the test.
The increase in Jphoto (-0.016), particularly during the first 20 h of operation, may
reflect changes in the refractive index and/or optical absorptivity of the Ni layer due
to electrochemically induced changes in the morphology and thickness of the layer
[100].

A schematic illustration of the BPM-containing device, with a 0.5 M KBi(aq)
anolyte and 1.0 m H2SO4(aq) catholyte, is shown in Figure 4.3a. Dissociation
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Figure 4.3: Bipolar membrane water-splitting device performance. (a) Schematic
illustration of a spontaneous solar-driven water-splitting system that incorporates a
BPM to maintain steady-state pH gradients. (b) The photocurrent density and corre-
sponding solar-to-hydrogen conversion efficiency, ηSTH , observed during unassisted
water splitting using a BPM-containingGaAs/InGaP/TiO2/Ni cell in a two-electrode
con guration incorporating a CoP/Ti mesh cathode and under 1 sun of simulated so-
lar illumination from a halogen lamp. The light source failed after ~70 h of operation
and illumination was resumed ~5 h later. (c) Photocurrent density as a function of
voltage applied between the GaAs/InGaP/TiO2/Ni photoanode and a CoP/Ti mesh
cathode at a range of illumination intensities. The short-circuit condition (i.e., with
no applied bias) is indicated by the dotted black line. (d) The volume of oxygen
produced as a function of time, as determined from gas-collection measurements
(solid red line), and the volume of oxygen that would be produced based on the
current passed as a function of time assuming 100% Faradaic efficiency for oxygen
evolution (dotted line).
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of water at the AEM-CEM interface within the BPM releases hydroxide ions and
protons, which migrate into the anolyte and catholyte, respectively. When the
rate of water dissociation in the BPM is equal to the rate of consumption of the
protons and hydroxide ions at the electrode surfaces, a steady-state pH gradient is
maintained. Figure 4.3b shows chronoamperometric (CA) data for a two-electrode
BPM-containing cell using a 1.06 cm2 area photoelectrode, a ~4.5 cm2 BPM, and a
Ti mesh/CoP counter electrode under 100mW cm−2 of simulated solar illumination,
with no external bias. The Ti/ CoP cathode exhibited a quantitative faradaic yield
for H2(g) evolution [111].

The electrocatalytic performance of the Ti/CoP cathode was separately char-
acterized in a three-electrode electrochemical setup in 1.0 m H2SO4 (aq), and an
overpotential of ~100 mVwas observed at a cathodic current density of 10 mA cm−2

for the HER, comparable to previous observations for CoP. At the beginning of the
measurement, Jphoto(0) was 8.2 mA cm−2, which corresponds to a solar-to-hydrogen
(STH) conversion efficiency, ηSTH , of 10.0%. The current density and efficiency
of this cell were lower than the performance expected from the short-circuit pho-
tocurrent density observed using smaller area (~0.2 cm2) photoelectrodes (Figure
4.2), with the difference in performance for cells using the larger (1.06 cm2) pho-
toelectrode most likely resulting from the additional overpotential for the HER as
well as the increased path length for ion transport around the edge of the larger
electrode, which would increase the solution-based resistance losses in the cell.
Nonuniformity or defects in the junction would also be expected to have a greater
effect on larger-area electrodes, because larger samples should statistically contain a
greater absolute number of defects than smaller electrodes. After 100 h of operation,
Jphoto(0) decreased to 7.5 mA cm−2, corresponding to a 9.3% relative decrease in
ηSTH over the 100 h period. At an operational photoelectrode current density of ≈
8.0 mA cm−2, the kinetic overpotentials for the OER and HER in the system were ≈
600 and ≈ 100 mV, respectively. The membrane voltage loss, Vmembrane,loss, was
≈ 300 mV at the membrane current density (≈ 1.8 mA cm−2) in the operating cell.
Hence, the total voltage required to drive the water-splitting cell at ~8.0 mA cm−2 of
photoelectrode current density was ≈1.23 + 0.6 + 0.1 + 0.3 ≈ 2.2 V, which was close
to the photovoltage provided by the photodiode at that photocurrent density. At the
current densities observed during the stability test, dissolution of the entire epilayer
(InGaP/GaAs layer) of the photoelectrode at 100% Faradaic efficiency would re-
quire <2% of the total charge passed (see Supporting Information for calculation).
Negligible change in the pH of the electrolyte in either compartment of the cell was
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expected even if the BPM exhibited a substantial leakage current, because of the
relatively large volume of the anolyte (15 mL) and the catholyte (15 mL) compared
to the pH change expected in those volumes if every electron passed in the circuit
were accompanied by transfer of a co-cation or a co-anion through the membrane.

The current density at various illumination intensities was recorded as a func-
tion of the two-electrode bias voltage applied to the BPM-containing cell (Figure
4.3c). At zero applied bias (black dotted line) and for lower illumination intensities
(≤0.5 suns), Jphoto(0) approached the light-limited photocurrent density, resulting
in an improvement in efficiency from ηSTH = 9.6% under 1 sun illumination to ηSTH

= 10.4% at 0.5 sun illumination and to ηSTH = 13.0% under 0.2 sun illumination.
Under 1 sun illumination, Jphoto(0) = 7.8 mA cm−2 was close to the light-limited
photocurrent density (8.2 mA cm−2). Higher efficiencies could be reached by re-
ducing the residual voltage losses in the cell. This can be accomplished by reducing
the resistive losses from the membrane, reducing the solution resistive loss, or by
improving the performance of the catalysts.

Figure 4.3d shows the volume of oxygen collected as a function of time from
the anolyte, compared to the expected volume of oxygen that should be produced as a
function of time based on the charge passed and assuming 100% Faradaic efficiency
for oxygen evolution. A near-unity Faradaic efficiency for O2(g) production at the
photoanode was observed over the course of ~20 h of continuous operation in 0.5 M
KBi(aq), suggesting minimal corrosion of the GaAs/InGaP/TiO2/Ni photoelectrode
under such conditions.

After 100 h of operation, while visible defects were observed on the large-area
sample surfaces (~1 cm2), these samples showed great improvements in stability
over the device in alkaline media from Chapter 3 . This is due to the fact that many
of the III-V epilayers, including GaAs, InAlP, InGaP, and AlGaAs, have reduced
dissolution rates in 0.5 M KBi(aq) compared to dissolution 1.0 M KOH(aq). Small
pinholes formed around dust particles during cell processing in a non-cleanroom
environment were once again the most likely cause of the decrease in efficiency.
In separate experiments, the BPM was shown to maintain the pH gradient and had
excellent stability in these solutions. The BPM was not one of the contributing
sources to drops in performance over time.

A potential disadvantage of BPM-containing devices is the additional voltage
requirement compared to similar devices that use earth-abundant catalysts. There
were voltage losses due to the BPM resistive loss, as well as a loss for driving
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electrodialysis at the FUMASEP FBM/anolyte and electrode/anolyte interfaces.
For this device, the voltage loss across the FUMASEP FBM bipolar membrane
was 400–500 mV at Jmembrane = 4.36 mA cm−2 and is expected to exceed 1.0 V at
Jmembrane = 10 mA cm−2. On top of this, the lack of unity permselectivity across
the BPM will also eventually lead to electrodialysis of the solution, requiring active
management of the buffer species and of the pH of the electrolytes to achieve true
steady-state cell operation.

Additionally, while the Ni OER electrocatalyst is more stable in a borate buffer
than with phosphate or bicarbonate buffers at pH 9.3, there are still issues with
chemical corrosion. Oxidized Ni is partially soluble in pH 9.3 borate buffer, and
eventually the electrocatalyst will be completely removed from the surface and/or
the Ni species will contaminate the catholyte and membrane. An interesting option
is to embed light absorbing materials inside the BPM. However, near the electrode
surfaces local pH conditions will be either highly alkaline or highly acidic, canceling
the benefit from operating in a buffered solution at near-neutral pH.

4.5 Bipolar Membrane Device for CO2 Reduction

Just as in the case for solar water splitting, BPMs can enable the combination of
electrolytes with different pH for the reduction of CO2 into fuel. Devices that have
a single electrolyte and by necessity perform the CO2 reduction (CO2R) reaction
in neutral pH conditions have large overpotential losses for the OER, and suffer
from similar issues described in Section 1.5 for near-neutral water-splitting devices.
Utilizing a BPM relaxes electrolyte constraints and allows use of Ni-based OER
catalysts, which are not stable for OER at near-neutral pH. This allows for the
incorporation of the photoanode from Chapter 3 into a CO2R system.

The ALD-protected GaAs/InGaP/TiO2/Ni photoanode was used to perform the
OER in 1.0 M KOH(aq) (pH = 13.7) and drive the reduction of CO2 to formate.
For the cathodic electrodes, Ti foils and mesh were coated with Pd/C nanoparticles
designed to perform the CO2R reaction in 2.8 M KHCO3(aq) (pH = 8.0) under 1
atm of CO2(g). Together with a bipolar membrane (fumasep FBM), these electrodes
were used to create a full solar-driven CO2R system with effective ionic coupling
between the catholyte and anoylyte to create modest combined cell overvoltages at
the desired operational current density.

As seen in the schematic illustration in Figure 4.4a, a dual compartment glass
cell was used for the two-electrode electrochemical setup. A peristaltic pumping
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Figure 4.4: Solar-driven CO2 reduction to formate using a bipolar membrane. (a)
Schematic illustration of a two-electrode electrochemical setup. (b) The unassisted
CO2R current density as a function of operational time using aGaAs/InGaP/TiO2/Ni
photoanode and a Pd/C-coated Ti mesh cathode in a two-electrode electrochem-
ical configuration under 100 mW cm−2 of simulated AM1.5 illumination. (c)
The overall polarization characteristics for the CO22R reaction and the OER
using a p+-Si/TiO2/Ni anode and a Pd/C-coated Ti mesh cathode in the two-
electrode BMP configuration (KHCO3/Nafion/KOH) (black) as well as in the two-
electrode Nafion membrane configuration (KHCO3/Nafion/KHCO3) (blue). The
measured (red) and calculated (black) two-electrode current-voltage behavior of
the GaAs/InGaP/TiO2/Ni photoanode wired to a Pd/C-coated Ti mesh cathode was
measured under 100 mW cm−2 of simulated AM1.5 illumination. The calculated
current density-voltage characteristic of the solid-state tandem cell (orange).

system, shown by the blue tubes in Figure 4.4a, facilitated removal of CO2(g)
bubbles from the electrode and membrane surfaces. CO2 at 1 atm (ALPHAGAZ
1) was bubbled continuously into the 2.8 M KHCO3(aq) catholyte. The geometric
areas of the GaAs/InGaP/TiO2/Ni photoanode, BPM, Nafion membrane were all
0.030, cm2, and the Pd/C/Ti cathode was 0.040 cm2. As in Chapter 3, the active
area of the III-V device was kept small due to pinhole formation and corrosion
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1.0 M KOH(aq), which prevented a larger photoanode area. The stability test in
Figure 4.4b shows the current density for unassisted CO2R under 100 mW cm−2 of
simulated AM1.5 illumination. For these measurements, the GaAs/InGaP/ TiO2/Ni
photoanode was wired directly to the Pd/C nanoparticle-coated Ti mesh cathode
with no external bias. The faradaic efficiency of CO2 reduction to formate fuel was
~94% after 3 h, corresponding to a solar-to-formate efficiency (or, alternatively, a
solar-to-fuel conversion efficiency, ηSTF) of 9.9%.

Cyclic voltammetry (CV) sweeps and calculations of the current density vs.
voltage behavior of the cell components are presented in Figure 4.4c. There is good
agreement between the calculated (dotted black) and measured (red) two-electrode
current density vs voltage behavior of the GaAs/InGaP/TiO2/Ni photoanode wired
to a Pd/C-coated Ti mesh cathode under 100 mW cm−2 of simulated AM1.5 il-
lumination. The calculated behavior of the GaAs/InGaP/TiO2/Ni photoanode was
obtained by using the current-voltage behavior of the tandem solid-state photoab-
sorber (dotted orange) in conjunction with the overall polarization characteristic of a
p+-Si/TiO2/Ni anode and a Pd/ C-coated Ti mesh cathode in the two-electrode BMP
configuration (KHCO3/BPM/KOH) (black). Notice the intersection of the dark load
line using the BPM (black) with a region close to the maximum power point of the
photovoltaic tandem junction component of the photoanode (orange) at an applied
voltage of around 2.04 V, which indicates the buried junction cell is a good match
for the voltage requirements of the CO2R device. This is in contrast to the two-
electrode Nafion membrane configuration (KHCO3/Nafion/KHCO3) (blue) using
the same electrode materials, which has additional ~180 mV of voltage required
for operation. Meeting these voltage demands would require a significant decrease
in performance. Additionally, transport of K+ between the anolyte and catholyte
during steady-state operation using a Nafion membrane would also electrodialyze
the electrolytes. While circulation of the electrolyte might potentially minimize the
steady-state K+ ion concentration polarization of the system, it would be difficult to
separate formate from the catholyte due to low concentrations of the liquid product.
The BPM causes robust product separation and allows for the production of a high
concentration of formate.

4.6 Summary and Outlook

In this chapter bipolar membranes were incorporated into two photoelectrochemical
solar fuel devices, maintaining a large pH gradient between anolyte and catholyte
and allowing the stable pairing of previously incompatible half-cells and materials.
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Although the BPM increased overpotential requirements with additional membrane
voltage losses, it was shown to prevent product gas crossover and maintain the pH
levels of each electrolyte.

First, unassisted and intrinsically safe solar-driven water splitting was demon-
strated at ηSTH = 10% for >100 h with a pH 9.3 anolyte and pH 0 catholyte for a
>1 cm2 tandem photoelectrode. For this device, the BPM prevented the need for an
active and acid-stable OER electrocatalyst, and improved the stability of the larger
area III-V photoanode by allowing operation in near-neutral conditions.

Returning to the high-pH conditions of the device in Chapter 3 , a second
BPM device performed solar-driven CO2 reduction to produce formate at an ηSTF

of 9.9%. The tandem GaAs/InGaP/TiO2/Ni photoanode in 1.0 M KOH(aq) (pH =
13.7) was used to drive CO2 reduction using a Pd/C nanoparticle-coated Ti mesh
cathode in 2.8 M KHCO3(aq) (pH = 8.0) and 1 atm of CO2(g). Again, the BPM
was instrumental for allowing simultaneous operation in two different electrolytes,
with a lower total overpotential and higher efficiency than any currently-available
single-electrolyte CO2 reduction cell.

These laboratory-scale devices demonstrate the many benefits that can be
achieved by the incorporation of bipolar membranes and ALD-TiO2-coated III-V
photoanodes in future devices for solar-driven water-splitting and CO2R reactions.
While we have explored acidic/near-neutral and near-neutral/alkaline pH combina-
tions, we did not explore the full pH range of pH 0/14 electrolytes, a combination
that would entirely avoid the complications due to buffered solutions.
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C h a p t e r 5

IMPROVING DEVICE PERFORMANCE:
OPTICAL WAVEGUIDES AND STRUCTURED CATALYST

ISLAND ARRAYS

The III-V photoanode surfaces presented in the previous chapters have shown im-
pressive stability in alkaline and near-neutral conditions. However, when it comes
to light absorption and electrocatalyst transparency/stability, there is much room for
improvement. The thin, optically-transparent Ni films used for operation in 1.0 M
KOH in Chapter 3 and Chapter 4 degraded over time and caused a decrease in
performance, and limits light management on the III-V surface.

Light management is a challenge not only for III-V photoanodes but for any
fully-integrated PEC device that combines electrocatalytic and light-absorbing com-
ponents. A new approach that does not require thin and/or transparent electro-
catalysts would alleviate many constraints on device design. Beyond improving
Ni-based photoanodes for solar water splitting, such a scheme could dramatically
increase the performance of CO2 reduction photocathodes, where large overpoten-
tials require an increase in catalyst loading, making transparency difficult. Creating
a general-purpose light management scheme, one that can incorporate thick and/or
non-transparent catalysts while not obscuring the device, would increase the effi-
ciency of a wide range of architectures.

In this chapter we explore strategies for light management on planar photo-
electrodes. First we explore a novel dielectric waveguide array that allows large
area (>50%) coverage of thick, non-transparent electrocatalyst on PEC surfaces.
Second, we design a conventional antireflection coating that can be combined with
catalyst islands or a structured catalyst array. Finally, we perform simulations that
compare the performance of these light management designs. We will find both
strategies have the potential to increase electrocatalyst lifetime under operating con-
ditions, and to significantly enhance light absorption while decreasing overpotential
requirements.
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5.1 Waveguide Modes in Cylindrical and Conical Nanostructures

As was previously discussed at the end of Chapter 3 , broadband absorption can
be achieved using sparse (<5% fill fraction) arrays of GaAs nanowires on Si for use
in photovoltaics and photoelectrochemistry, reducing material usage and improving
performance relative to thin film or bulk materials [106].

The light-trapping properties of these high-index nanowire arrays are due to
robust coupling into waveguide modes of individual nanowires. These waveguide
modes lead to absorption peaks that are dependent on the dimensions of the wire.
Arrays of nanowires with different radii can be used to create multiple absorption
peaks, enhancing absorption above the band edge of the semiconductor [112, 113].
Further, the scattering cross section of each wire at its peak absorption wavelength
is large enough to absorb most of the incoming radiation [112].

For a single, infinitely long cylindrical dielectric waveguide in air, the eignen-
value equation derived from Maxwell’s equations (Equation 5.1), describes the
waveguide mode resonances:
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where a is the cylinder radius, εcyl is the complex permittivity of the cylinder, k0 is
the free space wavevector, kz is the wavevector along the cylinder axis, kcyl and kair

are the transverse components of the wavevector in the interior and exterior of the
cylinder, respectively, m is the azimuthal mode order, and Jm and Hm are the mth
order Bessel and Hankel functions of the first kind, respectively [114].

In sparse arrays of high-index nanowires, the modes responsible for the en-
hancement in absorption arise from the waveguide modes of individual wires, and
these modes are only slightly perturbed by the lattice [114, 115]. For m > 0, mode
solutions are HE (magnoelectric, TM-like) or EH (electromagnetic, TE-like). These
modes are labeled as EHmn or HEmn, where m is the azimuthal and n is the radial
mode number.

Previous simulations have shown that tapering ofGaAsnanowires into vertically-
oriented nanocones increases absorption of the AM1.5 spectrum, resulting in a 3%
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increase in absorbed photocurrent compared to multi-radii nanowire arrays [112].
The gradual change in radius down the length of the cone creates enhanced absorp-
tion at specific heights for each wavelength. By modifying the tip and base radius,
this can be tuned for optimal broadband absorption above the band edge of GaAs.

While light absorption inside semiconductor wire/cone arrays decreases ma-
terial costs due to low filling fraction of expensive III-V materials, there are many
constraints on the available bandgaps and on the optoelectronic properties for these
structures. In order to achieve high efficiency, this normally requires growth of
high-quality semiconductors on lattice-mismatched substrates. Manufacturing pro-
cesses for these structures will vary depending on substrate material, and are further
complicated by the necessary deposition of electrocatalyst, which could lead to
obscuration of the wire array or of the underlying substrate.

However, coupling into waveguide structures also occurs below the band edge
of the semiconductor; this provides an opportunity to use waveguide modes for
transmission directly into the underlying substrate. In the rest of this chapter, we ex-
plore high-aspect-ratio dielectric nanocones which have the potential to dramatically
increase light absorption on the surfaces of planar PEC and PV devices.

5.2 Broadband Transmission Through Optically Thick Metal Films

For planar devices, a novel solution to the issue of catalyst obscuration of photo-
electrode surfaces is to transmit light directly to the semiconductor film through
a dielectric waveguide. Coupling into waveguide modes of high-index dielectric
nanostructures (as discussed in the previous section) would allow confinement of in-
coming light in order to bypass opaque electrocatalysts on the surface of the device,
creating a general light management scheme for use on any planar photosurface.
Such a scheme could allow a large increase in geometric filling fraction of opaque
electrocatalysts on electrode surfaces, increasing the efficiency of many existing
architectures. Ideally, the incorporation of these dielectric structures would not
interfere with protection schemes used to stabilize high-efficiency PEC devices.

Dielectric nanostructures for broadband absorption in semiconductor devices
have been explored for many optoelectronic applications. These structures include
nanocones [116], nanopillars [117, 118], nanowires [119–121], inverted pyramids
[122], nanodomes [123], nanoshells [124], and nanospheres [125]. For many of
these structures, electrical conductivity at the interface is achieved by depositiong
transparent conducting materials, such as sputtered indium-doped tin oxide (ITO),
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which is not stable in many electrolytes.

One of the most notable nanostructured surfaces with increased optical perfor-
mance and high conductivity uses a patternedAufilmonSi to performmetal-assisted
chemical etching, creating square Si nanopillars with small aspect ratios. Together
with a 50 nm SiNx antireflection coating, this structure displayed very high ab-
sorptance (> 90%) in both simulation and experiment, while achieving high surface
conductivity across the 16 nm Au film that covered 65% of the Si surface [118].
However, this method is very dependent on the chemical process that allows the
selective etching of the underlying semiconductor. Also, in previous experiments
on Au-coated photoanodes, we found catalytic films like Pt and Ni lifted off fromAu
surfaces during operation in 1.0 M KOH, even with a Ti adhesion layer. This was
due to a slow etching of the Au film. It would be useful to create a dielectric structure
that is decoupled from other device components and does not require modification
of the underlying cell or of the semiconductor/catalyst interface.

We will explore a more universal approach to the deposition of high-index
dielectric waveguides on planar electrode surfaces. The deposition process for these
nanostructures will be generally compatible with current device fabrication, and will
allow large surface area coverage of optically thick metal films.

5.3 Transmission Through Thick Ni Films Using Two-Photon Lithography

In order to confirm increased transmission through a thick metal film using waveg-
uide modes in dielectric nanocones, an initial experiment was conducted to de-
termine the correct dimensions for optical coupling of the visible spectrum, and
to verify transmission through the cone/substrate interface. Nanoscribe IP-Dip, a
liquid photoresist for high resolution two-photon lithography, was selected for the
ability to rapidly print complex structures, as well as the potential for replicating
these structures with other dielectric materials using nanoimprint lithography [126].

However, the smallest feature size for this photolithographic process was on the
order of ~200 nm, which presented a barrier to reliable writing of high-aspect-ratio
nanostructures with a fine tip. Initial attempts to produce a sharp tip resulted in
rounded features. Post-processing of the structures were used to reduce the tip radius
below the voxel size.

Figure 5.1 shows cell processing to create dielectric structures surrounded by a
metal hole array of non-transparent catalyst. This process allows for the deposition
of the nanocone arrays with electrodeposited Ni film, as well as a method for
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Figure 5.1: Overview of nanocone array cell processing steps. Photoresist struc-
tures for light management on electrode surfaces are created using two-photon
lithography and electroplated Ni OER electrocatalyst.

comparing the optical properties of the empty Ni hole array after removal of the
photoresist cones. Glass/ITO was selected as a substrate to easily electrodepsit the
metal electrocatalyst, and allowed optical measurement of transmission through the
metal film. The ITO thickness used in all measurements was 150 nm.

An added benefit of the final etching process shown in Figure 5.1 is the buffer
zone left between the dielectric cones and the Ni electrocatalyst (see Figures 5.4 and
5.11). Since the electric fields of waveguide modes decay away from the nanocone
outer radius, this buffer zone prevents absorption in the metal film.

Geometric filling fraction of metal catalyst on the electrode surface, fc, is
defined as the ratio of the geometric area of the catalyst to the total geometric area
of the photoelectrode.

Figure 5.2a shows an SEM image of the IP-Dip cones on ITO before metal
electrodeposition. These cones have larger feature sizes than our simulations. Fig-
ure 5.2b shows reflectance measurements performed in an integrating sphere setup.
There is a significant change in reflectance, shown in Figure 5.2b, compared to
bare Glass/ITO, that has an onset around 800 nm. The reason for this change is the
scattering cross section of the nanostrucutres that causes increased reflection at the
back surface of the ITO and the glass slide. Light travels out of the edges of the
glass slide and are collected by the detector, and is therefore not transmitted to the
photon sink. Figure 5.2b shows us which wavelengths of light are affected by the
IP-Dip structures.
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Figure 5.2: IP-Dip photoresist cone array onGlass/ITO substrate. (a) SEM image of
nanocone array, base radius ~350 nm (b) Integrating sphere measurement performed
on glass slide which shows increased reflectance from λ ≈ 800-1100 nm due to
nanocone array.

Finite-Difference Time-Domain (FDTD) simulations of the structures after Ni
deposition are shown in Figure 5.3. Figure 5.3a is a schematic of the dimensions
that were used for the FDTD simulations. These dimensions were selected based on
expected coupling radii into a cone with an index of refraction of ~1.52, the index
of IP-Dip photoresist. Figure 5.3b shows the optical properties of these surface
films. For λ > 500 nm, transmission through the Ni film increases significantly and
exceeds the 6-8% expected for an empty Ni hole array.

This increase in transmittance is due to the waveguide modes of the structure.
A vertical cross section of the averaged electric field intensity profiles is shown in
Figure 5.3c for λ = 400-1000 nm in 200 nm increments. For each wavelength,
coupling occurs at specific radii along the cone and propagates down the length of
the waveguide, funneling into the glass/ITO substrate.

Simulations were also performed with a plane wave source originating inside
the glass substrate directed at the underside of the nanocone surface to observe
the escape of reflected beams. The IP-Dip cones did not cause any increase in
transmission through the reverse structure, both for the bare ITO surface and for the
Ni hole array.

The ITO surfaces were contacted using conductive Cu tape and dipped into a
Grobet CES Nickel-Mirror electroplating solution. After an initial sweep to -1.4 V
vs. SCE, metallic Ni was electrodeposited for ~5 min at 0.8 mA/cm2 and -1.1 V vs.
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Figure 5.3: Finite-Difference Time-Domain simulations of IP-Dip nanocone array.
(a) Tip radius of 100 nm and base radius of 250 nm, height 1.5 µm, square array
with a 2 µm pitch. Ni and ITO thickness 50 nm and 150 nm, respectively. (b)
Transmittance, reflectance, and absorptance simulations as a function ofwavelength.
(c) Vertical cross sections of simulated electric field intensity showing coupling into
waveguide modes in the structure (arbitrary units).

SCE. During this process, the photoresist structures were slowly etched, decreasing
the tip radius of the structure and pushing the expected waveguide modes further
into the visible. Figure 5.4 shows the structures after Ni electrodeposition. The
structures were measured to have a base radius of ~250 nm, tip radius of ~100 nm,
and were approximately 1.5 µm tall. As seen in Figure 5.4a-c, deposition did not
occur in the area surrounding the base of the cone. The Ni hole created by this
region had a radius of ~350 nm, which corresponds to the initial dimensions of the
IP-Dip cone base. In Figure 5.4c the remnants of the photoresist can be seen around
the base of the cone.

Twentyminutes of sonication in IPA solutionwas used to remove the photoresist
from the Glass/ITO surface, as shown in Figure 5.4d. The resulting Ni hole array
is shown in Figure 5.4e.

All measurements of transmission through Glass/ITO/Ni, for the nanocone
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Figure 5.4: SEM images of IP-Dip nanocone array after Ni electrodeposition
process. (a,b,c) 1.5 µm tall nanocones in 2 µm square array. Tip radius ~100
nm, base radius ~250 nm, and Ni hole radius ~350 nm. (d) Sonication process for
removal of nanocones. (e) Ni hole array after IP-Dip removal.

and Ni hole arrays, were performed using an integrating sphere, as a function
of illumination wavelength. These results are summarized in Figure 5.5, which
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Figure 5.5: Transmittance through square array of IP-Dip nanocones on Glass/ITO
surrounded by optically opaque ~110 nm thick Ni hole array. Integrating sphere
measurements are shown in black, FDTD simulations in blue.

compares the transmittance measurement and simulation for both the nanocone and
empty hole arrays.

These results show a >2-fold increase in transmittance for the nanocones com-
pared to a corresponding Ni hole array in the λ = 850-1100 nm wavelength regime,
and verifies beam coupling into waveguide modes that leads to transmission through
the ITO layer into the underlying substrate. There is reasonably good agreement
between simulation and experiment above λ = 850 nm, as well as for transmission
through the Ni hole array. The discrepancy between FDTD simulation and exper-
iment in the λ = 500-850 nm range is most likely due to inhomogeneity in the
shape of tips of nanocones. This initial experimental result showing coupling into
waveguide modes is in agreement with simulation and supports this approach as a
promising direction for light management on PEC surfaces.

So far, we have increased transmission through a large catalytic filling fraction
fc ≈ 0.9 using a sparse array of nanocones. By moving to a lower fc and switching
from a square to a hexagonal array, broadband transmission to the substrate can
be increased well above 20% in the visible/near-IR. Nanocone height is also a
parameter that plays a significant role in light coupling, as it is important for there
to be a gradual transition between resonant radii. In the following sections we will
show that increasing the aspect ratio of these structures enhances performance.
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5.4 Hexagonal Array of IP-Dip Photoresist Nanocones

Next we performed FDTD simulations using high-aspect-ratio IP-Dip conical arrays
to examine the effect of hexagonal pitch on transmission of light through the thick
Ni film.

Figure 5.6 shows the simulation schematic and results. A height of 3 µm was
chosen, and small 50 nm tip radius ensured coupling for short wavelengths into
the guided modes. Figure 5.6a shows the increasing hexagonal pitch used in the
simulations. As in previous simulations, a Ni hole array with a slightly larger radius
(300 nm) was used. As a reference, in Figure 5.6c we plot pitch vs. geometric
catalyst filling fraction fc for the increasing hexagonal grid, where increasing pitch
results in larger catalytic surface area.

As can be seen in Figure 5.6b, there is high transmission to the ITO surface
for moderate values of fc. In contrast, the conical array spaced at a 1.3 µm pitch
with fc = 81% shows high transmittance (>80%) from λ = 700-950 nm. Compare
these results to simulations in Figure 5.7 that use a bare Ni hole array, where even
a close-packed hexagonal array does not result in high broad-band transmittance.
The wavelength- and pitch-dependent features in transmission for the Ni hole array
in Figure 5.7b are probably due to a combination of plasmonic modes and extraor-
dinary optical transmission (EOT) [127–130], further complicated by the presence
of the thin ITO layer. The rightmost band that starts at λ = 800 nm in Figure 5.7b
disappears when the Glass/ITO substrate is replaced with a thick ITO substrate,
leaving only the single band that starts at λ = 500 nm.

Additional wavelength and pitch-dependent diffraction bands are also observed
in the presence of the nanocones due to the sub-wavelength spacing of the hexagonal
lattice. The presence of the low-index (n ≈ 1.5) dielectric structures causes large
oscillations in transmission and reflection due to the periodic nature of thewaveguide
array. Reflection bands mirror the transmission results, and correspond to a sharp
increases in absorption in the Ni film, which absorbs ~40% of of the incident beam.

These features are most likely due to the low index of the photoresist which
causes insufficient coupling into waveguide modes of the structure, which is detri-
mental for transmission to the surface. Since all simulations so far have been
performed outside of solution (n = 1), this problem will only be exacerbated for
measurements in solution, where the index contrast will be even less pronounced.

In order to design surfaces with broadband absorption on fully-immersed PEC
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Figure 5.6: FDTD simulation of high-aspect-ratio IP-Dip nanocones in a hexagonal
array of variable pitch on Glass/ITO. (a) Diagrams of 3 µm tall IP-Dip structures
with 50 nm tip radius and 250 nm base radius with increasing lattice pitch of
hexagonal array. Ni metal hole array with 300 nm radius and 50 nm thickness; 150
nm thick ITO film. (b) Plot of transmittance through the metal film as a function of
wavelength and pitch. (c) Geometric filling fraction of catalytic surface area (fc) for
the corresponding hexagonal pitch.

surfaces, nanocone designs require a dielectric material that is high-index, trans-
parent, earth-abundant, stable in solution, and can be deposited on planar surfaces
using scalable methods.
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Figure 5.7: FDTD simulation of Ni hole array on Glass/ITO (a) Schematic of 50 nm
thick Ni film hole array (r = 300 nm) and planar ITO film (150 nm), with increasing
pitch size. (b) Transmittance through the metal array into the Glass/ITO substrate.

5.5 FDTD Simulations of TiO2 Nanocones for Light Management on Si Sur-
faces

A promising candidate material to create these optical waveguides for use on PEC
devices, TiO2 has a higher refractive index than most dielectrics that were consid-
ered. Its refractive index can vary from around n = 2.1 for ALD TiO2 to upwards of
n = 2.6 for complex 3D photonic nanostructures fabricated using liquid-phase depo-
sition [131]. It has a large band gap, is resistant to corrosion in both acid and base,
and its previous use as a hole-conducting protection scheme and as an antireflective
coating would facilitate adhesion of these TiO2 structures to all previously reported
ALD-TiO2-coated surfaces.

FDTD simulations were performed for high-index TiO2 nanostructures on Si.
Figure 5.8 shows the side-by-side comparison of transmittance through a TiO2

nanocone array and Ni hole array on Si, with Figure 5.8b in air, and Figure 5.8c in
solution.

The higher index of TiO2 compared to IP-Dip photoresist increases coupling
into waveguide modes. The index contrast between TiO2 and Si is less severe than
it would be with lower index materials, but simulations of TiO2 nanocone arrays
on an index-matched TiO2 substrates show nearly identical transmission to those
of Figure 5.8b, indicating that confinement in waveguide modes is more important
than index matching of the Si-dielectric interface .
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Figure 5.8: Light management using high-aspect-ratio TiO2 nanocones on Si. (a)
Schematic of nanocone array (left) and Ni hole array (right) for FDTD optical
simulations. Nanocone height 2.5 µm, base radius 200 nm, tip radius 50 nm, Ni
film thickness 50 nm. (b,c) Transmittance to the Si surface in air and in solution for
nanocone array (left) and Ni hole array (right).

A disruption of the gradual slope of increasing radius down the length of
the conical structure is shown in Figure 5.9, and causes a drastic reduction in
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Figure 5.9: Transmittance to Si surfacewith varying nanocone tip radius in solution.
(a) Hexagonal array (700 nm pitch) of 2.5 µm tall structures with r = 200 nm base
surrounded byNi hole arraywith r = 250 nm. Rounded tip radius ranged from50-200
nm. (b) FDTD-simulated transmittance as a function of tip radius vs. wavelength.

transmission. The tip radius was increased from 50 to 200 nm to showcase the effect
of a wider rounded tip. Simulations performed using truncated conical structures
showed even more severe decrease in transmission, especially for short wavelengths.

Figure 5.10: Transmittance to Si surface varying nanocone height in solution. (a)
Hexagonal array (700 nm pitch) of 500 nm - 3.5 µm tall structures with r = 200
nm base and r = 50 nm tip surrounded by Ni hole array with r = 250 nm. (b)
FDTD-simulated transmittance as a function of height vs. wavelength.

In Figure 5.10 we vary the nanocone height from 500 nm to 3.5 µm. While
high-aspect-ratio structures are beneficial for transmission to the electrode surface,
there is not a significant reduction in the broadbandwaveguide coupling phenomenon
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until around 1.5µm. Below this height, transmission in the 400-800 nm range
shows a steady decline. For scalable fabrication processes, lower aspect ratio
nanocones would present many advantages, including lower material costs and
increased durability.

Figure 5.11: Effect of Ni film on transmission to Si through TiO2 nanocone waveg-
uides in air. Hexagonal array (700 nm pitch) of 2.5 µm tall cones with r = 200 nm
base and r = 50 nm tip with (a) r = 200 nm and (b) r = 250 nm Ni hole array and,
and with (c) bare Si surface.

As can be seen in Figure 5.11, the empty buffer between the base of the
dielectric cone and the Ni metal is a significant factor in transmission to the Si
substrate. Figure 5.11a shows simulation results for a cone array without this gap,
where the Ni film is flush against the base of the TiO2 nanocone. This is due to
the field profile of the waveguide modes / Bloch modes which extend outside the
nanocone into the surrounding medium. If the metal hole array is too close to
the TiO2 nanostructure, absorption in the metal film will cause a large decrease in
transmission for any wavelength with a field profile that overlaps with the metal film.

The transition from a flush Ni film in Figure 5.11a, to a Ni hole array with a
radius of 250 nm shown in Figure 5.11b, and to the complete absence of a Ni film in
Figure 5.11c, reveals the source of many of the pitch-dependent bands that appear
in these simulations. The presence of the Ni film causes increased absorption at
specific wavelengths, and these absorption peaks shift according to pitch size. It is
likely that plasmonic modes on the Ni surface play a role in the absorption process.

These results will be further explored in Section 5.8 , where they will be
compared to metal island arrays with an optimized antireflection coating for use on
planar III-V devices.
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5.6 Metal Island Array with a Double-Layer Antireflection Coating

Many III-V multijunction photovoltaics utilize multi-layer antireflective coatings to
reach optimal absorption of the AM1.5 solar spectrum. Materials used in these
layers include MgF2, ZnS, Ta2O5, SiO2, Al2O3, and TiO2, among others [132, 133].
In order to transfer these materials for use in photoelectrochemistry, these coatings
must be considered not only for their optical and electronic properties, but also for
corrosion resistance in acidic, alkaline, and near-neutral aqueous electrolytes.

Amorphous ALD-TiO2 is stable in pH 14, and functions both as a hole-
conducting protection layer as well as a single-layer antireflection coating with
the correct index for use on Si and III-V photoanodes. Our focus was to create a
double-layer antireflection coating (DL-ARC) using ALD-TiO2. To increase ab-
sorption in the devices from Chapters 3 and 4 , the partner material must be index
matched for multijunction devices that use an ALD-TiO2 protective coating.

While choosing antireflection materials, many considerations must be taken
into account, including the film’s mechanical and electrical properties, as well
as deposition techniques. If a material is not conductive to anodic current it will
presents an energy barrier between semiconductor and catalyst, and hole conduction
must be facilitated by gaps in the film. While electron tunneling through thin layers
can occur, these layers would be too thin to function as an antireflection coating.
Preferably these films would be made from earth-abundant materials with scalable
deposition processes that do not damage the III-V epilayers, and would serve as
a second layer of protection against corrosion. Many metal oxide coatings have
been considered for photoanode and photocathode protection in different pH ranges,
including ZrO2, HfO2, SnO2, In2O3, FeOx , MnOx , WO3, ZnO, Ta2O5, NbOx ,
Al2O3, MgO, SiO2, and BiOx [31].

SiO2 was selected as a viable candidate material for the creation of a DL-ARC
for having a compatible index of refraction (n = 1.46) and being widely used for
semiconductor device applications. While SiO2 is not thermodynamically stable
in alkaline conditions, it does not corrode appreciably under neutral and acidic
conditions [31, 134]. In fact, many Si photocathodes have been shown to form a
passivating oxide layer of SiO2 that stabilizes the semiconductor surface, presenting
a barrier to electron transfer [31]. Advancements in the stability of Si electrodes
in aqueous solutions also benefit any device that includes SiO2 as an antireflection
coating. Although amorphous TiO2 acts as a hole-conducting protection layer, thick
films of SiO2 are a barrier to electron transfer, and would require patterning and
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liftoff after deposition on the planar TiO2 surface.

Ellipsometry was performed on thin films ALD-TiO2 and sputtered SiO2 de-
posited on Si to provide accurate data for the index or refraction and extinction
coefficients. The TiO2/SiO2 DL-ARC was optimized for use on an ideal InGaP
(1.84 eV)/InGaAsP (1.2 eV) III-V water-splitting design from Chapter 2 . To per-
form 1D optical simulations of transmission to and reflection from these surfaces,
we used the model from Section 2.6, with an initial surface index of n = 1.33 to
represent the surrounding solution.

Figure 5.12: Detailed balance allocation of theAM1.5-weighted spectrum absorbed
in the III-V device with optimal DL-ARC coating. All photons above the band edge
of InGaP were allocated to the top junction.

The thickness of the DL-ARC film was designed using the short-circuit current
density JSC of the device as the figure of merit. A detailed balance model was used
to calculate solar conversion efficiency using the AM1.5 spectrum. For each subcell
in the stack, equation 5.2 was used to calculate short-circuit current density:

Jsc = q
∫

I(λ)
E(λ) (1 − R(λ))IQE(λ)dλ (5.2)

where q is the elementary electric charge, I(λ) is the irradiance as a function
of wavelength, E(λ) is the photon energy, R(λ) the reflectance, and IQE(λ) the
internal quantum efficiency. All photons with energies above the band gap of InGaP
were ascribed to the top junction of the device, as shown in Figure 5.12. Because
the subcells are grown epitaxially in series, the lowest-performing subcell in the
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multijunction device will be current-limiting. Thus, the lowest current density is
used as ametric for device performance while varying DL-ARC coating thicknesses.

The short-circuit current density of the III-V device as a function of TiO2/SiO2

thicknesses is reported in Figures 5.13. The DL-ARC scheme shows significant
improvement over the TiO2 single-layer ARC, which can be seen as a function of
TiO2 thickness on the right hand side of the figure (zero SiO2 thickness). The
maximum current density is recorded as 18.9 mA cm−2 for TiO2 (48 nm)/SiO2 (84
nm). This corresponds to a increase in current density of 0.7 mA cm−2 or ~0.9%
increase in ηSTH .
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Figure 5.13: Current density versus SiO2/TiO2 DL-ARC thicknesses for the com-
plete III-VPECdevice. Represented in a surface plot (top) and contour plot (bottom).
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5.7 Structured Metal Island Catalysts

The performance of the DL-ARC metal island design can also be improved by
increasing catalyst loading. Large fc can be achieved by raising the metal islands
into higher aspect ratio structures. Recent work has shown effectively transparent
contacts on the surfaces of optoelectronic devices, achieved by raising high-aspect-
ratio triangular dielectric structures on top of metal busbars and selectively coating
the inclined surfaces with reflective metal, which redirects incident light towards
the semiconductor surface [135]. For use on PEC surfaces there is no need for
raised structures to be continuous for the transport of electric charge; if the catalyst
is reflective (e.g. Pt) the same effect can be achieved by using isolated metal cones
coated in electrocatalyst.

Figure 5.14: Obscuration of non-reflective conical structures with constant catalytic
overpotential requirements. Starting with planar discs of 5-25% filling fraction,
relatively modest aspect ratios will lead to a significant decrease in obscuration.

For these metal cones, there is no need to rely on the benefits from increased
reflection towards the surface. As shown in Figure 5.14, for light of normal
incidence, even the worst case scenario of a catalytic cone with 0% reflectance
would benefit from a lower obscuration compared with metal islands of equivalent
catalyst loading. The iso-overpotential plot in Figure 5.14 starts with a hexagonal
array of metal islands with the specified filling fraction (increasing at 5% intervals)
and follows the geometric area shaded by cones with constant exterior surface area
and increasing aspect ratio. A key takeaway from this simple calculation is that
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low aspect ratios can yield significantly lower obscuration, without relying on gains
from increased reflection to the surface.

Structured catalysts might also alleviate product buildup on the surface of
the electrode. Until they are dislodged from the surface, bubbles of O2(g) and
H2(g) adhere to reaction sites and limit the active surface area, negatively affecting
electrochemical and optical properties of the electrode. It is likely that conical
structures would facilitate bubble formation and removal.

5.8 Comparison of Optical Waveguides and DL-ARC Metal Island Arrays

In this chapter we have explored two light management schemes that would allow
large fc for non-transparent catalysts on planar PEC devices. In this section we
compare the high-aspect-ratio dielectric waveguides to the DL-ARC metal island
array.

Figure 5.15 shows the performance of the TiO2 nanocone array, and the per-
formance to the optimized DL-ARC with a metal island array, on planar GaAs in
solution. Figure 5.15a shows the schematic of each structure, where both the metal
hole and metal island arrays have a radius of 250 nm. Also in Figure 5.15a, the cat-
alyst geometric filling fraction is plotted for both designs. Note that for a hexagonal
island array, fc decreases with increasing pitch, with 50% catalyst coverage occur-
ring for both structures around a hexagonal lattice constant of 670 nm. Simulation
results in Figure 5.15b cover transmission to the GaAs substrate as a function of
pitch and wavelength for the nanocone array (left) and metal island scheme (right).
For large fc, there is a stark contrast in broadband transmission to the GaAs surface.
The dotted line shows a pitch for both structures with fc = 20%. The transmittance,
reflectance, and absorptance for this catalyst loading, at 530 nm for the dielectric
cones and 1060 nm for the metal island array, is plotted in Figure 5.15c. While
transmission for the metal islands does not clear 80% transmittance, there is >90%
transmittance for the TiO2 waveguide array. Of course, the DL-ARC metal island
scheme from Figure 5.15 assumes a planar electrocatalyst disc, and is a lower limit
for this design; the obscuration can be significantly reduced by structuring the elec-
trocatalyst as seen in Section 5.7 . With improvements from reflective catalysts, this
scheme has the potential to surpass the waveguide design.

Using the transmittance for both strucutures, a detailed balance calculation
was performed to determine the change in efficiency for a 1.84/1.2 eV bandgap
III-V device using these light management schemes. For each pitch, the AM1.5
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Figure 5.15: Performance of TiO2 nanocone array on GaAs compared to a TiO2(48
nm)/SiO2(84 nm) DL-ARC with Ni metal island array. (a) Schematics and catalytic
filling fraction of both structures. Cone base r = 200 nm, cone tip r = 50 nm, Ni
hole and Ni island r = 250 nm, Ni film thickness 50 nm. (b) Transmittance as a
function of hexagonal pitch and wavelength for nanocone array (left) and Ni island
array (right). (c) Transmittance, reflectance, and absorptance for each array with
fc = 20%, at 530 nm / 1060 nm pitch (left/right) .
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Figure 5.16: Short-circuit current density and solar-to-hydrogen efficiency of TiO2
nanocone and DL-ARC Ni metal island arrays, using a detailed balance model with
1.84/1.2 eV bandgap combination.

solar spectrum was weighted by the transmittance vs. wavelength results, and the
resulting spectrum was used to calculate the Jsc of the ideal tandem structure under
1-sun illumination. The device efficiency is plotted in Figure 5.16.

5.9 Strategies for TiO2 Nanocone Fabrication

The ultrahigh optical transmission through thick metal films presented in the previ-
ous sections motivates further study of high-aspect-ratio dielectric waveguides. In
this section we analyze promising methods for the fabrication of high-index TiO2

nanocones.

A straight-forward approach that could easily yield high quality (and high-
index) TiO2 material is the deposition of planar films, either by reactive sputtering/e-
vaporation of Timetal in the presence of O2(g), or by physical vapor deposition using
a TiO2 source. The resulting filmmust then be patterned and selectively etched away
to expose the photoelectrode surface, leaving behind waveguide structures. Reason-
ably fast (>100 nm/min) fluorine-based dry etching recipes have been shown to etch
TiO2 films [136, 137]. These films could be patterned using a nanoscale photore-
sist mask, or by Langmuir-Blodgett assembly, which has previously been used to
create Si nanocones uniformly on a 4-inch wafer [138]. However, these processes
are likely to damage the underlying substrate due to low selectivity of TiO2 over
the Si/III-V epilayers [136]. There are many serious disadvantages that accompany
etching of thick oxide films on optoelectronic surfaces, not least of which would be



81

the material costs of depositing ~3 µm of planar TiO2 films only to etch away >90%
of the material to form the desired nanostructures.

Alternatively, the patterning could be performed before deposition of these
thick films, as it is possible to create tapered structures by means of PVD deposition
into nanoscale patterns. Over the course of the deposition process, the edges of the
sidewals get coated in material, encroaching on the deposition into the hole array
and closing off the opening. If the sidewalls of the resist are large enough, this
results in a tapered conical structure on the surface [139]. If successful, this process
would offer limited control of the cone dimensions, and would require a liftoff step
to remove the dielectric film. Preliminary results of e-beam evaporation of ~1 µm
of TiO2 on a Si surface patterned with e-beam lithography (~1 µm thick PMMA
resist) are presented in Figure 5.17. Although the tapered TiO2 structures were
successfully grown on the surface, the liftoff process for these structures requires a
thicker PMMA mask.

Figure 5.17: SEM images of TiO2 nanocone fabrication using PVD on surfaces
patterned with e-beam lithography.

A creative method for forming high-fidelity TiO2 metasurfaces is atomic layer
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deposition on a surface patterned with electron-beam lithography, which can yield
high refractive index and very large aspect ratios [140]. The slow ~1200 nm ALD-
TiO2 growth is followed by RIE etching of the film to expose the resist layer. After
removal of the resist, ~600 nm tall structures with relatively high refractive index (n
> 2) [140]. While this could be useful for exploring optical properties of different
TiO2 nanostructures, this procedure would not be appropriate for industrial-scale
adoption.

Nanoimprint lithography is a far more scalable process that can be used to
produce high quality TiO2 structures. Many sol-gel processes have been explored
for the creation of dielectric hole arrays on Si and other semiconductors to increase
absorption of optoelectronic interfaces, including nanoimprinted hole arrays of TiO2

[137, 141, 142]. Nanopatterns made from photosensitive titanium di-n-butoxide
bis(2-ethylhexanoate) have achieved refractive indices of anatase TiO2 above n =
2.1 by using UV irradiation and high-temperature annealing treatments [142].

Figure 5.18: Suggested processing steps for TiO2 dielectric waveguides on photo-
electrode surface using electron-beam lithography.

Liquid-phase deposition of TiO2 is an exciting approach to achieve nanostruc-
tures with high refractive index[131, 143]. In 2005, 2D and 3D photonic crystals of
TiO2 were made using supersaturated solutions of titanyl sulfate and hydrochloric
acid at 60 °C [131]. The as-deposited refractive index of the structures reached
n = 2.4, and was shown to exceed n = 2.6 after annealing at 700 °C. Because of
the complexity of the 3D photonic crystals, the templates for these structures were
made via deep x-ray lithography using a poly(methyl methacrylate) (PMMA) resist.
However, e-beam lithography could easily be used in conjunction with the liquid-
phase deposition process in order to create simpler cylindrical or conical structures
on planar surfaces. Figure 5.18 presents an overview of the cell processing steps for
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the creation of TiO2 nanocones using a liquid-phase growth. The final hydrofluoric
(HF) acid etch should create the metal hole array buffer zone, as well as prefer-
entially etch the wire tip due to increased exposure to solution. A tapered conical
shape in the photoresist mask would encourage even sharper tips.

5.10 Summary and Outlook

Long-term stability of electrocatalytic films and a need for increased light absorption
are twomajor challenges for PECdevices like those inChapter 3 andChapter 4, and
for CO2R photocathodes. We have provided experimental evidence of broadband
transmission through thick metal films using dielectric waveguides, and explored
the optical properties of these structures using FDTD simulations. We have also
designed an optimized ALD-TiO2/SiO2 DL-ARC that also functions as a protection
layer. Finally, we have compared the capabilities of these structures to simulta-
neously increase absorption and to enable large fc using opaque electrocatalysts.
These light management strategies are not limited to III-V PEC devices; they can be
modified for use on any planar photoelectrode surface.

Of particular interest is the high-index TiO2 waveguide array. This versatile
light management scheme shows potential benefits for a wide range of applications
beyond solar fuels, including: solar PV, transparent antennas [144], electrodes
for photosensors and light-emitting diodes (LEDs) [145], interconnects for fully
transparent electronics [146], and current collectors for transparent batteries [147].
This provides motivation for future work on the fabrication of high-aspect-ratio
dielectric nanocones.
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C h a p t e r 6

CONCLUSION

In this thesis, various approaches to highly efficient solar fuel production were
explored. In order to achieve high efficiencies in a fully-integrated device, unstable
III-V multijunction stacks were protected using hole-conducting TiO2 and used to
drive solar water splitting and CO2 reduction reactions. An important aspect of
this new photoelectrochemical protection scheme is the continued operation of an
illuminated photoanode for water oxidation. Allowing the fuel-forming reactions
to operate in the dark, this design alleviates constraints imposed by cathode-side
illumination, enabling a variety of architectures that can yield stable long-term
operation with increased efficiencies.

Three novel TiO2-protected III-V photoelectrochemical devices were demon-
strated with ~10 % efficiency for solar water splitting and CO2 reduction to formate.
A large-area fully-integrated solar water splitting prototype was also developed us-
ing an anion exchange membrane and earth-abundant electrocatalysts, and stable
operation was demonstrated by collecting gas products under 1 sun illumination.
The integration of these components into a device that demonstrated unassisted and
intrinsically safe hydrogen evolution represents a significant step towards large-scale
solar fuel production.

Additionally, the work in this thesis explored an opportunity to increase ef-
ficiencies by using two light management schemes designed to allow broadband
transmission through an electrode surface with significantly large catalyst loading.
Arrays of TiO2 nanocone structures were shown to significantly outperform DL-
ARC metal island arrays, resulting in > 85% broadband transmission with large
geometric filling fractions of metal catalysts. Structured electrocatalysts would also
significantly decrease obscuration and have the potential to facilitate product re-
moval. Both schemes are widely applicable for use in many different electrolytes,
and in conjunction with a variety of planar devices.

Future directions

• For solar water splitting, completion of the 1.8/1.2 eV bandgap combination
could be experimentally shown using the epitaxial liftoff and wafer-bonding
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procudure, and use of the ALD-TiO2 protection scheme could yield higher
efficiencies and similar stability compared to the water-splitting prototypes in
this thesis.

• The bipolar membrane device demonstrations can be expanded to include
existing material systems which are stable in many different electrolytes, in-
cluding a pH 0/14 combination, as well as future CO2 reduction environments.

• The work on stable DL-ARCs could be followed up with a search for new
stable materials in alkaline and acidic conditions, and conduction through
this material can be accomplished through photolithographic cell processing
on TiO2 surfaces. Also, fabrication of the conical reflective catalysts, when
combined with an antireflective film, has the potential to outperform the
waveguide design. The conical depositions are not required to be catalytically
active, as electrocatalysts could be dropcast or electrodeposited on the metal
surfaces.

• Fabrication of the TiO2 nanocone arrays using one of the methods highlighted
in Chapter 5 would allow further experimental verification of the waveguide
mode transmission through thick metal films. Successful demonstration of
these waveguide arrays with high catalyst loading would provide many oppor-
tunities for increasing both efficiency and longevity of planar PEC devices.
Protective films of thick metal catalysts that previously would have created
unacceptable obscuration for photoelectrode surfaces could have the added
benefit of providing a barrier to corrosion, and this method could be combined
with the ALD-TiO2 protection scheme, further increasing stability.

• Finally, dielectric nanocone arrays that allow transmission through thickmetal
films can be used in many fields beyond photoelectrochemistry. This light
management scheme could have a large impact on photovoltaics, photosensors,
LEDs, transparent batteries, photonic integrated circuits, and many other
optoelectronic devices.

Solar fuel devices have come a long way in the past decade, but are still in
the proof-of-concept stage. Further improvements are required to create systems
that can be produced for commercial deployment, with a major goal being the
development of stable materials for light absorption that can be combined with
other cell components in a fully-integrated device for the production of solar fuel.
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By increasing efficiency and stability, and decreasing manufacturing costs, these
technologies have the potential to compensate for the intermittency of sunlight,
providing a renewable source for fuel and offsetting carbon emissions.
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A p p e n d i x A

METHODS

Ellipsometry

Complex refractive index (n, k) data for films of as-grown TiO2 on Si were obtained
using spectroscopic ellipsometry. The ellipsometric data were acquired using a
J.A. Woolam V-VASE system. The non-absorbing (k 0) portion of the data was
fit using a Cauchy model that assumed a TiO2/SiO2 bilayer structure on Si. The
TiO2 n, k values were extracted from a point-by-point fit, using fixed Cauchy and
film-thickness parameters.

Finite Difference Time Domain (FDTD) Simulations

Lumerical FDTD, a commercial software, was used to perform 3D, full-field elec-
tromagnetic simulations of TiO2 nanowire arrays. Arrays were constructed using a
rectangular 3D simulation region, with periodic Bloch boundary conditions applied
in the x and y directions and infinite boundary conditions, rendered as perfectly
matched layers (PML), in the z direction. Parameter sweeps of the hexagonal arrays
were illuminated with single-wavelength infinite plane wave sources at 10 nm inter-
vals, with a long pulse time of 50 fs to simulate steady-state illuminated behavior.
Transmittance, reflectance, and absorptance of the dielectric structure and Ni metal
film was calculated using two transmission monitors, one directly above the nanos-
tructure and one directly below on the surface of the substrate. The only exception
was for transmittance of IP-Dip nanocones through ITO, where the transmission
monitor was placed below the ITO film in the glass substrate.
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A p p e n d i x B

MATLAB CODE FOR OPTICAL SIMULATIONS

The following code was written in collaboration with Alec Ho and Ke Sun.

Listing B.1: DLARCreflection.m

% DLARCref lec t ion .m − r e f l e c t i o n o f m u l t i l a y e r
s t r u c t u r e

%
% Usage : r e f l = r e f l e c t i o n ( nk_ t i o2 , nk_ top l , nk_water ,

nk_gaas , t _ t i o 2 , t _ t o p l , l a )
%
% nk_ t i o 2 = complex index of r e f r a c t i o n o f TiO2
% nk_ t o p l = complex index of r e f r a c t i o n o f t op l a y e r
% nk_gaas = complex index of r e f r a c t i o n o f GaAs
% t _ t i o 2 _ g r a d t o p = top g r a d i e n t t i o 2 t h i c k n e s s (nm)
% t _ t i o 2 _ g r a d b o t = bot tom g r a d i e n t t i o 2 t h i c k n e s s (nm)
% t _ t o p l = top l a y e r t h i c k n e s s (nm)
% l a = wave l eng t h s
%
% L = v e c t o r o f o p t i c a l l e n g t h s o f l a y e r s , i n u n i t s o f

lambda_0
%
% r e f l = r e f l e c t i o n r e s p on s e a t i n t e r f a c e −1 i n t o l e f t

medium e v a l u a t e d a t lambda

f u n c t i o n r e f l = DLARCre f l ec t i onEr ik ( nk_ t i o 2_g r a d t op ,
n k_ t i o 2_g r a dbo t , . . .
nk_ top l , nk_water , nk_gaas1 , nk_a l i np1 , nk_gainp1 , . . .
nk_a l i np2 , nk_gaas2 , nk_a lgaa s1 , nk_gainp2 , . . .
nk_a lgaa s2 , t _ t i o 2 , t _ t o p l , . . .
t _gaa s1 , t _ a l i n p 1 , t _ga i np1 , t _ a l i n p 2 , t _gaa s2 , . . .
t _ a l g a a s 1 , t _ga i np2 , t _ a l g a a s 2 , l a )
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l a 0 = 500 ;

L_ top l = nk_ t o p l .∗ t _ t o p l / l a 0 ;
L_ t i o 2 _g r a d t o p = nk_ t i o 2 _ g r a d t o p .∗ t _ t i o 2 / ( 2∗ l a 0

) ;
L_ t i o 2 _g r a d bo t = n k_ t i o 2 _ g r a d b o t .∗ t _ t i o 2 / ( 2∗ l a 0

) ;
L_gaas1 = nk_gaas1 .∗ t _ g a a s 1 / l a 0 ;
L_a l i np1 = nk_a l i n p1 .∗ t _ a l i n p 1 / l a 0 ;
L_gainp1 = nk_ga inp1 .∗ t _ g a i n p1 / l a 0 ;
L_a l i np2 = nk_a l i n p2 .∗ t _ a l i n p 2 / l a 0 ;
L_gaas2 = nk_gaas2 .∗ t _ g a a s 2 / l a 0 ;
L_a lgaa s1 = nk_a l g a a s1 .∗ t _ a l g a a s 1 / l a 0 ;
L_gainp2 = nk_ga inp2 .∗ t _ g a i n p2 / l a 0 ;
L_a lgaa s2 = nk_a l g a a s2 .∗ t _ a l g a a s 2 / l a 0 ;

r e f l = abs ( m u l t i d i e l ( [ nk_water , nk_ top l ,
n k_ t i o 2_g r a d t op , n k_ t i o 2_g r a dbo t , . . .

nk_gaas1 , nk_a l i np1 , nk_gainp1 , nk_a l i np2 , nk_gaas2
, nk_a lgaa s1 , nk_gainp2 , . . .

nk_a lgaa s2 , nk_gaas1 ] , [ L_ top l , L_ t i o2_g r ad t op ,
L_ t i o2_g r adbo t , L_gaas1 , L_a l inp1 , . . .

L_gainp1 , L_a l inp2 , L_gaas2 , L_a lgaas1 , L_gainp2 ,
L_a lgaa s2 ] , l a / l a0 , 0 ) ) . ^ 2 ;

end

Listing B.2: DLARCShortCircuitCurrent.m

% DLARCShor tC i rcu i tCur ren t .m − s h o r t c i r c u i t c u r r e n t o f
a m u l t i l a y e r s t r u c t u r e

%
% Usage : [ J sc , J top , J b o t ] = DLARCShor tC i rcu i tCur ren t (

t o p_pho t on_ f l ux , . . .
% nk_ t i o 2 _g r a d t o p_ t o p , n k_ t i o 2 _g r a dbo t _ t o p ,
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nk_ t op l _ t op , . . .
% nk_wa te r_ top , nk_gaas_ top , t op_wave l eng th s ,

bo t t om_pho ton_ f l ux , . . .
% nk_ t i o2_g r ad t op_bo t t om , nk_ t i o2_g r adbo t _bo t t om ,

nk_ top l_bo t t om , . . .
% nk_wate r_bo t tom , nk_gaas_bot tom ,

bo t tom_wave leng ths , t _ t i o 2 , t _ t o p l )
%
% pho t o n_ f l u x = pho ton f l u x
% nk_ t i o 2 _ g r a d t o p = complex index of r e f r a c t i o n o f t op

g r a d i e n t TiO2
% nk_ t i o 2 _ g r a d b o t = complex index of r e f r a c t i o n o f

bot tom g r a d i e n t TiO2
% nk_ t o p l = complex index of r e f r a c t i o n o f t op l a y e r
% nk_wate r = complex index of r e f r a c t i o n o f t op l a y e r
% nk_gaas = complex index of r e f r a c t i o n o f GaAs
% t _ t i o 2 = t i o 2 t h i c k n e s s (nm)
% t _ t o p l = top l a y e r t h i c k n e s s (nm)
% wave l eng t h s = wave l eng t h s
%
% J s c = s h o r t c i r c u i t c u r r e n t d e f i n e d by t h e minimum of

J b o t and J t o p
% (mA/ cm^2)
% J t o p = c u r r e n t a t t op band edge (mA/ cm^2)
% Jbo t = c u r r e n t a t bot tom band edge (mA/ cm^2)

f u n c t i o n [ Jsc , J t op , J b o t ] = DLARCShor tC i rcu i tCur ren t (
t o p_pho t on_ f l ux , . . .
n k _ t i o 2 _g r a d t o p_ t o p , n k_ t i o 2 _g r a dbo t _ t o p ,

nk_ t op l _ t op , . . .
nk_wa te r_ top , nk_gaas_ top , t op_wave l eng th s ,

bo t t om_pho ton_ f l ux , . . .
n k_ t i o2_g r ad t op_bo t t om , nk_ t i o2_g r adbo t _bo t t om ,

nk_ top l_bo t t om , . . .
nk_wate r_bo t tom , nk_gaas_bot tom , bo t tom_wave leng ths

, t _ t i o 2 , t _ t o p l )
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[ t o t a l _ p h o t o n s _ t o p , ~] = DLARCPhotonsAbsorbed (
t op_pho t on_ f l ux , . . .

n k _ t i o 2 _g r a d t o p_ t o p , n k_ t i o 2 _g r a dbo t _ t o p ,
nk_ t op l _ t op , . . .

nk_wa te r_ top , nk_gaas_ top , t _ t i o 2 , t _ t o p l ,
t o p_wave l e ng t h s ) ;

[ t o t a l _ p ho t o n s _ bo t t om , ~] =
DLARCPhotonsAbsorbed ( bo t t om_pho ton_ f l ux , . . .

n k_ t i o2_g r ad t op_bo t t om , nk_ t i o2_g r adbo t _bo t t om ,
nk_ top l_bo t t om , . . .

nk_wate r_bo t tom , nk_gaas_bot tom , t _ t i o 2 , t _ t o p l
, bo t t om_wave l eng th s ) ;

J t o p = t o t a l _ p h o t o n s _ t o p ∗ 1 .60217646 e−19 / 10 ;
%1m^2 t o 1cm^2 , A t o mA

Jbo t = t o t a l _ p h o t o n s _ b o t t om ∗ 1 .60217646 e−19 /
10 ; %1m^2 t o 1cm^2 , A t o mA

J s c = min ( J top , J b o t ) ;

end

Listing B.3: DLARC.m

% Double Layer AR c o a t i n g Opt imal t h i c k n e s s c a l c u l a t o r
f o r I I I −V dev i c e

c l c
c l o s e a l l

% Band gap wave l eng t h s
lambda_ top = 1 2 4 0 . 8 / 1 . 8 ;
lambda_bot tom = 1 2 4 0 . 8 / 1 . 2 ;
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% Th i ckne s s l i m i t s
t i o 2 _ tm i n = 5 ;
t i o2_ tmax = 400 ;
t o p l _ tm i n = 5 ;
t op l _ tmax = 200 ;
j s c_min = 10 ;
jsc_max = 25 ;

% Name of Top Layer f o r p l o t s and s a v i n g f i l e s
t o p f i l e n ame = ’2016−10−11 _s io2_on_TiO2_on_I I I −V_nk_data

. t x t ’ ;
topname = ’SiNx ’ ;
t o pnameS t r i ng = ’ SiN_{x } ’ ;
t r i a l n um = ’2 ’ ;

% Load AM 1 .5 Spect rum & photon f l u x
AM_data = impo r t d a t a ( ’AM15 Globa l Photon Flux . csv ’ , ’ , ’ )

;
p ho t o n_ f l u x = AM_data ( : , 2 ) ;
wave l eng t h s = AM_data ( : , 1 ) ;

% I n pu t I n d i c e s o f R e f r a c t i o n & e x c t i n c t i o n
c o e f f i c i e n t s

wa t e r _ d a t a = impo r t d a t a ( ’ wa te r_nk . csv ’ , ’ , ’ ) ;
n a l g a a s = impo r t d a t a ( ’ a l g a a s _nk . t x t ’ ) ;
n a l i n p = impo r t d a t a ( ’ a l i n p _nk . t x t ’ ) ;
nga inp = impo r t d a t a ( ’ ga inp_nk . t x t ’ ) ;
g a a s _ d a t a = impo r t d a t a ( ’ gaas_nk . csv ’ , ’ , ’ ) ;
t i o 2 _ d a t a = impo r t d a t a ( ’2015−08−26

_T iO2_nk_g rad i en t_on_S i . t x t ’ ) ; % Accounts f o r TiO2
index g r a d i e n t

n_wa te r = i n t e r p 1 ( wa t e r _ d a t a ( : , 1 ) , w a t e r _ d a t a ( : , 2 ) ,
wave l eng ths , ’ l i n e a r ’ , ’ e x t r a p ’ ) ;

k_wa te r = i n t e r p 1 ( wa t e r _ d a t a ( : , 1 ) , w a t e r _ d a t a ( : , 3 ) ,
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wave leng ths , ’ l i n e a r ’ , ’ e x t r a p ’ ) ;
n_gaas = i n t e r p 1 ( g a a s _ d a t a ( : , 1 ) , g a a s _ d a t a ( : , 2 ) ,

wave l eng ths , ’ l i n e a r ’ , ’ e x t r a p ’ ) ;
k_gaas = i n t e r p 1 ( g a a s _ d a t a ( : , 1 ) , g a a s _ d a t a ( : , 3 ) ,

wave l eng ths , ’ l i n e a r ’ , ’ e x t r a p ’ ) ;
n _ t i o 2 _ g r a d t o p = i n t e r p 1 ( t i o 2 _ d a t a ( : , 1 ) , t i o 2 _ d a t a ( : , 2 )

, wave l eng ths , ’ l i n e a r ’ , ’ e x t r a p ’ ) ;
k _ t i o 2 _ g r a d t o p = i n t e r p 1 ( t i o 2 _ d a t a ( : , 1 ) , t i o 2 _ d a t a ( : , 3 ) ,

wave l eng ths , ’ l i n e a r ’ , ’ e x t r a p ’ ) ;
n _ t i o 2 _ g r a d b o t = i n t e r p 1 ( t i o 2 _ d a t a ( : , 1 ) , t i o 2 _ d a t a ( : , 4 )

, wave l eng ths , ’ l i n e a r ’ , ’ e x t r a p ’ ) ;
k _ t i o 2 _ g r a d b o t = i n t e r p 1 ( t i o 2 _ d a t a ( : , 1 ) , t i o 2 _ d a t a ( : , 5 ) ,

wave l eng ths , ’ l i n e a r ’ , ’ e x t r a p ’ ) ;
n _ a l g a a s = i n t e r p 1 ( n a l g a a s ( : , 1 ) , n a l g a a s ( : , 2 ) ,

wave l eng ths , ’ l i n e a r ’ , ’ e x t r a p ’ ) ;
k _ a l g a a s = i n t e r p 1 ( n a l g a a s ( : , 1 ) , n a l g a a s ( : , 3 ) ,

wave l eng ths , ’ l i n e a r ’ , ’ e x t r a p ’ ) ;
n _ a l i n p = i n t e r p 1 ( n a l i n p ( : , 1 ) , n a l i n p ( : , 2 ) , wave l eng ths , ’

l i n e a r ’ , ’ e x t r a p ’ ) ;
k _ a l i n p = i n t e r p 1 ( n a l i n p ( : , 1 ) , n a l i n p ( : , 3 ) , wave l eng ths , ’

l i n e a r ’ , ’ e x t r a p ’ ) ;
n_ga inp = i n t e r p 1 ( nga inp ( : , 1 ) , nga inp ( : , 2 ) , wave l eng ths , ’

l i n e a r ’ , ’ e x t r a p ’ ) ;
k_ga inp = i n t e r p 1 ( nga inp ( : , 1 ) , nga inp ( : , 3 ) , wave l eng ths , ’

l i n e a r ’ , ’ e x t r a p ’ ) ;

% Allows f o r d a t a wi th and w i t h ou t h e a d e r s a s i n p u t
[ t o p _ l a y e r , del im , h e a d e r s ] = impo r t d a t a ( t o p f i l e n ame ) ;
i f h e a d e r s == 0

n_ t o p l = i n t e r p 1 ( t o p _ l a y e r ( : , 1 ) , t o p _ l a y e r ( : , 2 ) ,
wave l eng ths , ’ l i n e a r ’ , ’ e x t r a p ’ ) ;

k _ t o p l = i n t e r p 1 ( t o p _ l a y e r ( : , 1 ) , t o p _ l a y e r ( : , 3 ) ,
wave l eng ths , ’ l i n e a r ’ , ’ e x t r a p ’ ) ;

e l s e
n _ t o p l = i n t e r p 1 ( t o p _ l a y e r . d a t a ( : , 1 ) , t o p _ l a y e r .

d a t a ( : , 2 ) , wave l eng ths , ’ l i n e a r ’ , ’ e x t r a p ’ ) ;
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k_ t o p l = i n t e r p 1 ( t o p _ l a y e r . d a t a ( : , 1 ) , t o p _ l a y e r . d a t a
( : , 3 ) , wave l eng ths , ’ l i n e a r ’ , ’ e x t r a p ’ ) ;

end

% Sep a r a t e v a r i a b l e s by band gap
t op_ i nd ex = f i n d ( wave l eng t h s <= lambda_ top ) ;
bo t t om_ index = f i n d ( wave l eng t h s >= lambda_ top &

wave l eng t h s <= lambda_bot tom ) ;
t o p_wave l e ng t h s = wave l eng t h s ( t o p_ i nd ex ) ;
bo t t om_wave l eng th s = wave l eng t h s ( bo t t om_ index ) ;
t o p _pho t o n _ f l u x = pho t o n_ f l u x ( t o p_ i nd ex ) ;
bo t t om_pho t on_ f l ux = pho t o n_ f l u x ( bo t t om_ index ) ;
t o p _ t i o 2 _ _ g r a d t o p _ n = n _ t i o 2 _ g r a d t o p ( t o p_ i nd ex ) ;
b o t t om_ t i o 2__g r a d t o p_n = n _ t i o 2 _ g r a d t o p ( bo t t om_ index ) ;
t o p _ t i o 2 _ _ g r a d b o t _ n = n _ t i o 2 _ g r a d b o t ( t o p_ i nd ex ) ;
b o t t om_ t i o 2__g r a dbo t _n = n _ t i o 2 _ g r a d b o t ( bo t t om_ index ) ;
t o p _ t o p l _ n = n_ t o p l ( t o p_ i nd ex ) ;
bo t t om_ top l _n = n_ t o p l ( bo t t om_ index ) ;
t op_gaa s_n = n_gaas ( t o p_ i nd ex ) ;
bo t tom_gaas_n = n_gaas ( bo t t om_ index ) ;
t op_wa t e r _n = n_wa te r ( t o p_ i nd ex ) ;
bo t tom_wa te r_n = n_wa te r ( bo t t om_ index ) ;
t o p _ t i o 2 _ g r a d t o p _ k = k _ t i o 2 _ g r a d t o p ( t o p_ i nd ex ) ;
b o t t om_ t i o 2_g r a d t o p_k = k _ t i o 2 _ g r a d t o p ( bo t t om_ index ) ;
t o p _ t i o 2 _ g r a d b o t _ k = k _ t i o 2 _ g r a d b o t ( t o p_ i nd ex ) ;
b o t t om_ t i o 2_g r a dbo t _ k = k _ t i o 2 _ g r a d b o t ( bo t t om_ index ) ;
t o p _ t o p l _ k = k_ t o p l ( t o p_ i nd ex ) ;
bo t t om_ top l _k = k_ t o p l ( bo t t om_ index ) ;
t op_gaa s_k = k_gaas ( t o p_ i nd ex ) ;
bo t tom_gaas_k = k_gaas ( bo t t om_ index ) ;
t op_wa t e r _k = k_wa te r ( t o p_ i nd ex ) ;
bo t tom_wa te r_k = k_wa te r ( bo t t om_ index ) ;
t o p _ a l g a a s _ n = n_ a l g a a s ( t o p_ i nd ex ) ;
t o p _ a l g a a s _ k = k_ a l g a a s ( t o p_ i nd ex ) ;
t o p _ a l i n p _ n = n_ a l i n p ( t o p_ i nd ex ) ;
t o p _ a l i n p _ k = k_ a l i n p ( t o p_ i nd ex ) ;
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top_ga i np_n = n_ga inp ( t o p_ i nd ex ) ;
t op_ga i np_k = k_ga inp ( t o p_ i nd ex ) ;
b o t _ a l g a a s _ n = n_ a l g a a s ( bo t t om_ index ) ;
b o t _ a l g a a s _ k = k_ a l g a a s ( bo t t om_ index ) ;
b o t _ a l i n p _ n = n_ a l i n p ( bo t t om_ index ) ;
b o t _ a l i n p _ k = k_ a l i n p ( bo t t om_ index ) ;
bo t _ga i np_n = n_ga inp ( bo t t om_ index ) ;
bo t _ga i np_k = k_ga inp ( bo t t om_ index ) ;

% Re c o n s t r u c t complex r e f r a c t i v e i ndex
j = s q r t ( −1) ;
nk_wa t e r_ t op = top_wa t e r _n − j ∗ t o p_wa t e r _k ;
n k _ t o p l _ t o p = t o p _ t o p l _ n − j ∗ t o p _ t o p l _ k ;
n k _ t i o 2 _ g r a d t o p _ t o p = t o p _ t i o 2 _ _ g r a d t o p _ n − j ∗

t o p _ t i o 2 _ g r a d t o p _ k ;
n k _ t i o 2 _ g r a d b o t _ t o p = t o p _ t i o 2 _ _ g r a d b o t _ n − j ∗

t o p _ t i o 2 _ g r a d b o t _ k ;
nk_gaa s_ top = top_gaa s_n − j ∗ t op_gaa s_k ;
n k_ a l g a a s _ t o p = t o p _ a l g a a s _ n − j ∗ t o p _ a l g a a s _ k ;
n k _ a l i n p _ t o p = t o p _ a l i n p _ n − j ∗ t o p _ a l i n p _ k ;
nk_ga i np_ top = top_ga i np_n − j ∗ t o p_ga i np_k ;

nk_wa te r_bo t tom = bo t tom_wa te r_n − j ∗ bo t tom_wa te r_k ;
nk_ t op l _bo t t om = bo t t om_ top l _n − j ∗ bo t t om_ top l _k ;
n k_ t i o 2_g r a d t o p_bo t t om = bo t t om_ t i o 2__g r a d t o p_n − j ∗

bo t t om_ t i o 2_g r a d t o p_k ;
n k_ t i o 2_g r a dbo t _bo t t om = bo t t om_ t i o 2__g r a dbo t _n − j ∗

bo t t om_ t i o 2_g r a dbo t _ k ;
nk_gaas_bo t tom = bo t tom_gaas_n − j ∗ bo t tom_gaas_k ;
nk_a l g a a s_bo t t om = bo t _ a l g a a s _ n − j ∗ bo t _ a l g a a s _ k ;
nk_a l i np_bo t t om = bo t _ a l i n p _ n − j ∗ b o t _ a l i n p _ k ;
nk_ga inp_bo t tom = bo t_ga i np_n − j ∗ bo t_ga i np_k ;

% Se t s u b s t r a t e t h i c k n e s s e s
t _ g a a s 1 = 7 ;
t _ a l i n p 1 = 30 ;
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t _ g a i n p1 = 270 ;
t _ a l i n p 2 = 20 ;
t _ g a a s 2 = 20 ;
t _ a l g a a s 1 = 20 ;
t _ g a i n p2 = 20 ;
t _ a l g a a s 2 = 250 ;

% Find op t ima l t h i c k n e s s e s
Op t im i z ed J s c = 0 ;
o p t _ t i o 2 = 0 ;
o p t _ t o p l = 0 ;
T iO2Th icknes se s = z e r o s ( 1 , ( t i o2_ tmax − t i o 2 _ tm i n ) ∗ (

t op l_ tmax − t o p l _ tm i n ) ) ;
TopLaye rTh i ckne s s e s = z e r o s ( 1 , ( t i o2_ tmax − t i o 2 _ tm i n ) ∗ (

t op l_ tmax − t o p l _ tm i n ) ) ;
J s cOu t p u t s = z e r o s ( 1 , ( t i o2_ tmax − t i o 2 _ tm i n ) ∗ ( t op l_ tmax −

t o p l _ tm i n ) ) ;
J t o pOu t p u t s = z e r o s ( 1 , ( t i o2_ tmax − t i o 2 _ tm i n ) ∗ ( t op l_ tmax −

t o p l _ tm i n ) ) ;
J b o tOu t p u t s = z e r o s ( 1 , ( t i o2_ tmax − t i o 2 _ tm i n ) ∗ ( t op l_ tmax −

t o p l _ tm i n ) ) ;

% Wri t e J s c o u t p u t a s an o u t p u t f o r an a r r a y o f
t h i c k n e s s e s

f o r i = t i o 2 _ tm i n : t i o2_ tmax ;
f o r j = t o p l _ tm i n : t op l _ tmax ;

T iO2Th icknes se s ( ( i − t i o 2 _ tm i n ) ∗ ( t op l_ tmax −
t o p l _ tm i n ) + j − t o p l _ tm i n + 1) = i ;

TopLaye rTh i ckne s s e s ( ( i − t i o 2 _ tm i n ) ∗ ( t op l_ tmax −
t o p l _ tm i n ) + j − t o p l _ tm i n + 1) = j ;

[ J t o t , J t , Jb ] = DLARCShor tC i rcu i tCur ren t (
t o p_pho t on_ f l ux , . . .
n k _ t i o 2 _g r a d t o p_ t o p , n k_ t i o 2 _g r a dbo t _ t o p ,

nk_ t op l _ t op , . . .
nk_wa te r_ top , nk_gaas_ top , nk_a l i n p_ t op ,

nk_ga inp_ top , . . .
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nk_a l i n p_ t op , nk_gaas_ top , nk_a l g a a s_ t op ,
nk_ga inp_ top , . . .

n k_a l g a a s_ t op , t op_wave l eng th s , . . .
bo t t om_pho ton_ f l ux , nk_ t i o2_g r ad t op_bo t t om

, . . .
n k_ t i o2_g r adbo t _bo t t om , nk_ top l_bo t t om ,

nk_wate r_bo t tom , . . .
nk_gaas_bot tom , nk_a l i np_bo t t om ,

nk_ga inp_bot tom , . . .
nk_a l i np_bo t t om , nk_gaas_bot tom ,

nk_a lgaa s_bo t t om , . . .
nk_ga inp_bot tom , nk_a lgaa s_bo t t om ,

bo t tom_wave leng ths , . . .
t _gaa s1 , t _ a l i n p 1 , t _ga i np1 , t _ a l i n p 2 , t _gaa s2 ,

t _ a l g a a s 1 , . . .
t _ga i np2 , t _ a l g a a s 2 , i , j ) ;

J s cOu t p u t s ( ( i − t i o 2 _ tm i n ) ∗ ( t op l_ tmax − t o p l _ tm i n
) + j − t o p l _ tm i n + 1) = J t o t ;

J t o pOu t p u t s ( ( i − t i o 2 _ tm i n ) ∗ ( t op l_ tmax −
t o p l _ tm i n ) + j − t o p l _ tm i n + 1) = J t ;

J b o tOu t p u t s ( ( i − t i o 2 _ tm i n ) ∗ ( t op l_ tmax −
t o p l _ tm i n ) + j − t o p l _ tm i n + 1) = Jb ;

% Find o v e r a l l o p t im i z ed J s c
i f Op t im i z ed J s c < J t o t ;

Op t im i z ed J s c = J t o t ;
OptTiO2Thickness = i ;
Op tTopLayerTh ickness = j ;

end
end

end

% Get r i d o f random e x t r a d a t a p o i n t
J s cOu t p u t s ( end ) = [ ] ;
T iO2Th icknes se s ( end ) = [ ] ;
TopLaye rTh i ckne s s e s ( end ) = [ ] ;
J t o pOu t p u t s ( end ) = [ ] ;
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J b o tOu t p u t s ( end ) = [ ] ;

% Reformat f o r s a v i n g wi th column he ad e r s
J s cOu t p u t s = J s cOu tpu t s ’ ;
T iO2Th icknes se s = TiO2Thicknesses ’ ;
TopLaye rTh i ckne s s e s = TopLaye rTh icknesses ’ ;
J t o pOu t p u t s = J t opOu tpu t s ’ ;
J b o tOu t p u t s = Jbo tOu t pu t s ’ ;

t a b l e _ t _ J = t a b l e ( T iO2Thicknesses , TopLaye rTh icknesse s ,
. . .
J s cOu tpu t s , J t opOu tpu t s , J b o tOu t p u t s ) ;

w r i t e t a b l e ( t a b l e _ t _ J , [ ’DLARC J s c v e r s u s TiO2 and ’ ,
topname , ’ Th i ckne s s . t x t ’ ] ) ;

% Reshape d a t a t o be used i n s u r f and con t o u r p l o t s
X = r e s h a p e ( TiO2Thicknesses , t op l_ tmax − t o p l _ tm in ,

t i o2_ tmax − t i o 2 _ tm i n +1) ;
Y = r e s h a p e ( TopLaye rTh icknes ses , t op l_ tmax − t o p l _ tm in ,

t i o2_ tmax − t i o 2 _ tm i n +1) ;
Z = r e s h a p e ( J s cOu tpu t s , t op l_ tmax − t o p l _ tm in , t i o2_ tmax −

t i o 2 _ tm i n +1) ;
J s c s t r = num2s t r ( Op t im izedJ sc , 3 ) ;

% Su r f a c e p l o t
s u r f (X,Y, Z , ’ EdgeColor ’ , ’ none ’ ) ;
t e x t ( OptTiO2Thickness , OptTopLayerThickness , Op t im izedJ sc

, J s c s t r , ’ h o r i z o n t a lA l i g nmen t ’ , . . .
’ c e n t e r ’ , ’ v e r t i c a lA l i g nmen t ’ , ’ base ’ ) ;

x l a b e l ( ’ TiO_{2} Th i ckne s s (nm) ’ ) ;
y l a b e l ( [ t opnameS t r i ng , ’ Th i ckne s s (nm) ’ ] ) ;
z l a b e l ( ’ J_ {SC} (mA cm^{−2}) ’ ) ;
% t i t l e ( [ ’ J_ { sc } v e r s u s TiO_{2} and ’ , topname , ’

Th i ckne s s ’ ] ) ;
c o l o r b a r ;
co lormap ( ’ p a r u l a ’ ) ;
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s a v e a s ( gcf , [ ’ S u r f a c e P l o t J s c Versus TiO2 and ’ ,
topname , . . .
’ Th i ckne s s T r i a l ’ , t r i a l n um , ’ . png ’ ] ) ;

ho ld o f f

% Su r f a c e p l o t − s ave t o f i l e
f i d = fopen ( [ ’ Su r f a c e P l o t J s c Versus TiO2 and ’ , topname

, . . .
’ Th i ckne s s T r i a l ’ , t r i a l n um , ’ . t x t ’ ] , ’w’ ) ;

f p r i n t f ( f i d , ’%d %d %d \ r \ n ’ , [X Y Z ] ’ ) ;
f c l o s e ( f i d ) ;

% Contour P l o t
v = [16 16 .5 17 17 .5 18 18 .5 1 9 ] ;
[ c , h ] = con t o u r (X,Y, Z , v , ’ Labe lSpac ing ’ , 3 5 0 ) ;
c l a b e l ( c , h , v ) ;
co lormap ( ’ p a r u l a ’ ) ;
ho ld on
s = s c a t t e r ( OptTiO2Thickness , Op tTopLayerTh ickness ) ;
s . MarkerEdgeColor = ’y ’ ;
s . Marke rFaceColo r = ’y ’ ;
t e x t ( OptTiO2Thickness , OptTopLayerThickness , J s c s t r , ’

h o r i z o n t a lA l i g nmen t ’ , . . .
’ c e n t e r ’ , ’ v e r t i c a lA l i g nmen t ’ , ’ base ’ ) ;

x l a b e l ( ’ TiO_{2} Th i ckne s s (nm) ’ ) ;
y l a b e l ( [ t opnameS t r i ng , ’ Th i ckne s s (nm) ’ ] ) ;
% t i t l e ( [ ’ J_ { sc } Versus TiO_{2} and ’ , t opnameS t r i ng , ’

Th ickness ’ ] ) ;
s a v e a s ( gcf , [ ’ Contour P l o t J s c Versus TiO2 and ’ ,

topname , . . .
’ Th i ckne s s Device T r i a l ’ , t r i a l n um , ’ . png ’ ] ) ;

ho ld o f f

% Save f i g u r e s o f t h e r e f l e c t i o n and pho ton s ab so rbed
t _ t i o 2 _ v e c 1 = ( 1 : s i z e ( t op_wave l eng th s , 1 ) ) ’ ;
t _ t i o 2 _ v e c 1 ( 1 : s i z e ( t op_wave l eng th s , 1 ) ) =
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OptTiO2Thickness ;
t _ t o p l _ v e c 1 = ( 1 : s i z e ( t op_wave l eng th s , 1 ) ) ’ ;
t _ t o p l _ v e c 1 ( 1 : s i z e ( t op_wave l eng th s , 1 ) ) =

OptTopLayerTh ickness ;

t _ t i o 2 _ v e c 2 = ( 1 : s i z e ( bo t tom_wave leng ths , 1 ) ) ’ ;
t _ t i o 2 _ v e c 2 ( 1 : s i z e ( bo t tom_wave leng ths , 1 ) ) =

OptTiO2Thickness ;
t _ t o p l _ v e c 2 = ( 1 : s i z e ( bo t tom_wave leng ths , 1 ) ) ’ ;
t _ t o p l _ v e c 2 ( 1 : s i z e ( bo t tom_wave leng ths , 1 ) ) =

OptTopLayerTh ickness ;

t _g a a s_vec11 = ( 1 : s i z e ( t op_wave l eng th s , 1 ) ) ’ ;
t _ g a a s_vec11 ( 1 : s i z e ( t op_wave l eng th s , 1 ) ) = t _ g a a s 1 ;
t _ a l i n p _ v e c 1 1 = ( 1 : s i z e ( t op_wave l eng th s , 1 ) ) ’ ;
t _ a l i n p _ v e c 1 1 ( 1 : s i z e ( t op_wave l eng th s , 1 ) ) = t _ a l i n p 1 ;
t _g a i np_ve c11 = ( 1 : s i z e ( t op_wave l eng th s , 1 ) ) ’ ;
t _ g a i np_ve c11 ( 1 : s i z e ( t op_wave l eng th s , 1 ) ) = t _ g a i n p1 ;
t _ a l i n p _ v e c 2 1 = ( 1 : s i z e ( t op_wave l eng th s , 1 ) ) ’ ;
t _ a l i n p _ v e c 2 1 ( 1 : s i z e ( t op_wave l eng th s , 1 ) ) = t _ a l i n p 2 ;
t _ga a s_vec21 = ( 1 : s i z e ( t op_wave l eng th s , 1 ) ) ’ ;
t _ g a a s_vec21 ( 1 : s i z e ( t op_wave l eng th s , 1 ) ) = t _ g a a s 2 ;
t _ a l g a a s _ v e c 1 1 = ( 1 : s i z e ( t op_wave l eng th s , 1 ) ) ’ ;
t _ a l g a a s _ v e c 1 1 ( 1 : s i z e ( t op_wave l eng th s , 1 ) ) = t _ a l g a a s 1 ;
t _g a i np_ve c21 = ( 1 : s i z e ( t op_wave l eng th s , 1 ) ) ’ ;
t _ g a i np_ve c21 ( 1 : s i z e ( t op_wave l eng th s , 1 ) ) = t _ g a i n p2 ;
t _ a l g a a s _ v e c 2 1 = ( 1 : s i z e ( t op_wave l eng th s , 1 ) ) ’ ;
t _ a l g a a s _ v e c 2 1 ( 1 : s i z e ( t op_wave l eng th s , 1 ) ) = t _ a l g a a s 2 ;

t _g a a s_vec12 = ( 1 : s i z e ( bo t t om_wave l eng ths , 1 ) ) ’ ;
t _ g a a s_vec12 ( 1 : s i z e ( bo t t om_wave l eng ths , 1 ) ) = t _ g a a s 1 ;
t _ a l i n p _ v e c 1 2 = ( 1 : s i z e ( bo t tom_wave leng ths , 1 ) ) ’ ;
t _ a l i n p _ v e c 1 2 ( 1 : s i z e ( bo t tom_wave leng ths , 1 ) ) = t _ a l i n p 1 ;
t _g a i np_ve c12 = ( 1 : s i z e ( bo t tom_wave leng ths , 1 ) ) ’ ;
t _ g a i np_ve c12 ( 1 : s i z e ( bo t tom_wave leng ths , 1 ) ) = t _ g a i n p1 ;
t _ a l i n p _ v e c 2 2 = ( 1 : s i z e ( bo t tom_wave leng ths , 1 ) ) ’ ;
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t _ a l i n p _ v e c 2 2 ( 1 : s i z e ( bo t tom_wave leng ths , 1 ) ) = t _ a l i n p 2 ;
t _ga a s_vec22 = ( 1 : s i z e ( bo t t om_wave l eng ths , 1 ) ) ’ ;
t _ g a a s_vec22 ( 1 : s i z e ( bo t t om_wave l eng ths , 1 ) ) = t _ g a a s 2 ;
t _ a l g a a s _ v e c 1 2 = ( 1 : s i z e ( bo t tom_wave l eng ths , 1 ) ) ’ ;
t _ a l g a a s _ v e c 1 2 ( 1 : s i z e ( bo t tom_wave l eng ths , 1 ) ) =

t _ a l g a a s 1 ;
t _g a i np_ve c22 = ( 1 : s i z e ( bo t tom_wave leng ths , 1 ) ) ’ ;
t _ g a i np_ve c22 ( 1 : s i z e ( bo t tom_wave leng ths , 1 ) ) = t _ g a i n p2 ;
t _ a l g a a s _ v e c 2 2 = ( 1 : s i z e ( bo t tom_wave l eng ths , 1 ) ) ’ ;
t _ a l g a a s _ v e c 2 2 ( 1 : s i z e ( bo t tom_wave l eng ths , 1 ) ) =

t _ a l g a a s 2 ;

r e f l 1 = a r r a y f u n ( @DLARCreflection , n k_ t i o 2 _g r a d t o p_ t o p
, . . .
n k _ t i o 2 _g r a dbo t _ t o p , nk_ t op l _ t op , nk_wa te r_ top , . . .
nk_gaas_ top , nk_a l i n p_ t op , nk_ga inp_ top , nk_a l i n p_ t op

, . . .
nk_gaas_ top , nk_a l g a a s_ t op , nk_ga inp_ top ,

nk_a l g a a s_ t op , . . .
t _ t i o 2 _v e c 1 , t _ t o p l _ v e c 1 , t _gaa s_vec11 ,

t _ a l i n p_v e c11 , t _ga inp_vec11 , . . .
t _ a l i n p_v e c21 , t _gaa s_vec21 , t _ a l g a a s _v e c11 ,

t _ga inp_vec21 , t _ a l g a a s _v e c21 , . . .
t o p_wave l e ng t h s ) ;

p l o t ( t op_wave l eng th s , r e f l 1 , ’−b ’ )
ho ld on
r e f l 2 = a r r a y f u n ( @DLARCreflection ,

nk_ t i o2_g r ad t op_bo t t om , . . .
n k_ t i o2_g r adbo t _bo t t om , nk_ top l_bo t t om ,

nk_wate r_bo t tom , . . .
nk_gaas_bot tom , nk_a l i np_bo t t om , nk_ga inp_bot tom ,

nk_a l i np_bo t t om , . . .
nk_gaas_bot tom , nk_a lgaa s_bo t t om , nk_ga inp_bot tom ,

nk_a lgaa s_bo t t om , . . .
t _ t i o 2 _v e c 2 , t _ t o p l _ v e c 2 , t _gaa s_vec12 ,

t _ a l i n p_v e c12 , t _ga inp_vec12 , . . .



102

t _ a l i n p_v e c22 , t _gaa s_vec22 , t _ a l g a a s _v e c12 ,
t _ga inp_vec22 , t _ a l g a a s _v e c22 , . . .

bo t t om_wave l eng th s ) ;
p l o t ( bo t tom_wave l eng ths , r e f l 2 , ’−b ’ )

x l a b e l ( ’ wave l eng th (nm) ’ )
y l a b e l ( ’ R e f l e c t a n c e ’ )
t i t l e ( [ ’ R e f l e c t a n c e o f TiO_{2} / ’ , t opnameS t r i ng , ’

DLARC’ ] )
s a v e a s ( gcf , [ ’ R e f l e c t a n c e o f TiO2 ’ , num2s t r (

OptTiO2Thickness ) , ’nm and ’ , . . .
topname , ’ ’ , num2s t r ( Op tTopLayerTh ickness ) , ’nm

Device T r i a l ’ , t r i a l n um , ’ . png ’ ] ) ;

% Su r f a c e p l o t − s ave t o f i l e
f i d = fopen ( [ ’ R e f l e c t a n c e o f TiO2 ’ , num2s t r (

OptTiO2Thickness ) , ’nm and ’ , . . .
topname , ’ ’ , num2s t r ( Op tTopLayerTh ickness ) , ’nm

Device T r i a l ’ , t r i a l n um , ’ . t x t ’ ] , ’w’ ) ;
f p r i n t f ( f i d , ’%d %d \ r \ n ’ , [ t o p_wave l e ng t h s r e f l 1 ] ’ ) ;
f p r i n t f ( f i d , ’%d %d \ r \ n ’ , [ bo t t om_wave l eng th s r e f l 2 ] ’ )

;
f c l o s e ( f i d ) ;

ho ld o f f

[ TotPhot1 , PhotAbs1 ] = DLARCPhotonsAbsorbed (
t op_pho t on_ f l ux , . . .
n k _ t i o 2 _g r a d t o p_ t o p , n k_ t i o 2 _g r a dbo t _ t o p ,

nk_ t op l _ t op , . . .
nk_wa te r_ top , nk_gaas_ top , nk_a l i n p_ t op , nk_ga inp_ top

, nk_a l i n p_ t op , . . .
nk_gaas_ top , nk_a l g a a s_ t op , nk_ga inp_ top ,

nk_a l g a a s_ t op , OptTiO2Thickness , . . .
OptTopLayerThickness , t _gaa s1 , t _ a l i n p 1 , t _ga i np1 ,

t _ a l i n p 2 , t _gaa s2 , t _ a l g a a s 1 , . . .
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t_ga inp2 , t _ a l g a a s 2 , t o p_wave l e ng t h s ) ;
[ TotPhot2 , PhotAbs2 ] = DLARCPhotonsAbsorbed (

bo t t om_pho ton_ f l ux , . . .
n k_ t i o2_g r ad t op_bo t t om , nk_ t i o2_g r adbo t _bo t t om ,

nk_ top l_bo t t om , . . .
nk_wate r_bo t tom , nk_gaas_bot tom , nk_a l i np_bo t t om ,

nk_ga inp_bot tom , . . .
nk_a l i np_bo t t om , nk_gaas_bot tom , nk_a lgaa s_bo t t om ,

nk_ga inp_bot tom , . . .
nk_a lgaa s_bo t t om , OptTiO2Thickness ,

OptTopLayerThickness , t _gaa s1 , . . .
t _ a l i n p 1 , t _ga i np1 , t _ a l i n p 2 , t _gaa s2 , t _ a l g a a s 1 ,

t _ga i np2 , t _ a l g a a s 2 , . . .
bo t t om_wave l eng th s ) ;

p l o t ( t op_wave l eng th s , PhotAbs1 , ’ − r ’ , bo t t om_wave l eng ths ,
PhotAbs2 , ’ −b ’ )

x l a b e l ( ’ wave l eng th (nm) ’ )
y l a b e l ( ’ pho ton s absorbed ’ )
% t i t l e ( ’ Pho tons Absorbed by Top and Bottom Band Edge ’ )
l e g end ( ’ InGaP Subce l l ’ , . . .

’GaAs Subce l l ’ , ’ Loca t i on ’ , ’ sou th ’ )
s a v e a s ( gcf , [ ’ Pho tons Absorbed TiO2 ’ , num2s t r (

OptTiO2Thickness ) , ’nm and ’ , . . .
topname , ’ ’ , num2s t r ( Op tTopLayerTh ickness ) , ’nm

Device T r i a l ’ , t r i a l n um , ’ . png ’ ] ) ;

d i s p l a y ( OptTiO2Thickness )
d i s p l a y ( OptTopLayerTh ickness )
d i s p l a y ( Op t im i z ed J s c )
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