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ABSTRACT: n-GaAs is a well-developed III-V semiconductor
with excellent light absorption and charge-transport properties,
making it a promising candidate for an efficient photoanode.
However, strong photocorrosion under anodic bias in aqueous
electrolyte prohibits this semiconductor from having durable as
well as efficient photoelectrochemical performance. In this work,
the photocorrosion process of n-GaAs in acidic media was
monitored via in situ UV—vis spectroscopic analysis of the
dissolved elements in solution, with additional insight provided by
SEM imaging and XPS surface analysis. A strong dependence of
the current density vs potential behavior and associated photo-
corrosion was correlated to the n-type doping density, with the
transition into degenerate-like behavior yielding distinctly different
photoelectrochemical and corrosion behavior. The photoanode behavior in acid was also investigated with thin surface layers of the
acid-stable water oxidation catalyst Ir. Galvanic displacement was used to produce conformal thin films of Ir on n-GaAs, which was
compared to films of Ir spin-coated from chemical precursors. In-situ UV—vis spectroscopy showed short-term decreases in the
corrosion faradaic efficiency from the Ir films, but none provided sufficient protection to prevent GaAs photoetching from eventually
becoming the dominant electrochemical pathway. The disparate nature of each Ir film is discussed to explain the observed
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differences in surface chemistry and morphology after photoanodic operation.
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1. INTRODUCTION

Due to its widespread abundance, solar energy is one of the
most promising clean alternatives to fossil fuels. Converting the
energy of sunlight into the chemical bonds of clean fuels like
hydrogen is an ideal route for the energy-dense storage of this
intermittent resource. Direct photoelectrochemical (PEC)
water-splitting has the potential to be a highly scalable and
economic method to produce solar fuels.' Tandem photo-
electrodes of complementary bandgaps are one of the most
efficient designs to achieve the requisite ~1.6 V of photo-
voltage to split water by running the hydrogen evolution
reaction (HER) at the photocathode and oxygen evolution
reaction (OER) at the photoanode.”’

In striving to develop efficient and stable PEC systems,
researchers have employed a variety of semiconductor types as
photoelectrodes, including silicon, metal oxides, and I-vs.*™
Metal oxides have demonstrated the greatest stability under
water oxidation conditions, however, they typically exhibit
large bandgaps and/or short minority-carrier diffusion lengths
which have inhibited achieving high solar-to-hydrogen
ef‘ﬁciency.10 III-V semiconductors, in contrast, can cover a
wide range of bandgaps, often have high charge-carrier
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mobilities and diffusion lengths, and are among the best
candidates for high efficiency photoelectrodes, especially as the
top subcell material in a tandem cell design.””"" Although IT1—
V semiconductors can enable systems of high solar-to-
hydrogen efficiency, they generally suffer from corrosion in
aqueous electrolytes under anodic conditions because the self-
oxidation potentials of these materials are more negative than
the water oxidation potential.">~'* One strategy employed to
mitigate photocorrosion of III—V photoelectrodes is to deposit
a conformal thin film of a metal or metal oxide on the
semiconductor surface as a protective barrier layer against
chemical attack, which in some cases can also serve as an OER
catalyst."* ="

Gallium arsenide (GaAs), one of the most well-developed
II-V semiconductors, has played an important role in high-
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efficiency solar fuels systems, but it suffers from rapid
photocorrosion resulting in the formation of an insulating
oxide layer or dissolution of the photoelectrode. The
stabilization of GaAs photoanodes through the deposition of
a thin layer of a noble metal (e.g, Au, Pt, Rh) or a polymer
such as polypyrrole has had only modest success, inhibiting the
photocorrosion of n-GaAs for only a brief time.”’~**
Researchers have also studied the stability of GaAs photo-
anodes in conjunction with a surface monolayer of graphene, '
which provided only limited protection in aqueous electrolyte.
Greater stability on the order of hours was achieved for GaAs
photoanodes in alkaline media using an in situ electro-
deposited nickel-borate protective layer, although this required
a p-n GaAs homojunction to maintain a high photovoltage."
Lastly, atomic layer deposition (ALD) of a conformal surface
layer of TiO, decorated with an OER catalyst has been widely
reported for enhanced stabilization of III-V semiconductors
such as GaAs and GaP.”'*'”*> The highest stability
demonstrated to date has been for GaAs nanowire array
photoanodes with a relatively thick (100 nm) ALD coating of
amorphous TiO, in combination with a Ni catalyst, which
exhibited continuous solar-driven water oxidation in alkaline
media for over 600 h with only modest current decay.”” The
success of this method relies on thick ALD layers to achieve
near-total suppression of pinholes and failure points, which in
turn depends upon an amorphous TiO, phase with defects
providing a band of intergap states for efficient hole charge-
transfer across the interface.’” However, the replication of this
precise layer has proven difficult for many laboratories.

To improve the practicality of III-V semiconductor
photoanodes, a detailed understanding of the photocorrosion
process is needed along with simple, cost-effective corrosion
protection strategies. Researchers have studied the mechanism
of GaAs photocorrosion and proposed reaction pathways that
explain the different dissolution behavior of the Ga and As
components in acidic vs alkaline media, as well as the
formation of oxide layers on n-GaAs electrodes in neutral
electrolyte.”* >’ Herein, the focus is on n-GaAs photoanodic
behavior in aqueous acidic electrolyte, similar to the operating
media for some of the most advanced electrolyzers. Ideally, the
semiconductor surface would be conformally coated in a low-
cost process with a thin layer of chemically inert material which
simultaneously enhances the OER kinetics. Electroless
deposition via galvanic displacement of metals onto a
semiconductor surface is a simple, cost-effective, high-
throughput method for thin layers that has routinely been
employed to produce metal—semiconductor contacts. Reports
of galvanic displacement of noble metals on n-GaAs have
shown the formation of thin films of Au, Ag, and Pt.*°7** The
promise of this method for conformal surface coverage is
highlighted by a recent report using electroless deposition of
gold on amorphous-TiO, protected p*-GaAs electrodes as a
failure detection method for the protection layer by imaging
Au deposits in the pinholes.33 However, Ir oxide is one of the
only highly active OER catalysts which is stable under anodic
potentials in strongly acidic media.”* According to the
reduction potentials of different noble metal anions with
respect to the valence band of GaAs, Ir can be deposited from
hexachloroiridate salts onto n-GaAs by galvanic displace-
ment.”"*> The investigation of the photoanodic behavior and
corrosion-inhibiting properties of electrolessly deposited Ir on
n-GaAs is therefore of interest.

Herein, we have investigated the GaAs photocorrosion
process in acidic media, with proposed insights on the
differences observed depending on the n-type doping density.
Photocorrosion of electrodes has been studied via in situ UV—
vis spectroscopy to quantify the faradaic efficiency for GaAs
dissolution and supplemented by SEM and X-ray photo-
electron spectroscopy (XPS), following our previous work.*
The effect on the photocorrosion process of thin Ir surface
layers, deposited by either galvanic displacement or spin-
coated from one of two Ir precursors, was investigated as well.
The limitations of these optically thin layers of Ir to protect
GaAs photoanodes are described through electrochemical
measurements and morphological and chemical character-
ization of the interface. The work demonstrates how the
inexpensive, novel in situ UV—vis spectroscopy method can
enable active monitoring and quantification of the corrosion
reaction faradaic efficiency, permitting researchers to diagnose
the extent of electrochemical protection afforded by a surface
treatment such as the contiguous, oxidatively acid-stable Ir
films employed in this study. Moreover, notable differences in
the observed corrosion faradaic efficiency can highlight for
researchers when a distinct change in material degradation
behavior has occurred, such as that observed herein for
different GaAs doping densities at the same applied bias. An
increased understanding of the GaAs photocorrosion process
as well as the effects of the catalyst layer preparation method
and corresponding failures in the protective layer can
ultimately help researchers navigate the path to develop stable
and efficient III-V photoanodes.

2. EXPERIMENTAL SECTION

2.1. Electrode Fabrication. n-GaAs wafers ((111), Si-doped to
1-5 X 10'® cm™, Precision Micro-Optics) were used as the working
electrodes in all experiments unless stated otherwise. One other
commercial source of comparable n-GaAs wafers ((111B), Si-doped
to 2.2—2.8 X 10"7 cm™3, University Wafer, Inc.) was tested for its
photoelectrochemical performance, as shown in Figure la. Ohmic
contacts were made to the working electrodes by lightly scratching
Ga/In eutectic onto the back of the wafer followed by attaching
copper tape as a current collector.

Some of the electrodes were further decorated with Ir or IrO,
oxygen evolution reaction cocatalyst. A thin layer of electrolessly
deposited iridium (hereafter referred to as Ir(el)) was produced via a
galvanic displacement method to deposit iridium catalyst on n-GaAs
substrates. The n-GaAs was pretreated by immersion in 3 M HCI for
3 min and then thoroughly rinsed with 18 MQ-cm water. GaAs
samples were subsequently immersed in a solution of 1 mM hydrogen
hexachloroiridate(IV) hydrate, H,IrCls:«H,0 (99%, Alfa Aesar), in 1
M H,SO, for 24 h followed by a thorough rinse. In some other
samples, IrO, was deposited by a spin-coating method using one of
two different iridium precursors. In one case, a solution of 40 mM
iridium(III) chloride, IrCly (99.8%, Alfa Aesar), in isopropanol was
used to make a thin Ir layer (hereafter referred to as Ir(ch)). In the
second case, a solution of 40 mM iridium(III) acetylacetonate,
Ir(acac); (98%, Strem Chemicals, Inc.), in chloroform was used to
make the thin Ir layer (hereafter referred to as Ir(ac)). In both cases,
40 pL of solution was applied while the substrate was rotating at 200
rpm, then the substrate rotation rate was increased to 2000 rpm and
spun for 60 s. The substrates were then heated at 60 °C for S min to
evaporate any residual solvent before annealing them in a preheated
furnace at 250 °C for 2 h under ambient air.'® A Zygo noncontact 3D
optical profilometer was used to measure the thickness of Ir thin films.

2.2. Photoelectrochemical Measurements. Photoelectrochem-
ical measurements were conducted in a quartz cuvette simultaneously
with UV—vis spectroscopy of the electrolyte for in situ photo-
corrosion detection as reported in our previous work.*® Briefly, a 5
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Figure 1. Bare n-GaAs electrochemical behavior. (a) Current density
vs potential (J—E) in 1 M H,SO, in the dark and under 1 Sun AM1.§
illumination for GaAs wafers of two different doping densities. (b)
Current density vs potential (J—E) behavior in 0.5 M K ;Fe(CN), —
0.05 M K;Fe(CN)¢(aq) in the dark for (black line) n-GaAs of Ny, ~
10" cm™3, (red line) n-GaAs of Np ~ 107 cm™3, and (blue line) a Pt
electrode.

mm diameter hole was drilled on one vertical face of the cuvette for
electrolyte contact with the n-GaAs working electrode. The n-GaAs
was pressed against the outside of the cell at the drilled hole using a
thin Teflon gasket to prevent electrolyte leakage. The 1.0 M H,SO,
electrolyte volume was kept low (1.25 mL) to promote a higher
concentration of dissolved electrode species to maximize the UV—vis
detection sensitivity. A 1 mm diameter leak-free micro Ag/AgCl
(Innovative Instruments, Inc.) was used as the reference electrode.
The Pt mesh counter electrode was confined to a secondary small
container connected to the cuvette electrolyte through a 2 mm
diameter bridging tube with a glass frit (KZT-2 tube, Innovative
Instruments, Inc.). The counter electrode was separated from the
main cell to avoid Pt contamination of the working electrode, to
prevent any back reactions of the dissolved semiconductor species at
the counter, and to keep hydrogen bubbles generated at the counter
from obscuring the illumination pathway. Illumination consisted of 1-
Sun AML1.5 white light (300 W Xe lamp, Newport 6258 with AML.S
global filter) directed through the electrolyte normal to the working
electrode and orthogonal to the UV—vis input beam passed through
the electrolyte parallel to the working electrode surface. A Si
photodiode (Thorlabs, FDS100-CAL) was used to calibrate the
intensity of the simulated sunlight. All electrochemical measurements
were performed using an Autolab PGSTAT 100N (Metrohm)
potentiostat. The results are reported versus the reversible hydrogen
electrode (RHE) scale according to Vipyp = Vagiagal + 0.197 +
0.059pH, where the electrolyte pH was 0.

2.3. Characterization Methods. In-situ UV—vis spectroscopy
measurements were performed with an Agilent Cary 60 spectropho-
tometer in background correction mode with 1.0 M H,SO, as the
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background. Absorbance data was calibrated to dissolved Ga and As
concentrations using inductively coupled plasma mass spectrometry
(ICP-MS, Agilent 7900). Separate calibration curves were measured
for GaAs at 1.0 and 1.5 V vs RHE (Figure S3 of the Supporting
Information, SI). The dissolved Ga concentration was used to
calculate the estimated faradaic efficiency of the GaAs corrosion
reaction by determining the charge required to oxidize GaAs to
produce the observed quantity of dissolved Ga (assuming 6 e~ per
molecule of GaAs) and dividing this by the total charge passed during
the potentiostatic measurement at the time of the absorbance
measurement.

The electrode surfaces were imaged with scanning electron
microscopy (SEM) using a NOVA FEI microscope or Thermo-
Fisher Scientific Apreo C LoVac FESEM at an accelerating voltage of
20 kV. Surface elemental analysis was conducted using X-ray
photoelectron spectroscopy (XPS) with a VG Scientific Multilab
3000 custom-built ultrahigh vacuum (UHV) system with Al-Ka
radiation. XPSPEAK 4.1 software was used for peak deconvolution
and the XPS data analysis.

3. RESULTS AND DISCUSSION

3.1. Bare n-GaAs Photocorrosion Behavior. Photo-
anodes of (111)-oriented GaAs doped n-type with Si donors
were used throughout the experiments. The majority of
samples available for study were doped to Np =~ 10" cm™.
The measured dark and 1-Sun photoelectrochemical energy
conversion behavior of bare n-GaAs photoanodes in 1 M
H,SO, is shown in Figure la. These photoanodes had an onset
potential under illumination of —0.24 V vs RHE and a light-
limited current density of 12—14 mA cm™ A typical high-
quality GaAs photoactive layer has a photovoltage of ~1 V or
less, which is not sufficient to split water on its own. Thus, the
photocurrent at voltages negative of 0 V vs RHE is primarily
indicative of electrochemical GaAs photocorrosion. Notably,
the oxidative current increased exponentially at potentials >1.2
V vs RHE. The exponential increase at more anodic potentials
was similarly observed in the dark and can be attributed to
electrocatalytic Butler—Volmer kinetics. Again, the onset of
this behavior in the dark at potentials less than the oxygen
evolution reaction potential (OER at 1.23 V vs RHE) indicates
that the charge passed is contributing to semiconductor
corrosion rather than water oxidation. Cycling the potential to
values beyond 1.5 V vs RHE led to high anodic currents, rapid
and visible pitting and etching of the semiconductor surface,
and corresponding irreversible decreases in the light-limited
current density with successive voltage scans (Figure S1).

In an ideal semiconductor-liquid photoelectrochemical
junction for a photoanode, increasing anodic potential puts
the diode into reverse bias which leads to stronger band
bending in the depletion region. The resulting energy barrier
across the depletion region inhibits majority-carrier transfer
from the semiconductor bulk, leading to one-way charge flow
and a flat current profile which prevents the type of exponential
current increase exhibited by the n-GaAs (Np ~ 10" cm™)
anodes in the dark. Indeed, some samples of similar n-GaAs at
a lower doping (Np = 10" cm™) from a different commercial
source were obtained and measured for comparison. As shown
in Figure la, these photoanodes exhibited higher light-limited
current density (~22 mA cm™) and did not display the
Butler—Volmer-type exponential current increase in the dark
or under illumination at higher potentials.

The observed energy-conversion behavior for the more
highly doped n-GaAs electrodes of a photodiode response
conflated with dark electrocatalytic Butler—Volmer kinetics has
frequently been reported for metal oxide photoanodes,
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especially in the presence of a cocatalyst. In some of those
cases, the exponential current increase at higher potentials was
attributed to shunt pathways for charge-transfer across the
electrode interface to bypass the reverse bias energy barrier,
thus allowing dark electrocatalytic behavior to occur in parallel
with the illuminated photodiode behavior.”” This possibility
was tested for the n-GaAs photoanodes in this work using the
kinetically fast one-electron redox couple ferro-/ferricyanide.
As shown in Figure 1b, the lower doped n-GaAs electrodes
appeared highly resistive in the ferro-/ferricyanide solution,
due to the band bending produced by the difference between
the redox couple potential and the semiconductor Fermi level.
A metallic Pt electrode, in contrast, exhibited highly ohmic
behavior with low resistance. If the dark Butler—Volmer
exponential response in the higher doped GaAs anodes was
attributable to parallel shunt pathways for charge flow, then a
similar low-resistance ohmic response would be expected.’”
However, the N, &~ 10" cm™ doped n-GaAs electrodes did
not exhibit ohmic behavior but instead showed rectifying
behavior less resistive than the Ny, ~ 10*” cm™ doped n-GaAs.
The exponential increase in dark anodic current for the higher
doped GaAs was therefore not attributed to shunt pathways for
charge-carriers to bypass the band bending.

The electrochemical energy-conversion behavior exhibited
by the higher doped n-GaAs is instead consistent with the
onset of degenerate-like semiconductor properties. This
finding is supported by literature reports that the low effective
mass of electrons in GaAs leads to degenerate properties at a
relatively low n-type doping of 5 X 107 — 1 x 10" cm™.**
Strongly degenerate semiconductors are so highly doped that
the excess majority carriers and sharply bent bands lead to
metallic characteristics and photoinactive properties. The
decreased light-limited photocurrent for the N, ~ 10'® cm™
doped n-GaAs relative to the N, ~ 10'7 cm™ doped n-GaAs is
consistent with the onset of degeneracy as charge-carriers can
increasingly tunnel through the sharply bent bands in a
narrower depletion region which also decreases the depth for
charge-carrier separation driven by migration in the electric
field. This interpretation is further in agreement with past
reports of increased anodic dark current for GaAs with
increasing N, owing to electrons tunnelling a barrier which
becomes thinner with doping density.”****" Specifically,
Allongue et al. proposed a GaAs corrosion mechanism in
which Ga and As surface atoms that are partially bonded to the
lattice and to species of the solution give rise to interface states
within the GaAs bandgap, and injection of electrons from these
states into the GaAs bulk leads to oxidative corrosion by holes
at that site.”® Thus, the exponential increase of corrosion
current for higher doped n-GaAs beyond 1.2 V vs RHE (Figure
la) could reasonably be interpreted as electrons from these
interface states increasingly tunnelling through the narrow
energy barrier of a quasi-degenerate semiconductor resulting in
rapidly increasing surface corrosion with increased anodic bias.
Figure 2 illustrates the difference in the proposed band
bending schemes between the Np & 10" and 10"® cm™ cases.

The bare n-GaAs photoanodes were measured under 1 Sun
AML.S illumination at potentiostatic conditions in a quartz
cuvette reactor cell with simultaneous in situ UV—vis
spectroscopic analysis of the electrolyte, as reported in our
previous work.>® Control measurements and ICP—MS
calibration data for the in situ UV—vis spectroscopy for
GaAs are reported in Figures S2 and S3, respectively. Figure 3a
shows the corresponding current density vs time curves for the

w
: w
. ; —E, (Eqn. 1)
Cc E B Ga,s
4 ' KV oln
e o
E ;
E, :
E V' ;
n-GaAs Solution

Figure 2. Band diagram for the proposed scheme of doping density
dependence on the photoelectrochemical behavior for GaAs photo-
corrosion. Conduction (E¢) and valence (Ey) bands are black for the
nondegenerate case and green for the case transitioning to degeneracy
(E¢’ and Ey’). The junction is shown in reverse bias with applied
voltage, V,,,, and depletion width, W. Eg, s represents the energy level
for Ga-sites at the surface, and E, is the energy for the corrosion half-
reaction GaAs + 3h" — Ga* + As’. Arrows show the direction of
electron transfer (blue) and hole transfer (pink).

n-GaAs at 1.0 and 1.5 V vs RHE. The oscillations in these
curves were observed to correspond to bubble formation and
release from the exposed wafer in the S mm diameter hole in
the cuvette. By comparing the detected concentration of
dissolved Ga ions to the charge passed over the same time
period, the faradaic efficiency for the GaAs corrosion reaction
was plotted over the course of a 60 min measurement (Figure
3b). This calculation assumed that six holes are required to
dissolve each molecule of GaAs. Although literature reports
vary on the resulting byproducts and the species state of the
dissolved As upon GaAs oxidative corrosion in acidic media, a
value of n = 6 for the required number of charges passed per
GaAs has been consistently identified.”**”*" The overall
corrosion reaction in acid is proposed to follow a two-step
process in which Ga is selectively etched first, leaving behind
As® metal which is subsequently electrochemically oxidized and
dissolved:

GaAs + 3h" — Ga’t + As° (1)
As’ + 3h" + 2H,0 — HAsO, + 3H* )
GaAs + 6h" + 2H,0 - Ga’* + HAsO, + 3H" (3)

Using the overall reaction in eq 3, the faradaic eficiency for
GaAs corrosion was determined to be >95% at 1.0 V vs RHE
(Figure 3b). This result is an indication that six holes per GaAs
molecule is accurate under these conditions and that the
semiconductor oxidative corrosion reaction is strongly kineti-
cally favored at this potential relative to the oxygen evolution
reaction, which would reduce the faradaic efficiency for GaAs
dissolution.

Interestingly, at the higher current density under 1.5 V vs
RHE for N, ~ 10" cm™, the calculated faradaic efficiency for
GaAs corrosion was 115—122% (Figure 3b). This result is in
sharp contrast to the measured GaAs corrosion faradaic
efficiency at the same potential for a photoanode of Ny, ~ 10"
cm ™3, which was measured between 75—90%. Clearly, greater
than 100% faradaic efficiency is not possible, and this is an
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Figure 3. (a) Illuminated chronoamperometric behavior and (b)
corresponding faradaic efficiency for the corrosion reaction for n-
GaAs in the UV—vis cuvette reactor. The FE was determined
assuming six electrons (n = 6) per detected Ga atom.

indication that the assumption of six holes per molecule of
dissolved GaAs did not hold at this condition for the higher
doping. While no macroscopic particles or precipitates were
observed in the electrolyte, there is a possibility that under the
rapid etching conditions at 1.5 V vs RHE some unreacted
microparticulates of GaAs may be released from the surface
and quantified by ICP—MS, leading to a higher detected

concentration of Ga ions than could be attributed to the
electrochemical dissolution alone. SEM images of the GaAs
surface after extended operation at these potentials highlight
the feasibility of this explanation (Figure 4). While operation at
1.0 V vs RHE led to micron-scale etch pits and pock marks
across the surface, operation at 1.5 V vs RHE led to deep
etching with some much larger pits and valleys as well as flaky
material and particles at the surface (Figure S4), which if
released into the electrolyte would lead to higher elemental
concentrations detected by ICP—MS and correspondingly
higher calculated faradaic efficiency values. It is also possible
that the mechanism for corrosion at 1.5 V vs RHE on the N, ~
10'® cm™ doped n-GaAs, in which significant current can pass
in the dark as theorized above via electron tunnelling of the
band bending, is distinctly different from the corrosion route at
a light-limited current density dominated by the transfer of
photogenerated holes from the valence band to the corroding
surface sites. A competing corrosion reaction requiring less
than six holes per GaAs could thus alternatively account for the
observed faradaic efficiency at 1.5 V vs RHE for N ~ 10"
cm™?, though such a route is speculative at this stage.

One other possible explanation considered was that the
reactions of eqs 1—3 might remain the dominant pathway for
the electrochemical corrosion, but the significantly increased
current density observed at 1.5 V vs RHE for N, ~ 10'® cm™
could conceivably lead to kinetic constraints causing an
imbalance in the rates of the reactions in eqs 1 and 2. In
this case with preferential electrochemical etching of the Ga
site,”® the excess As® would need to be chemically dissolved to
maintain the ~1:1 Ga:As ratio for dissolved atoms that was
measured by ICP—MS (Figure S3). However, it has been
reported that under strongly acidic conditions, chemical
etching of GaAs preferentially etches Ga sites leaving an As-
rich surface.”® This finding has been confirmed with XPS using
a UHV chamber coupled with the electrochemical cell to
enable surface analysis before ambient oxidation of the
elemental As® layer.*”* The As° laéyer is thus considered
thermodynamically stable at pH 0, making the chemical
dissolution of this layer an unlikely explanation for the
calculated >100% faradaic efficiency observed at 1.5 V vs
RHE. We thus attribute this result to one or both of the
previous two explanations.

Surface analysis of the bare n-GaAs by XPS after operation
at 1.0 and 1.5 V vs RHE are reported in Figure 5. For pristine
samples, the Ga 2p and As 3d peaks were dominated by the
GaAs phase with only a minor shoulder peak attributed to the

Figure 4. SEM images for bare n-GaAs (Np ~ 10'® cm™) photoanodes (a) pristine, (b) after 2 h under 1 Sun at 1.0 V vs RHE, and (c) after 2 h

under 1 Sun at 1.5 V vs RHE. Scale bar is 20 gm in all panels.
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Figure 5. XPS spectra of bare n-GaAs (Np =~ 10" cm™)
photoanodes. Samples are (top) pristine, and after 2 h at 1 Sun in
1 M H,SO, at either (middle) 1.0 V vs RHE or (bottom) 1.5 V vs
RHE.

native surface oxide phases Ga,O; and As,O;. Following
oxidative corrosion in aqueous acid and exposure to air, the Ga
2p peak position shifted and was primarily assigned to Ga,O;.
For the As 3d peaks, a significantly stronger As,O; shoulder
peak developed which was most intense relative to the GaAs
peak for the 1.5 V vs RHE condition. Elemental As® As 3d
peaks occur within 0.5 eV of the GaAs peak binding energy
and were not readily resolved in the measured spectra.***
Given the highly porous nature of the As® layer formed during
acidic etching observed here (Figure 4) and reported
elsewhere,” it is not surprising that this layer was primarily
converted to As,Oj after exposure to air.

3.2. Thin Layer Ir-Coated n-GaAs Photocorrosion
Behavior. One strategy that has had success at limiting the
photocorrosion of n-GaAs in aqueous media is to use
chalcogenide redox couples, which provide stabilization by
being kinetically easier to oxidize than the semiconductor
itself.* However, to use this material as a water-splitting
photoanode, the holes should be directed to the oxygen
evolution reaction (OER). The decoration of a photoanode
with a low OER overpotential cocatalyst has been shown to
improve the OER kinetics enough to promote water oxidation
to the dominant reaction pathway in other acidic systems.’”
The GaAs self-oxidation potential is thermodynamically
negative of the OER potential, however, so OER kinetic
improvements alone are not predicted to stabilize the GaAs
surface.'” To prevent oxidative corrosion while still maintain-
ing photoelectrochemical water oxidation, the Ga and As sites
should be physically protected from reaction with the acidic
aqueous media with a thermodynamically stable layer. This
approach was the premise for studying n-GaAs photocorrosion
with thin layers of the acid-stable OER catalyst IrO,. While a
thick layer is more likely to provide robust coverage and

protection, it would also absorb more light and detrimentally
affect the band bending at the photoelectrochemical junction
(Figures S6 and S7).

Three methods of thin-layer Ir application were tested as
described above: electroless deposition (Ir(el)), spin-coated
IrCly (Ir(ch)), and spin-coated Ir(acac), (Ir(ac)). The uniform
formation of an Ir layer through the electroless method was
confirmed via SEM and EDS mapping (Figure SS).
Thicknesses of the Ir layers were estimated by profilometry
and estimated to be 25—30 nm for Ir(el), 4—8 nm for Ir(ch),
and 8—12 nm for Ir(ac). Representative examples showing the
Ir/n-GaAs J—E curves are shown in Figure 6a. The effect of the
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Figure 6. (a) Current density vs potential behavior for bare n-GaAs
and Ir-coated n-GaAs prepared by electroless iridium deposition
(Ir(el)), spin-coating iridium chloride (Ir(ch)), or spin-coating
iridium acetylacetonate (Ir(ac)), under 1 Sun in 1 M H,SO,. (b)
Faradaic efficiency for GaAs photocorrosion as measured by in situ
UV—vis spectroscopy on bare n-GaAs and Ir-coated n-GaAs
electrodes. All photoanodes had N ~ 10'® cm™. Error bars represent
the deviation over three duplicate measurements.

thin Ir layer on the n-GaAs current density vs potential
behavior in each case was minimal, though a modest current
density decrease was observed for electroless Ir. The potential
range of operation for these electrodes was intentionally
maintained below 1.5 V vs RHE to avoid the rapid etching
observed at more anodic potentials. Thicker Ir layers were
avoided to prevent decreased photoelectrochemical energy-
conversion behavior. Transmittance data for the spin-coated Ir
layers as a function of thickness are shown in Figure S6. Also,
photoelectrochemical current density vs potential data for
thicker Ir layers on n-GaAs are provided in Figure S7, which
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Figure 7. SEM images for Ir-coated GaAs (N}, ~ 10'® cm™) after 10 min at 1.0 V vs RHE at 1 Sun for (a) Ir(el), (b) Ir(ch), and (c) Ir(ac). Scale

bar is 20 pm in all panels.

displays a decrease in light-limited current density for thicker
layers due to parasitic absorption in the catalyst as well as
poorer junction properties as thicker Ir at the GaAs interface
degrades the rectifying behavior of the liquid junction. For the
thin Ir coatings, the time-dependent faradaic efficiency of the
GaAs corrosion reaction was monitored at the light-limited
current density at 1.0 V vs RHE using in situ UV—vis
spectroscopy (Figure 6b). Unfortunately, none of the thin
cocatalyst surface layers had a dramatic effect on the corrosion
faradaic efliciency profile, with each Ir/n-GaAs photoanode
reaching comparable behavior to a bare n-GaAs after 15—-20
min. Before 15 min a modest decrease in the corrosion faradaic
efficiency was detected for all three Ir deposition approaches,
though it was not measured less than ~50%.

Materials characterization of the Ir/n-GaAs samples after
operation in acid provides some additional insights on the
physical differences between the electrodes by the method of Ir
deposition. Figure 7 shows SEM images of the electrode
surfaces after 10 min at 1.0 V vs RHE, long enough for
corrosion to cause morphological changes but during the
critical early stage when some effect on the faradaic efficiency
was still detectable. The Ir(el)/n-GaAs sample after 10 min
showed only the small beginnings of etch pits with fairly
uniform distribution. After 2 h of photoetching, these sites
grew into deeper triangular pits approximately S ym across
which fully covered the surface of the exposed area (Figure
S8). The Ir(ch)/n-GaAs electrode, in contrast, displayed
sizable 3—5 pm triangular etch pits even after only 10 min,
although these etch pits were much less dense and
nonuniformly distributed (Figure 7b). Moreover, for these
etch pits, the SEM images show the rougher Ir(ch) surface
layer was disturbed near the edge of the triangular pits, in some
cases appearing to spill over into the pit. This morphology is
consistent with corrosion proceeding through pinholes in the
Ir(ch) layer, leading to faster etching through the limited
pinhole area and creating larger pits which start to undercut
the Ir(ch) layer beside the pinhole. In some cases, flaking and
lift-off of the Ir(ch) compact surface layer was observed in the
vicinity of an etch pit (Figure S9). The uniform, slower
growing etch pits on the Ir(el)/n-GaAs indicate etching
occurring across the entire surface area rather than via isolated
pinholes. The mechanism for preferential formation of
triangular etch pits on these surfaces is likely similar to the
process we described previously for n-GaP in acid.*
Photogenerated minority-carrier holes from the valence band
are most likely to populate surface states within the band gap,
leading to accelerated oxidative corrosion at interface defects

which become nucleation sites for etch pits. Because of the
different energy density required to break the bonds in
different crystal orientations, anisotropic etching can occur.
The (111) Ga-terminated surface in particular has the fastest
kinetics for surface corrosion in acid, and this selective etching
leads to pyramidal etch pits on the GaAs(111) wafers used in
this work.”**” Interestingly, for the Ir(ac)/n-GaAs no obvious
etch pits were observed, but the surface layer, which appeared
less compact and more fluid in its morphology than the other
electrode types, did develop noticeable contours which were
not present in the flat pristine sample. We speculate that the
electrolyte may permeate this less compact IrO, layer and lead
to corrosion underneath areas of the film.

Surface analysis of the Ir/n-GaAs also indicates notable
differences between electrode interfaces that may affect the
corrosion process. XPS spectra for the Ga 2p, As 3d, and Ir 4f
regions are plotted in Figure 8 for the three types of Ir-coated
n-GaAs photoanodes before and after operation at 1.0 V vs
RHE. For each photoanode type, the pristine and used samples
were measured at the same time and their relative intensities
are plotted on the same scale for each binding energy region,
so the before and after data can be directly compared. For the
Ir(el) /n-GaAs photoanode, the significantly higher intensity of
the As 3d peak for As,O; relative to the peak for GaAs
distinguishes this electrode type from the bare n-GaAs and the
other Ir-coated photoanodes. Importantly, the enhancement of
the As,0; peak is present even on the pristine Ir(el)/n-GaAs
before photoelectrochemical operation. The prevalence of
As,0O;5 at the surface is attributable to the mechanism of
electroless iridium deposition via galvanic displacement. In a
galvanic displacement reaction, a noble metal ion in solution
can be reduced to its metal form and replace the surface layer
of a substrate if the noble metal/metal ion redox couple has a
standard electrochemical potential greater than that of the
substrate metal/metal ion potential. If the material and pH
conditions allow a stable substrate oxide, then the noble metal
deposition may coincide with surface oxidation as well.”> In
this case, the hexachloroiridate ion/iridium redox standard
potential is positive of the GaAs valence band as well as the
GaAs corrosion potentials.”’ Metal deposition on the semi-
conductor surface occurs via local anode and cathode sites, in
which electrons from the valence band reduce the IrCl>™ to
plate It on the surface at a cathode site while a local anode site
undergoes GaAs oxidation resulting in an As,O5-rich surface.
With co-located anode and cathode sites, metal deposits
produced by galvanic displacement are usually porous.** Thus,
acidic electrolyte contact with the semiconductor surface
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Figure 8. XPS spectra of Ir-coated n-GaAs (N}, ~ 10'® cm™) photoanodes. Samples are (top two rows) 24 h electroless iridium (Ir(el)), (middle
two rows) spin-coated iridium chloride (Ir(ch)), and (bottom two rows) spin-coated iridium acetylacetonate (Ir(ac)) coated n-GaAs. For each Ir
type, the top row is pristine as-deposited and the bottom row is after 2 h under 1 Sun at 1.0 V vs RHE in 1 M H,SO,. The binding energy ranges
are for the (left column) Ga 2p, (middle column) As 3d, and (right column) Ir 4f regions.

remains possible leading to the fairly uniform distribution of
small etch pits seen after 10 min of operation. After 2 h under
illumination at 1.0 V vs RHE, the etch pits became deeper,
undercutting the Ir surface layer and growing into each other.
Despite the highly roughened surface of Ir(el)/n-GaAs after 2
h (Figure S8), the XPS still shows significant although
decreased Ir 4f peaks corresponding to IrO,. The presence
of IrO, after 2 h indicates that some areas of the surface were
well-protected and had not yet been removed by undercutting.

An additional experiment was performed to investigate the
possibility of using in situ electroless Ir deposition as an
ongoing surface repair mechanism, allowing the cocatalyst to
redeposit during operation and perhaps protect the surface in
the etch pits. In this experiment, a normally prepared Ir(el)/n-
GaAs photoanode in 1 mM H,IrCl, 1 M H,SO, was cycled for

10806

10 min between 10 s at 1.0 V vs RHE under 1 Sun followed by
10 s at the open-circuit voltage (OCV) in the dark (Figure
$10). The iridium deposition bath as electrolyte was too
strongly light-absorbing to utilize in situ UV—vis character-
ization, but ICP—MS measurements of the dissolved semi-
conductor elements indicated that the corrosion faradaic
efficiency remained high (>90% at 10 min). Thus, whether the
Ir(el) layer is too porous to be sufficiently protective, or the
electroless deposition was too slow to be beneficial on the 10 s
pulse time scale, or the galvanic displacement mechanism itself
contributes too much surface corrosion, it was clear the thin
Ir(el) layer did not provide sufficient stabilization to the n-
GaAs surface to enable durable photoanodic water oxidation in
acidic media.
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For the spin-coated Ir layers on GaAs, XPS results showed
differences in the interfacial chemical state as well (Figure 8).
Ir(ch)/n-GaAs had significant As,O; present on the pristine
surfaces. Although not as dominant as for the Ir(el) samples,
the As 3d As,0, peak for Ir(ch) was more intense relative to
the GaAs peak than observed for bare n-GaAs (Figure S). This
was attributed to surface oxidation during the catalyst
annealing step to make IrO,. The Ir 4f peaks for Ir(ch)/n-
GaAs were entirely assigned to IrO, and were much more
intense than the corresponding peaks for Ir(el)/n-GaAs owing
to the more compact Ir film that resulted from spin-coating.
Although a slight decrease in IrO, peak intensity was observed
after 2 h at 1.0 V vs RHE, the signal remained strong, which
indicates that much of the surface was protected from
corrosion. Instead, the charge passed by photogenerated
holes was primarily directed through isolated pinholes in the
Ir(ch) to form larger and fewer etch pits (Figure 7b). The
Ir(ac) film, in contrast, did not display as much As,O; on the
pristine surface (Figure 8). The Ir 4f peaks were also present at
lower binding energy than the other Ir films and were
deconvoluted and assigned to a combination of IrO, and Ir.
This XPS result of incomplete oxidation of the IrO, film may
explain why the SEM of the Ir(ac) layer shows a morphology
which is less compact and more fluid than the Ir(ch) layer
(Figure 7). Incomplete oxidation of the layer during the anneal
step could also have prevented greater oxidation of the
underlying GaAs surface, accounting for the decreased As,O;
in the pristine state. After 2 h of operation at 1.0 V vs RHE, the
Ir(ac)/n-GaAs Ir 4f peak intensities were almost unchanged,
indicating much of the surface was still covered with the Ir(ac)
layer. However, the As 3d As,O; peak after operation did
significantly increase, which confirms that surface corrosion
occurred to an appreciable extent.

4. CONCLUSIONS

Some III-V semiconductor materials, with excellent light
absorption and charge-collection properties and tunable
bandgaps via alloying, are among the most promising
candidates for high efficiency photoanodes for photoelec-
trochemical energy-conversion and water-splitting. GaAs is one
of the most well-developed and efficient III-V semi-
conductors, but it is notoriously unstable under photo-
electrochemical oxidative conditions. The photocorrosion
mechanism is complex and depends on the pH, crystal
orientation, band energetics, and the doping. As seen herein, a
slight increase in the n-GaAs doping density led to dramatically
different current density vs potential behavior, with Nj, ~ 10'®
cm™ doped material displaying the beginnings of degenerate
behavior which enabled charges to tunnel through the band
bending energy barrier and pass significant current to corrosion
even in the dark. Moreover, quantification of Ga and As atoms
in solution to determine the corrosion faradaic efliciency
showed a change in the dissolution pathway at the higher
potential.

To stabilize the n-GaAs surface under photoanodic
operation, water oxidation should be kinetically promoted
relative to corrosion and/or the Ga and As interface states
should be prevented from directly interacting with and
exchanging charge with the electrolyte. Three types of OER
cocatalyst Ir layers were tested in this work to investigate their
effect on the GaAs photocorrosion. As determined by in situ
UV-—vis spectroscopy, each Ir thin layer modestly decreased
the corrosion faradaic efficiency over the first 15 min. After

that, enough surface area was covered with etch pits to provide
a preferential pathway to direct charge to the corrosion
reaction. Self-limiting surface coverage with electroless
deposition of Ir provided a thin uniform layer, but the nature
of the galvanic displacement process left the GaAs vulnerable
to electrochemical attack. Compact Ir layers produced by spin-
coating and annealing Ir precursors more effectively protected
a greater area of the surface, but rapid etching via pinholes in
the catalyst film still eventually led to most of the charge being
directed to corrosion. Thus, stabilizing this type of III-V
semiconductor under relevant solar water-splitting conditions
is an exceptionally difficult materials challenge. Even a single
pinhole can result in a corrosion nucleation site which will
grow and degrade the protection layer. Thicker catalyst layers
may help to minimize pinholes, but such metal layers can lead
to Fermi-level pinning and impede the photoelectrochemical
junction. Using a buried p-n semiconductor junction to control
the band bending, the photovoltage can be maintained despite
a thick catalyst surface layer, but parasitic light absorption in
the film is an issue. Thus, a pinhole-free, compact thin film is
still desirable. Graphene is an ideal material for such a layer
which has been shown to add durability to GaAs photo-
electrodes, but it still degrades rapidly in aqueous media.'®
ALD protective coatings of inert materials with favorable
interfacial charge-transfer properties have had the most
success, but pinholes remain problematic.'® Therefore, despite
the difficulty many laboratories have had synthesizing and
reproducing thick pinhole-free ALD layers of “leaky” TiO,,"***
this strategy currently remains the state-of-the-art for the
protection of III-V photoanodes like GaAs.
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