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ABSTRACT: GalnP, has shown promise as the wide bandgap top 2 b <
junction in tandem absorber photoelectrochemical (PEC) water e ch{al D o
splitting devices. Among previously reported dual-junction PEC devices

with a GalnP, top cell, those with the highest performance incorporate | GalnFz) \n*p GalnFz| |n"p GalnPz
an AlInP, window layer (WL) to reduce surface recombination and a
thin GalnP, capping layer (CL) to protect the WL from corrosion in Oh 60 h 120 h
electrolytes. However, the stability of these III—V systems is limited, and - F. .
durability continues to be a major challenge broadly in the field of PEC
water splitting. This work provides a systematic investigation into the
durability of GaInP, systems, examining the impacts of the window layer
and capping layer among single junction pn-GalnP, photocathodes
coated with an MoS, catalytic and protective layer. The photocathode
with both a CL and WL demonstrates the highest PEC performance and longest lifetime, producing a significant current for >125 h.
In situ optical imaging and post-test characterization illustrate the progression of macroscopic degradation and chemical state. The
surface architecture combining an MoS, catalyst, CL, and WL can be translated to dual-junction PEC devices with GalnP, or other
III-V top junctions to enable more efficient and stable PEC systems.
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B INTRODUCTION

Photoelectrochemical (PEC) water splitting is envisioned to be
a direct solar-driven technology to split water into hydrogen
and oxygen in a potentially sustainable manner."” PEC devices
designed for water splitting integrate semiconductor absorbers
with catalyst materials to drive the oxygen evolution reaction
(OER) and hydrogen evolution reaction (HER).” Tandem
absorber configurations have received considerable attention as
two junctions can absorb a wide range of the solar spectrum

will require the development of PEC devices with vastly
improved durability.

In devices incorporating a GaggIng4P (hereafter GalnP,)
top cell (1.81 eV bandgap), the addition of a thin Al s;Ing 4P
(hereafter AllnP,) window layer (WL) has been shown to
passivate the GalnP, surface and decrease surface recombina-
tion compared to the pn-GalnP, junction, increasing the
current density and volta%e much like in traditional photo-
voltaic (PV) devices.”' %! However, AllnP, can corrode in
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while producing sufficient voltage to split water, bridging the
thermodynamic potential (1.23 V) and kinetic overpotentials
for the OER and HER (~0.3—0.5 V total for state-of-the-art
precious metal catalysts)."”® To date, III—V semiconductor-
based systems have achieved the highest efficiencies for
unassisted PEC water splitting.3 Lattice-matched GalnP,/
GaAs tandems have demonstrated solar to hydrogen
efficiencies (17grp) surpassing 10%.””° Recent reports on
lattice mismatched GaInP,/Ga,_,In As tandem devices grown
with a metamorphic buffer have shown #gry exceeding 16%"°
and 19%.'" However, the stability of these devices remains
limited, with lifetimes in the range of 1 h'' to 100 h.® The
United States Department of Energy (DOE) long-term
technology goal for photoelectrode lifetime is 10 years (or
>17000 h under illumination assuming a 20% capacity
factor),'”"” so large-scale deployment of PEC water splitting
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acidic environments,"> so a thin semiconductor capping layer
(CL) is often added on top of the WL to protect the AllnP,
window from dissolution. ”'® The CL material should be
stable in electrolyte, lattice-matched to the underlying device,
and relatively transparent by having a wide bandgap and/or
being thin enough to minimize parasitic light absorption. In
previous studies, the CL has been composed of GalnP,, the
same material as the absorber, so it can parasitically absorb
light, decreasing current density. However, other III-V
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Figure 1. Device schematics for GalnP, photocathode architectures tested in this work, not drawn to scale: (a) MoS,/GalnP,, (b) MoS,/WL/
GalnP,, (c) MoS,/CL/WL/pn-GalnP,. All photocathodes are epitaxially grown on a GaAs substrate and have an AlGaInP back surface field layer,
Au back contact, and MoS, catalyst on the surface. NREL sample numbers are MR588, MRS587, and MRS586 for a—c, respectively.
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Figure 2. Photoelectrochemical characterization. (a) LSVs under 1-sun illumination for the three photocathodes. (b) IPCE across the absorbable
range for each photocathode at 0.08 V vs RHE. The MoS,/CL/WL/GalnP, has the most positive onset potential and highest J..

materials meeting the aforementioned material constraints can
be used as a CL.'® This design motif pairing a WL and CL with
a pn-GalnP, top junction is common to several of the highest
efficiency tandem PEC systems to date,”'’ motivating efforts
to understand how the CL and WL impact the stability of the
GalnP, top junction.

PEC devices also require an effective electrocatalyst material
to achieve the highest efficiency, and the ideal material would
both act as a catalyst for the reaction of interest and inhibit
corrosion, resulting in photoelectrodes with improved
efficiency and durability compared to the bare semiconduc-
tor.>'#!”'¥ MoS, is an effective and stable HER catalyst that
can also function as a protection layer by isolating the
semiconductor from contact with the electrolyte.'”'*~** Prior
studies have compared MoS,-based coatings with nano-
particulate catalysts that expose the semiconductor to the
electrolyte, and the MoS, coatings led to improved device
durability, demonstrating that MoS,-based layers impart
corrosion protection.'”*"** Prior work pairing MoS, with a
variety of semiconductor materials, including silicon,>*™%°
GaIan,ZI’ZZ’%’27 and GalnAsP/GaAs'? has demonstrated
effective photocathodes. However, evaluating the effectiveness
of protecting layer schemes depends not only on the chemical
characteristics of the protective materials themselves but also
on the interaction of the protective layers with the underlying
materials in the PEC device.

In this work, we pair MoS, catalytic protection layers with
GalnP, photocathodes to investigate the impacts of a WL and
CL on photocathode stability. pn-GalnP, photocathodes
incorporating no WL, a WL, and a WL and CL are fabricated
and coated with an MoS, catalyst, and all exhibit high PEC
activity. In situ optical microscopy and X-ray photoelectron

spectroscopy (XPS) were harnessed to characterize the
degradation pathways of the photocathodes. We show that,
when coupled with an MoS, catalyst, the CL can stabilize the
WL and lead to photocathode lifetimes >120 h.

Bl RESULTS AND DISCUSSION

Photocathode Design and Fabrication. Three GalnP,
photocathode architectures were grown by metalorganic vapor
phase epitaxy (MOVPE) on GaAs substrates (Figure 1).
Detailed photocathode fabrication procedures can be found in
the Experimental Methods. The simplest photocathode
architecture, buried junction pn-GalnP, with an MoS, catalyst
(referred to as MoS,/GalnP,), matches the designs in prior
reports and serves as a reference to which the PEC
performance of the other two photocathodes is compared
(Figure la).”” In the second photocathode architecture, a 20
nm AllnP, window layer (WL) intervenes between the MoS,
and GalnP, layers (MoS,/WL/GalnP,) (Figure 1b). The third
photocathode architecture includes both a 20 nm WL and a 15
nm GalnP, capping layer (CL) (MoS,/CL/WL/GalnP,)
(Figure 1c). MoS, was deposited on each photocathode,
serving as an HER catalyst and protecting layer, using a
previously developed process consisting of sputtering a ~3.6
nm Mo metal film followed by a partial thermal sulfidization
treatment.'»*"*>** XPS measurements indicate that the MoS,
coating contains MoS,, metallic Mo, and MoO, character
(Figures S1 and $2),”® which matches the structure of prior
reports using this MoS, coating procedure.ZI’B’24 Prior reports
depositing MoS, onto III-Vs using the same deposition
process showed a total layer thickness of ~5 nm, so the MoS,
coating is expected to have a similar thickness in this work.
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Photoelectrochemical Characterization. The PEC
performance of the photocathodes was evaluated using
established protocols (see Experimental Methods),'”*" with
measurements conducted in a two-compartment cell under 1-
sun nominally AM1.5G illumination calibrated with a 1.81 eV
bandgap GalnP, reference diode. Linear sweep voltammo-
grams (LSVs) were measured in a three-electrode config-
uration using an IrO, counter electrode and a Hg/Hg,SO,
reference electrode to determine the onset potential (E,,..)
and light-limited current density (J,,,) (Figure 2a and Table 1).

Table 1. PEC Performance Metrics

total
charge
photocathode Egneer (V Vs s Jipce passed
architecture RHE) (mAcm™?) (mAcm™?) (Ccm™)
MoS,/GalnP,  0.93 + 0.01 -85+ 02 =7.0 420
MoS,/WL/ 0.70 + 0.002 —8.6 + 0.2 =72 510
GalnP,
MoS,/CL/ 0.92 + 0.04 —9.6 + 0.04 —8.6 3090
WL/GalnP,

Scans were measured from more negative to more positive
potential and were stopped when the current density reached
~0 mA cm™% Here, E, ., is taken as the potential where the
photocurrent density reaches —1 mA cm™>'> LSVs were
measured for three or four replicate samples for each
photocathode design (Figure S3). Performance metrics (Eq
and J,,) for all replicates are detailed in Table S2, and the
averages are shown in Table 1 and described in what follows.
The MoS,/GalnP, photocathodes demonstrated an average
onset potential of 0.93 + 0.01 V vs RHE (Figure 2a, Figure
S3a), consistent with prior reports.”> The MoS,/WL/GalnP,
resulted in an onset potential of 0.70 + 0.002 V vs RHE, a
decrease of 0.23 V compared to the reference MoS,/GalnP,
(Table 1), with an explanation for this performance decrease
found below. The MoS,/CL/WL/GalnP, exhibited an onset
potential similar to that of the MoS,/GalnP, devices, 0.92 =+
0.04 V vs RHE, so these architectures have a similar
photovoltage (or alternately similar voltage losses). Jq is
another important figure of merit when evaluating PEC device
performance as it directly influences the attainable #gpy. As the
photocurrent density is constant with potential in the
saturation region, ], is taken as the average photocurrent
density around 0 V vs RHE. The WL acts as a surface
passivation layer by reducin§ nonradiative recombination at
the surface of the pn-GaInP,"” but MoS,/WL/GalInP, provides
a photocurrent density similar to that of MoS,/GalnP,,
generating —86 + 0.2 mA cm™2 and —8.5 + 0.2 mA cm_z,
respectively. In contrast, the MoS,/CL/WL/GalnP, generates
—9.6 + 0.04 mA cm ™2, an increase of —1.1 mA cm ™2, or 13%,
compared to MoS,/GalnP,, suggesting that the CL is required
to achieve the full photocurrent benefits provided by the WL.
This increased photocurrent density also indicates that the
surface passivation by the WL increases the current more than
the parasitic light absorption in the CL decreases current. The
J—V behavior of each device architecture was also probed in
the absence of illumination at the beginning (—0.75 to —0.6 V
vs RHE) of the positive-going LSV scans (Figure 2a). The
minimal dark current indicates that all observed current is
photocurrent (i.e., generated from light absorption).

Incident photon-to-current efficiency (IPCE) was then
measured to probe the spectral response of the photocathodes

(Figure 2b). The spectral response is 0 for wavelengths higher
than 690 nm, consistent with the bandgap of GalnP,, 1.81 eV.
The maximum IPCE value is ~0.45—0.51, well below the
reflection limit of 0.75 for III—V/electrolyte optical inter-
faces.”® The MoS, coating has some Mo metal that has been
shown in previous reports to attenuate ~30—40% of visible
light, likely leading to the lower measured IPCE in these
photocathodes.””** Further optical characterization could be
used to understand how the MoS,, WL, and CL impact light
absorption and reflection.”” Integrating the IPCE response
over the reference solar spectrum gives the expected maximum
current density under standard AM1.5G illumination (as
opposed to the measured current density under the particular
laboratory lamp), with values found in Table 1.’>' Consistent
with the measured current density (Figure 2a), MoS,/CL/
WL/GalnP, has the highest Jipcg, 22% higher with respect to
MoS,/GalnP, (Table 1). MoS, /WL/GalnP, has Jpcp only
3% higher than that of MoS,/GalnP,. Overall, the LSV and
IPCE results demonstrate that the addition of a CL and WL to
a GalnP, photocathode yields improved PEC activity in terms
of both photocurrent density and onset potential.

Durability Analysis. To investigate the durability of the
photocathodes, we measured chronoamperometry (CA) under
nominally AM1.5G 1-sun illumination at a potential of 0.18 V
vs RHE (Figure 3). This potential was chosen as it is a slightly

-8 MoS,/GalnP, 4
10 MoS,/WL/GalnP, |
MoS,/CL/WL/GalnP,

_1 2 1 1 1 1 1 1

0 20 40 60 80 100 120
Time (h)

Current Density (mA cm™)

Figure 3. Chronoamperometry measurements for the three photo-
cathode architectures at 0.18 V vs RHE. The MoS,/CL/WL/GalnP,
photocathode exhibited the longest lifetime, producing a significant
current for >120 h.

lower potential than the onset of saturation photocurrent
density, which represents an ideal operating condition in a
tandem device and avoids masking degradation with extra
bias.'”**** In situ optical microscopy was collected during the
durability measurements to monitor macroscopic degradation
(Figure 4, Movies S1, S2, S3). Hydrogen bubbles are visible on
all three photocathodes, particularly at the beginning of each
durability test (Figure 4). The MoS,/GalnP, photocathode
demonstrated a stable current density for the first S h (Figure
3). During the initial 3.5 h, there were no changes to the
photoelectrode visible in the optical microscopy data (Figure
4a, Movie S1). Over the next 12 h, the photoelectrode slowly
degraded, as evidenced by the areas of dark contrast in the
optical microscopy growing to encompass nearly the entire
electrode surface. This period of degradation corresponds with
a steady decrease in the magnitude of the current density from
—10 mA cm > to —3 mA cm™? from S to 15 h of testing
(Figure 3). The current density over the last 8 h of testing was
steady at —3 mA cm ™2 before the test was terminated at 23 h.
During this period, the rate of macroscopic degradation was
slower than during the middle of the test. The MoS,/WL/
GalnP, photocathode was less stable than MoS,/GalnP,, with
the current density decreasing between 4.4 and 8.5 h of testing
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MoS,/GalnP,

Figure 4. Optical microscope images of photocathodes during stability testing. (a) MoS,/GalnP,, (b) MoS,/WL/GalnP,, (c) MoS,/CL/WL/
GalnP,. Degradation is shown by darker contrast in the images. Hydrogen bubble nucleation is also visible in the circular features, and the epoxy
appears as a thin border around the edge of the brighter, rectangular semiconductor material. Full time lapse movies can be seen in the Supporting

Information (Movies S1, S2, S3).

and stabilizing at around —3 mA cm™ until the CA was
aborted at 24 h. Similar to MoS,/GalnP,, the MoS,/WL/
GalnP, photocathode initially displayed a slow rate of
macroscopic corrosion that accelerated at the same time as
the current density decreased (Figure 4b, Movie S2). At the
end of the durability test when the current density was roughly
constant, the sample surface remained unchanged from a
macroscopic view, suggesting minimal degradation during this
time.

MoS,/CL/WL/GalnP, demonstrated the most stable
current—time behavior of the three photocathodes. After an
initial decrease in current density over the first 6.5 h, the
current density returned to the starting value of ~ —9.7 mA
cm™> at 14 h. The photoelectrode experienced minor
macroscopic changes during the initial period of decreasing
current density, with small areas of discoloration around 3—4 h
of testing (Figure S4, Movie S3). However, this macroscopic
degradation disappeared around S h, and there were minimal
macroscopic features during the period of increasing current
density from 6.5—14 h. For the remainder of the CA, the
current then slowly decreased, ending at —5.3 mA cm ™ after
125 h of testing. A replicate MoS,/CL/WL/GalnP, device also
exhibited an initial decrease and recovery in current density
followed by a slow decrease in current density (Figure SS).
This dynamic current—time behavior motivates future studies
probing the material structure by techniques such as SEM or
XPS as a function of testing time. The charge passed by the
MoS,/CL/WL/GalnP, photocathode was >6 times greater
than either of the other photocathode architectures (Table 1).
The macroscopic degradation was also the slowest and least
severe for MoS,/CL/WL/GalnP, compared to the other
photocathode designs. The optical images over the last 2 days
of the test appear unchanged, so large-scale corrosion is likely
slow during this time. The degradation features were also
spatially heterogeneous; the left edge of the photoelectrode
became more damaged than the center or right side. The
observed PEC stability and slow rate of macroscopic corrosion
indicate that the CL is effective and necessary to stabilize the

WL and that including both a CL and WL on the surface of
GalnP, led to improved PEC durability. From prior work on
MoS,-protected III-V photocathodes, both defects and edge
effects can contribute to macroscopic degradation, and both
are likely contributing to degradation for these GalnP,
photocathodes.'> For all samples, the bubble nucleation sites
become more concentrated around the edges and less
prevalent in the center for each sample over the first several
hours, which could be associated with degradation around the
edges and decreasing current over time. Because all photo-
cathode samples do exhibit macroscopic changes, it is possible
that some of the measured photocurrent is due to photo-
corrosion of the semiconductor layers rather than HER current
as intended. However, the amount of charge passed is
significantly larger than the amount of current that would be
required to dissolve the entire GalnP, layer, so only a small
fraction of the current could be due to corrosion (see
Supporting Note 1 for more details).”

After the CA durability tests, XPS characterization was
conducted on each photoelectrode to illustrate chemical
changes and probe the degradation mechanisms (Figure ).
The X-ray beam was aimed at the center of each electrode, to
within the resolution of the digital camera in the XPS tool.
Both the MoS,/GalnP, and MoS,/CL/WL/GalnP, photo-
cathodes show Mo in the near-surface region after the 23 and
125 h CA measurements, respectively (Figure Sa). Similarly,
both photocathodes have a S 2p peak at ~162 eV, assigned to
the S state, indicating that there is still MoS, left on the
surface (Figure 5b).>*** There is also a peak at ~168 eV for all
three photocathodes that is attributed to the oxidized S®* state
in SO,*” from residual electrolyte adsorbed on the surface,
consistent with prior reports.”>>* The XPS spectra for neither
MoS,/GalnP, nor MoS,/CL/WL/GalnP, show significant
peaks for Ga, In, or P (Figure Sc—e), suggesting that the
remaining MoS, layer plus adventitious carbon are thick
enough to prevent photoelectrons generated in the semi-
conductors from escaping the sample. In contrast, the MoS,/
WL/GalnP, photocathode shows no Mo or $>~ by XPS, while

https://doi.org/10.1021/acsami.1c18938
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.1c18938/suppl_file/am1c18938_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c18938/suppl_file/am1c18938_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c18938/suppl_file/am1c18938_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c18938?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c18938?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c18938?fig=fig4&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c18938/suppl_file/am1c18938_si_002.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c18938/suppl_file/am1c18938_si_003.mp4
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c18938/suppl_file/am1c18938_si_004.mp4
https://pubs.acs.org/doi/10.1021/acsami.1c18938?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c18938?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
The published version of the article is available from the relevant publisher.

ACS Applied Materials & Interfaces

www.acsami.org

Forum Article

= a)'. " Mo 3d b).' s ZPI c)'. Ga 2P3/;
Z[ | ;vffoi,/\_,v- I AN
S
\N; £ B L B L
> YV VORIV
21 11 4 | J
<
oL 1 4 F J
B AT [~ M
240 236 232 228 224 176 172 168 164 160 156 1136 1128 1120 1112
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
- d).' T aaariesn e).. T T P'2p 5 T T T A'I2p
o | B L B L B
% e U B it o PV MoS,/GalnP,
: 1T 1 [ MeS,AL/GalnP,
=}
< L { b MoS,/CL/WL/GalnP, {
2 N‘\‘V/\\j\,—
£ L = M
c
2 L
£
[P A A A AN S A A AN AN AAN N A e

460 455 450 445 440 140 136 132 128 88 84 80 76 72 68
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure S. XPS measurements post-test. The following peaks are
shown: (a) Mo 3d, (b) S 2p, (c) Ga 2p5),, (d) In 3d, (e) P 2p, (f) Al
2p. The MoS,/WL/GalnP, photocathode has no MoS, or AllnP,
(WL) on the surface to the detection limits of XPS and is most
accurately a bare pn-GalnP, surface. Hence, the legend has the MoS,/
WL crossed out.

sulfur in the S®* state associated with SO,>~ was detectable.

The pre-test XPS spectrum did show significant Mo 3d and S
2p peaks (Figures S1 and S2). Thus, the MoS, layer is not
present by the end of the durability test. The absence of an Al
peak in XPS suggests that the AllnP, WL, which is directly
beneath the MoS, in this photocathode architecture, also
dissolved (Figure Sf). Peaks for Ga 2p, In 3d, and P 2p are
present, indicating that the top surface for the MoS,/WL/
GalnP, after testing is GaInP,. For comparison, the pre-test
XPS spectrum of MoS,/WL/GalnP, had an In 3d peak visible
but no Ga 2p or P 2p (Figure S1). While MoS, catalyst
coatings have demonstrated stability in acid,”>** AlInP, is
known to be unstable in aqueous electrolytes.'” The
heterogeneity and incomplete sulfidization of the MoS, coating
likely allow the AlInP, WL to dissolve completely and rapidly,
causing instability in the overlaying MoS,, likely leading to
delamination and/or dissolution. Thus, the legend for Figure 5
denotes the MoS,/WL with a strikethrough to emphasize that
the resulting structure is more likely a bare GalnP, surface.
LSVs measured after the durability tests show a lower light-
limited current density and more negative onset potential than
in the initial LSVs in Figure 2a (Figure S6). This loss in PEC
performance is consistent with the observed decrease in
photocurrent during the CA measurement and material
degradation probed by optical microscopy and XPS.

This post-test characterization helps rationalize the observed
trends in photocurrent density and onset potential. The MoS,/
WL/GalnP, photocathode had the most negative onset
potential of the three device architectures. We speculate that
even during the initial LSVs, the surface layers MoS,/WL/
GalnP, photocathode had begun to degrade. Pinholes or other
defects in the MoS, could allow the electrolyte to dissolve the
AlInP, underneath the MoS,, and the instability of the AlInP,
WL would lead to rapid dissolution. If the underlying WL
dissolves, then the MoS, could degrade or delaminate.
Incomplete MoS, coverage would mean that some GalnP,
would have to catalyze HER instead of MoS,, leading to higher
overpotential required to drive HER and thus a more negative
onset potential. The WL is also expected to increase the light-

limited current density by reducing surface recombination."*
However, the MoS,/WL/GalnP, photocathode has a current
density similar to MoS,/GalnP, and a lower current density
than MoS,/CL/WL/GalnP,, which is consistent with
degradation of the WL before the LSV and IPCE. While the
MoS, layer has been shown to attenuate light (and lead to
lower current density), the worse charge carrier extraction
likely counteracts the increased light absorption from a
partially (or even fully) de§raded MoS,/WL/GalnP, surface
compared to MoS,/GalnP,.”>** In addition, the incorporation
of the AllnP, WL reduced device stability even with the
presence of a MoS, protective layer, which indicates a reduced
tolerance to defects in the protective layer and/or reduced
adhesion of MoS, to AlInP, with respect to GalnP,. On the
other hand, the addition of the CL to the MoS,/CL/WL/
GalnP, photocathode returned the desired device stability and
attained the improved photovoltaic performance expected
from the WL. The promising performance and durability
motivate the use of a MoS,/CL/WL/GalnP, architecture in
future tandem absorber designs incorporating GalnP, and
other III-V semiconductor top cells.

While this study uses GalnP, as a CL, in principle other
lattice-matched III—V materials can be used as CLs subject to
the material constraints of stability, transparency, and optimal
band alignment with respect to the bands of the absorber
material and redox reaction potentials. For example, a thin
GalnAsP layer (bandgap ~1.7—1.8 eV) could act as a CL with
GalInP, photocathodes.'”** Using a more intrinsically stable
CL than GalnP, could lead to improved device durability
compared to those demonstrated in this work. However, as
seen in this work, evaluating CL effectiveness for photo-
electrodes is dependent on interactions with the catalyst, WL,
and any other layers in the PEC system.

B CONCLUSIONS

In summary, the surface architecture of GalnP, photocathodes
was investigated to determine the impact of an AllnP, WL and
GalnP, CL on photocathode durability when used in
combination with an MoS, catalyst. Devices with a WL only
and both a WL and a CL were fabricated and compared to a
baseline pn-GalnP, photocathode in terms of the PEC
performance and stability. The MoS,/CL/WL/GalnP, photo-
cathode demonstrated both the best activity and durability,
while MoS,/WL/GalnP, had a lower onset potential and the
shortest lifetime. In situ optical characterization illustrated that
macroscopic degradation and loss in photocurrent occurred
concomitantly. From post-test XPS and the PEC results, the
WL dissolves and likely removes all MoS, during this
dissolution, leaving a bare pn-GalnP, photocathode. The
MoS,/CL surface, however, can adequately protect the WL
from corrosion in electrolyte. This study also highlights the
importance of evaluating the efficacy of photoelectrochemical
protective layers as a function of the entire device architecture.
These findings help rationalize the CL/WL/GalnP, architec-
ture used in existing devices, and translating the MoS,/CL/WL
surface to other top cell materials could help realize tandem
absorber devices with higher efficiency and improved stability.

B EXPERIMENTAL METHODS

Photocathode Fabrication. Samples were grown at NREL by
atmospheric pressure metalorganic vapor phase epitaxy (MOVPE) on
a custom-built vertical reactor. Source materials included trimethyl-
gallium, triethylgallium, trimethylindium, and trimethylaluminum for
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the group-III elements; arsine and phosphine for the group-V
elements; and diethylzinc, carbon tetrachloride, disilane, and dilute
hydrogen selenide for the dopants.

The samples were grown on single-side polished, zinc-doped (001)
GaAs substrates, miscut 4° toward the <111> B direction. The wafers
were cleaved into 20 mm X 30 mm pieces and etched for two minutes
in NH,OH/H,0,/H,0 (2:1:10 by volume) to remove any cleave
dust. The samples were then loaded onto a graphite susceptor in the
reactor and inductively heated to 700 °C under an arsine
overpressure, in a purified hydrogen carrier gas of 6 L min™". After
deoxidization at 700 °C for 10 min, a GaAs seed layer was grown,
followed by 500 nm of Aly;Gay;As and then the full semiconductor
structure, all at 700 °C. The reactor was then cooled to 650 °C, and a
GaAs front contact layer was grown, to enable PV test structures to be
fabricated, and then the reactor was cooled under an arsine
overpressure. The active layers were grown at ~6.4 ym h~'. For
these cells, the GaInP, base layers were doped with zinc, and the
emitter, WL, and CL were all doped with selenium.

Following growth, a gold back contact was electroplated to the
substrate side, after the substrate was cleaned in NH,OH/H,0,/H,0
(2:1:10 by volume). For PEC devices, the GaAs front contact layer
was etched away in NH,OH/H,0,/H,0 (2:1:10 by volume).

The MoS, catalyst coating was deposited following previously
developed methods.'>*"** In brief, the GaAs contact layer deposited
on the top surface of all three photocathodes was etched for 60 s in a
solution of NH,OH and H,O, in water in a volume ratio of 2:1:10.
Then, a thin metallic Mo film (nominally 3.6 nm) was deposited via
DC magnetron sputtering (Kurt J. Lesker) with a power of 200 W for
14 s at a nominal deposition rate of 15 nm min™'. The Mo metal was
converted to the MoS, catalyst by annealing in a tube furnace (Mellen
1 zone) at 250 °C for 1 h in a 10% H,S/90% H, atmosphere.

Photoelectrodes were prepared by cleaving the MoS,-coated
GalnP, wafers into rectangular pieces (surface area 0.2—0.3 cm?).
Colloidal silver paste (PELCO 16031) was used to attach and form an
electrical contact between a copper tape lead and the gold back
contact of the electrode. The copper tape and electrode were
mounted on a glass slide for mechanical stability. The copper tape,
glass slide, and sides of the photoelectrodes were coated in epoxy
(Loctite Hysol 9462). The perimeter of the photoelectrodes was also
covered with epoxy, exposing only the front surface of the MoS,/
GalnP, photoelectrode to the electrolyte. The entire area of the
photoelectrode (including the portions covered with epoxy) was
taken as the photoactive surface area as the translucent epoxy allows
photon absorption in the GalnP,.*

Photoelectrochemical Characterization. Photoelectrochemical
characterization utilized a SP-300 potentiostat (BioLogic) and were
conducted in a flat-faced glass cell filled with 0.5 M sulfuric acid
(OmniTrace EMD Millipore) electrolyte with 1 mM Triton X-100
surfactant (EMD Millipore). Measurements were conducted in a
three-electrode configuration with a Hg/Hg,SO, reference electrode
(0.5 M H,SO,) and an IrO,-coated Ti mesh counter electrode. The
counter electrode was contained in a glass tube with a frit filled with
the same electrolyte as the main cell. Isolating the counter electrode
has been shown in prior reports to mitigate foulingg at the counter
electrode from degradation of the surfactant.® Linear sweep
voltammetry (LSV) was measured from a more negative potential
to a more positive potential with a scan rate of 20 mV s™'. During
initial LSVs, a Xe arc lamp solar simulator (ABET Technologies) was
used to illuminate photoelectrodes and was set to nominally AM1.5G
1-sun intensity using a GaInP, (1.81 eV) reference diode. The
incident photon-to-current efficiency (IPCE) was measured with 10
nm full width at half-maximum (fwhm) resolution in a three-electrode
configuration using the PEC device as the working electrode. The
Hg/HgSO, reference electrode (0.5 M H,SO,) and Pt counter
electrode were the same as those used in the LSV measurements. The
electrodes were submerged in a glass cell containing 0.5 M sulfuric
acid with 1 mM Triton X-100 surfactant. Light from a Xe arc lamp
was passed through an SP-50 monochromator (Acton Research) and
focused onto the middle of the device in an “underfill” configuration
to mitigate any uncertainty in active surface area. The monochro-

mated output was measured using a calibrated GalnP, (1.8 eV)
photodiode that was grown and processed at NREL. During durability
measurements, a 250 W quartz tungsten-halogen lamp with a light
shaping diffuser (Newport) and a water-filled IR filter was used as the
illumination source for its longer bulb lifetime and more stable power
output. The electrolyte during durability measurements was 0.5 M
H,SO,, with no surfactant.

Physical Characterization. X-ray photoelectron spectroscopy
(XPS) (PHI Versaprobe III) was used to probe the chemical
composition and state of the surface species of all three electrode
architectures pre-test and post-test. The C 1s peak was set to 284.8 eV
to calibrate binding energy for all spectra. The following transitions
were probed: Mo 3d, S 2p, Ga 2p;;, In 3d, P 2p, and Al 2p.
Photoelectrode degradation was monitored by in situ optical
microscopy (AM791SMZTL — EDGE, Dino-Lite).

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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Additional materials characterization (XPS and optical
microscopy) and electrochemical characterization (chro-
noamperometry measurements on replicate samples and
postdurability test LSVs) (PDF)

Movie S1: Time lapse movie of the MoS,/GalnP, device
surface during durability measurement. A frame was
taken every 5 min, and the movie has 1 frame per 1 s
(MP4)

Movie S2: Time lapse movie of the MoS,/WL/GalnP,
device surface during durability measurement. A frame
was taken every S min, and the movie has 1 frame per 1 s
(MP4)

Movie S3: Time lapse movie of the MoS,/CL/WL/
GalnP, device surface during durability measurement. A
frame was taken every S min, and the movie has 1 frame
per 1 s (MP4)
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