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Intrinsic GaAs-engineered p-i-n
GaAs/GaAs/AlGaAs nanowires for
improved-performance solar water splitting
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Abstract: We demonstrate that the addition of an intrinsic GaAs shell to form a p-i-n junction
with GaAs/GaAs/AlGaAs core/shells nanowire (NW) enhances the photocurrent density by
fivefold compared to a conventional p-n junction with GaAs/AlGaAs NW. The GaAs/AlGaAs
material system offers distinct advantages due to its strong visible-light absorption, tunable band
structure, and compatibility with protective and catalytic overlayers, such as TiO,, which can
enhance surface stability and charge separation. What we believe to be a novel photocathode
structure demonstrates a one-sun photocurrent density of 0.542 mA/cm? at an applied potential
of 0.20 V with respect to the reversible hydrogen electrode (RHE). This work demonstrates
the suitability of GaAs/GaAs/AlGaAs p-i-n core/shells NWs for PEC water splitting and their
potential for green hydrogen production.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

Photoelectrochemical (PEC) water splitting is a promising approach that enables the direct
conversion of sunlight into chemical fuel, providing a cost-effective method for solar energy
storage and sustainable hydrogen production [1,2]. In ideal conditions, breaking the bond of one
molecule of H,O to produce H, and %2 O, results in a free energy change of AG,= 237.2 kJ/mol,
with a threshold energy of AE,= 1.23 V. To drive this process with light requires the absorption
of photons with energies greater than 1.23 eV to trigger the two half-reactions governing water
splitting. These are: the oxygen evolution reaction (OER) and the hydrogen evolution reaction
(HER), at the semiconductor/electrolyte interface inside the PEC cell [3], as described by the
following reactions [4]:

H,0 + 2(h*) —1/2 0, + 2H* (OER) (1
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2H* + 2(¢”) — H, (HER) )

Group III-V semiconductors are ideal candidates for next-generation optoelectronics and PEC
applications due to their mainly direct bandgaps and bandgap energies well matched to the solar
spectrum [5,6]. Therefore, III-V based photovoltaic (PV) systems are among the most efficient
PV technologies and have been investigated as photoelectrodes for green hydrogen production
[7,8]. In particular, GaAs, with a direct bandgap of 1.42 eV, has been extensively studied for solar
water splitting applications [9], using various material combinations, such as InP/GaAs [10],
p-GalnP,/p-n GaAs [11], and GalnP/GaAs [12], with photocurrent densities ranging from 20 to
120 mA/cm?. In addition, capping the photoelectrode with a protective layer and co-catalyst has
been shown to enhance the performance of solar water splitting compared to an uncapped Ref.
[13,14]. For example, titanium dioxide (TiO,) has been utilized to protect III-V photoelectrodes
when combined with catalysts [15]. During water splitting, charge carriers are transported
to the electrolyte solution via TiO, mid-gap states, in this case, a built-in electric field at the
interface region between TiO; and the co-catalyst is created that promotes charge separation and
transportation to the electrolyte [16]. In addition, studies demonstrate that TiO, protection layers,
together with a layer of highly active catalyst, could enhance photoelectrode stability under harsh
pH electrolyte conditions [17].

In contrast to conventional planar-based photoelectrodes, recent advances have identified
nanostructured photoelectrodes, particularly those incorporating nanowires (NWs), as promising
candidates for PEC solar water splitting [18,19], in part resulting from the ability to fabricate
dense vertical arrays [20,21]. It has been demonstrated that the use of a photoelectrode
constructed from vertical NWs arrays, which are perpendicular to the substrate, can promote
the transport of charge carriers, e-h collection efficiency and electrolyte ions diffusion at the
semiconductor/electrolyte interface [22,23]. Further advantages of III-V semiconductor NW
arrays for photoelectrode structures include increased surface area and enhanced charge transfer
kinetics at the nanowire—electrolyte interface [24]. NW structures have been regarded as a
promising landing to improve the performance, but because of multiple challenges, improvements
in performance using NWs have rarely been achieved. The number of reported nanowire
photocathode systems is quite small compared to planar photocathodes, even in the few systems
reported, the performance (photocurrent, efficiency, stability) is not yet at the levels of more
established photocathodes or ideal theoretical limits [25]. In addition, the diffusion path length
required for the electron-hole pairs to reach the surface of the structure is shorter in the case of
NWs because of their small radial dimensions [26]. Zeng et al [27] have utilized GaAs NW arrays
grown by MOCVD for water splitting. Here NiOx was used as a protective layer; when measured
under one sun illumination in 0.1 M KOH pH13, photocurrent densities of 0.01 mA/cm? and
0.52 mA/cm? were measured for bare and protected samples, respectively. Similarly, GaAs
NWs were grown on a silicon substrate by Fan Cui et al. [28] and the photocurrent density
of 0.598 mA/cm? at 0V vs RHE under AM 1.5G (100 mW/cm?) in 0.5 M H,SOy electrolyte
pH1 was reported. However, solar water splitting using photoelectrodes has so far demonstrated
modest performance compared to planar photoelectrodes, probably due to the presence of shunt
routes and a higher rate of surface carrier recombination [29].

It has been suggested that modifying the NW design to form a p-i-n junction can improve the
overall device performance. For example, compared to p—n junction, the p—i—n junction offers
improved long-wavelength response by enabling charge generation deeper within the device
[30,31]. This is due to the thick intrinsic layer forming an extended depletion region, which
enhances photon absorption and ensures that more of the generated electron—hole pairs contribute
to the photocurrent [32,33].

In the present work, we demonstrate the formation of p-i-n NW photocathodes with a 135 nm-
thick intrinsic GaAs layer that plays a key role in enhancing device performance. This work
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establishes III-V p-i-n core/shell NWs as a viable strategy to overcome carrier recombination and
stability issues for solar water splitting applications.

2. Experiments

2.1. MBE growth

Self-catalysed GaAs/GaAs/AlGaAs core/shell and GaAs/AlGaAs core/shell NW samples were
grown by solid-source molecular beam epitaxy (MBE) on p-type Si(111) substrates using Al and
Ga solid sources and As4 cracker cells. The Si(111) substrates were annealed prior to growth,
to remove any contaminants from the surface, at 600 °C for 60 min. The growth was initiated
by the formation of Ga-catalyzed GaAs stems via the self-catalyzed vapor-liquid—solid (VLS)
mechanism. Subsequently, the Al flux was introduced to enable the growth of Ga-catalyzed
AlGaAs NWs, with nominal Al compositions of 30%. The Ga and Al fluxes were calibrated to
match the growth rates required for AlyGa(;-x)As thin films of equivalent composition grown
on GaAs(001) substrates. The Ga flux corresponded to a planar growth rate of 0.6 monolayers
per second (ML/s), a constant Ass beam equivalent pressure (BEP) of 2.75 x 107 Torr was
maintained, corresponding to an As/Ga flux ratio of 15. At the end of growth, a droplet
consumption step was performed by maintaining an As overpressure while terminating the Ga
flux at a temperature of 510 °C for 10 min to crystallize the remaining Ga droplet. Incomplete
droplet consumption under these conditions can lead to residual Ga at the NW tips, resulting in
the enlarged and irregular morphologies observed in SEM figure S1 and S2 of the Supplement 1
(SD).

2.2. Device fabrication

A ~15nm-thick TiO, layer was deposited directly onto the GaAs/AlGaAs and GaAs/GaAs/AlGaAs
NW photoelectrodes as a protective coating using an atomic layer deposition (ALD) reactor with
titanium isopropoxide (TifOCH(CHj3),]4) and water serving as the metal and oxygen precursors,
respectively. Titanium isopropoxide (TTIP) was kept at room temperature, while the water was
kept at ~ 5 °C. The deposition temperature was maintained at 150 °C. The growth rate of the
process was 0.4 A per cycle. Immediately afterward, an 8 nm thick Ni co-catalyst coating was
deposited onto the TiO, layer using a Physical Vapor Deposition A306 Metal Box. For the
back contact and to form an ohmic contact to collect the electrons/holes generated from the
photoelectrode, Ti/Au (40/80 nm) metals were deposited on the back of all samples by thermal
evaporation using a Lesker PVD75 sputter coating system. Next, to optimize the ohmic contact,
the back contact metals were annealed at 420 °C for 60 s by rapid thermal annealing using a
Solaris 150 Rapid Thermal Processing System. Finally, with the aid of a glass microscope slide
to support the photoelectrode device, premium adhesive conductive copper tape was applied to
the slide. The sample was then mounted onto the tape using silver paste and encapsulated with a
high-quality insulating epoxy. A Schematic of the device fabrication workflow is illustrated in
Figure S9 of the SI.

2.3. PEC measurements

Photoelectrochemical (PEC) measurements were performed under AM 1.5 G illumination (one
sun) using a three-electrode system The GaAs/AlGaAs core/shell NWs photocathode served
as the working electrode, a silver/silver chloride (Ag/AgCl) electrode as the reference, and
a platinum (Pt) mesh as the counter electrode. All electrodes were immersed in 1 M KOH
electrolyte solution (pH 14), and the active area of the photocathode was 0.25 cm?. A potentiostat
was used to perform linear sweep voltammetry (LSV), all LSV measurements were performed
at a scan rate of 50 mV/s, and the measured potentials versus Ag/AgCl were converted to the
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reversible hydrogen electrode (RHE) using the following Nernst equation:

Ve = Vagjager +(0.059 XpH ) + Vi 4o 3

where: Vag/agcr is the potential experimentally measured versus the reference electrode
(Ag/AgCl), pH is the power of hydrogen of the electrolyte solution (pH = 14) and \a Ag/AgCl is the
standard potential (0.197 V) of Ag/AgCl at room temperature as well as chronoamperometry for
stability tests. Incident photon-to-current efficiency (IPCE) measurements were conducted using
a two-electrode setup with a monochromatic light source in 1 M KOH (pH 14).

2.4. Characterization

Room-temperature photoluminescence (RTPL) measurements were carried out using a Nanomet-
rics RPM2000 system. The excitation source was a 532 nm laser with a spectrometer slit width
of approximately 0.01 mm and a laser power of 17.4 mW. Power-dependent low-temperature
photoluminescence (LTPL) measurements were performed using the same setup at 10 K with
varying optical densities (OD) of neutral density filters to control the excitation power. The
luminescence signal was collected using an InGaAs detector. Raman spectra were acquired using
a Renishaw InVia Raman spectrometer with a green excitation laser at a wavelength of 532.4 nm.
Scanning electron microscopy (SEM) images and EDX were acquired at the London Centre
Technology (LCN) using a Carl Zeiss XB1540 scanning electron microscope equipped with
energy dispersive x-ray spectroscopy (EDAX/EDS) powered by Gatan. Scanning Transmission
electron microscopy and EDX compositional analysis were carried out using Jeol-2100 and Jeol-
ARM electron microscopes operating at an accelerating voltage of 200 kV. GaAs/GaAs/AlGaAs
NWs were transferred onto a lacey carbon grid, and the ultramicrotome sections were prepared
with a thickness of 50nm. XRD, HRXRD and rocking curve measurements were performed
using a Malvern Panalytical Materials Research Diffractometer (X’Pert® MRD XL) with Cu-Ka
radiation.

2.5. Simulations

Simulations of the conduction and valence band profiles were performed using nextnano++
(version 5.5.9.0, nextnano GmbH). The software numerically solves the Schrodinger—Poisson
equations to obtain self-consistent energy band diagrams for homostructure and heterostructure
semiconductor

3. Results and discussion

The NWs were grown by molecular beam epitaxy (MBE) via the self-catalyzed method on p-type
Si(111) substrates. For GaAs/AlGaAs p-n NWs, the growth started with a p-type GaAs core.
After the growth of the core, an n-type AlGaAs shell was grown to form the p-n junction. Two
devices were then fabricated based on this p-n junction. The first was kept as a reference sample
without TiO, (protective layer) or Ni (co-catalyst layer). The second device had the same basic
junction, but TiO, and Ni were deposited as protective and co-catalyst layers, respectively. For
the GaAs/GaAs/AlGaAs p-i-n NWs, the growth began with a p-type GaAs core. After the growth
of the core, an i-type GaAs shell was grown, followed by an n-type AlGaAs shell to form a p-i-n
junction. Finally, TiO, and Ni as protective and co-catalyst layers were added. All the NW
structures have an average length of ~ 11 um, with diameters of 280 nm and 290 nm for the p—n
junction and the p—i—n junction, respectively.

A schematic of the three different NW photocathode structures is shown in Fig. 1(a), with
details also given in Table 1 (for more details, see the device fabrication section). The formation
of p-n and p-i-n junctions results in band edge bending of the conduction and valence bands at
the interfaces with strongly bent near the heterointerface as shown in Figs. 1(b) and (c) [34,35].
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For both protected samples with either a p-n or p-i-n NW photocathode, a TiO, layer was used as
a protective coating, with nickel (Ni) serving as a co-catalyst. In contrast, the reference sample
lacks the TiO, and Ni layers. Most of the NWs are vertical with good morphology and uniformity,
as observed in the scanning electron microscopy (SEM) images of Figs. 2(a) and 2(b), for the p-n
and p-i-n junction, respectively. The NWs tips exhibit enlarged diameters and present irregular
morphology due to the consumption of the Ga nucleation droplet [36,37], these are shown at
high magnification in Figs. S1 and S2 of the Supplement 1.

B Ni co-catalyst layer

TiO, protection layer
M n-type AlGaAs shell
M i-GaAs shell

p-type GaAs core

(a)

p-type Si (111) substrate

Reference p-n p-i-n
TilAu back contact
NWSs p-n junction NWs p-n junction NWs p-i-n junction
unprotected protected protected with i-GaAs
(b) 25 (c) 25
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201 e Nl 201 GaAs Gose AlGaAs
1.5 E, 154 E
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Fig. 1. (a). A schematic showing the fabricated devices: the reference (bare p-n NW
photocathode), the p-n NW photocathode (identical to the reference but with a protective
layer and co-catalyst), and the p-i-n NW photocathode with an i-GaAs shell and with both
protective layer and co-catalyst. (b) and (c) obtained from nextnano simulations shows the
energy band diagrams at the interfaces between p-GaAs, and n-AlGaAs for p-n junction and
between p-GaAs, i-GaAs and n-AlGaAs for p-i-n junction.

Table 1. Photocathode type, NW structure, and layer details.

Photocathode NWs Protection Co-catalyst

name structure layer layer Back contact
reference p-n junction N/A N/A Ti/Au
p-n p-n junction TiO, Ni Ti/Au
p-i-n p-i-n junction TiOy Ni Ti/Au

The optical properties of the NW samples were studied using photoluminescence spectroscopy
(PL) at room temperature, as shown in Fig. 2(c). The PL emission peaks at energies of 1.42 and
1.41eV for the p-i-n and p-n NWs, respectively. The full width at half maximum (FWHM) of the
p-i-n sample (20 meV) is narrower, showing higher uniformity, compared to the FWHM of the
p-n sample (33 meV) [38]. Further investigation of the optical properties in the intrinsic shell
was carried out using excitation power dependent PL at a low temperature of 10K, as shown in
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Fig. 2. (a) SEM image of the p-n NWs. (b) SEM image of the p-i-n NWs. (c) PL at room
temperature of the p-n NWs and p-i-n NWs. (d) Excitation power dependent PL at 10K for
the p-i-n NWs, where the optical density (OD) of the neutral density filters used in the beam
path of the exciting laser are shown in the legend of the figure.

Fig. 2(d). As the excitation power PL increases, the intensity of the emission increases and the
emission shifts to higher energy, as a result of band filling [39].

The crystal quality and composition of the NWs and p-i-n photocathodes were investigated by
the transmission electron microscopy (STEM) and annular dark field (ADF-STEM) imaging. An
image of a representative p-i-n NW is shown in the upper left of Fig. 3. The i-GaAs shell, with a
thickness of 135 nm, between the p-type core and the n-type AlGaAs shell is indicated by the
white arrow. Energy dispersive x-ray (EDX) mapping was performed with results presented in
the remaining images of Fig. 3. The maps corresponding to Al, Ga, As, Ti and O are shown
in yellow, blue, purple, orange and green, respectively. It was not possible to produce a clear
map visualization of the nickel distribution because of the ultra-thin of this layer. SEM-EDX and
EDX line scans are shown in Figs. S3 and S4 of the Supplement 1, respectively.

The crystalline structure of the structures and phases of the TiO, and Ni was investigated via
XRD 2theta - omega scans using Cu-Ka; radiation. Figure 4(a) shows the XRD patterns of the
three structures. The lowest angle diffraction peak occurs at a 20 of 27.26° and results from
GaAs (111) and AlGaAs (111) diffraction, the two separate peaks are partially overlapping. A
second peak is observed at a 20 of 28.42° and results from diffraction by the Si (111) substrate.
The third peak is observed at a 20 of 90.13° and is attributed to AlGaAs (333) diffraction, in good
agreement with previous studies [40]. To investigate the structural quality of the NWs, rocking
curves using omega - 2theta scans were performed and are shown in Fig. 4(b). The presence of
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Fig. 3. ADF-TEM image of the ultramicrotome sectioned p-i-n NW photocathode and EDX
mapping revealing the elemental distributions.

very narrow FWHMs, 0.018° and 0.024° for both the NWs and substrate, indicates that the NWs
have excellent crystallinity and Si wafer used as a substrate is of high quality [41].

(a) GaAs (111) ——pAn (b)

AlGaAs (111)[Si (111) pn — _i_n
Reference | P Si(111)
Ni (311)) —

. ] o ASHES] | 3
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20 (deg)
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Fig. 4. (a) XRD scans for the three NW photocathode structures, the lowest angle peak at
27.26° is from GaAs (111) and AlGaAs (111) diffraction which are very close to each other
and partly overlapping. (b) Rocking curves for the p-i-n NWs and Si substrate demonstrate
their high crystallinity.

The PEC performance of the reference, p-n, and p-i-n NWs photocathodes was evaluated
using a three-electrode setup under both simulated sunlight (one sun) and in the dark. Figure 5
illustrates the PEC cell setup with the p-i-n NW photocathode present. The photocathode serves
as the working electrode, the Ag/AgCl electrode acts as a reference, and a platinum (Pt) mesh as
the counter electrode, where the reference electrode measures and controls the potential of the
working electrode precisely which improves accuracy in photoelectrochemical measurements
compared to the two-electrode setup. All electrodes are submerged in an electrolyte solution of 1
M KOH with a pH of 14.
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Fig. 5. A schematic diagram showing the three-electrode PEC cell. From left to the right:
working electrode (sample), reference electrode (Ag/AgCl) and counter electrode (Pt mesh).
The lower figure illustrates the electron-hole pairs generated after the NWs photocathode
absorbed photons.

Reduction of water and HER occurs on the surface of the NWs where blue spheres in Fig. 5
represent the bubbles of H, gas. Oxidation of water and OER occurs on the surface of the Pt
mesh where red spheres represent the bubbles of O, gas. The schematic diagram at the bottom
right shows the p-i-n NWs receiving photons and the generation of electron-hole pairs in the
i-GaAs intrinsic shell. Electrons traverse short paths to the surface then transfer to the electrolyte
to reduce the water and produce hydrogen. At the same time, holes move through the stem of the
NW to the back contact which is connected to the Pt mesh where the oxidation reaction of water
takes place to produce oxygen.

To evaluate the performance of the samples, J-V measurements were conducted for the three
structures. As shown in Fig. 6(a), the saturated photocurrents of the reference sample and p-n
NW photocathodes are 0.088 and 0.115 mA/cm? respectively (measured at a potential of 0.20 V
with respect to the reversible hydrogen electrode (RHE)). The slight increase in photocurrent
for the non-reference structure is attributed to the combined effect of the Ni co-catalyst and the
TiO, protective layer. In addition, Ti/Au was utilized for the back contact, where Ti was used
for adhesion and Au for low resistance ohmic contact. Annealing at 420°C enhances contact
while preventing problems caused by high temperatures, such as dopant diffusion and damage
of substrate or NW [42]. A significant improvement in photocurrent is observed for the p-i-n
NW-based modified photocathode with a value of 0.542 mA/cm?, a fivefold increase compared to
the reference sample. This is attributed to the addition of the intrinsic GaAs shell which improves
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photon absorption [43]. In a p-i-n NW, the intrinsic shell plays a vital role in the separation of
photo-generated carriers. In the present case the thickness of the i-GaAs is 135 nm, which is
much smaller than the diffusion lengths of the charge carriers: electron diffusion lengths ~ 20 um
to 2 um and hole diffusion lengths < 1.0 um, where the diffusion length is defined as the average
distance the charge carrier can travel before recombining [44]. In the p-i-n NW, the i-GaAs shell
is between the p-GaAs core and n-AlGaAs shell, effectively enlarging the active region where
photons can be absorbed and electron—hole pairs can be generated. This intrinsic region allows
photons that penetrate deeper into the NW to be absorbed, in contrast to the p-n NW where
absorption is primarily limited to the narrower depletion region at the junction. As a result, the
i-GaAs layer contributes to the observed enhancement in photocurrent density by improving
charge separation and increasing the volume of the NWs contributing to light absorption. In
the present study, the beneficial effect of the i-GaAs shell is evident in its ability to enhance the
photocurrent density by reducing carrier recombination and providing a shorter carrier transfer
distance, of order the radial dimension of the NW, required to reach the photocathode’s surface
[45]. The onset potentials for the reference, p-n and p-i-n NW photocathodes are 0.44, 0.46 and
0.53 V respectively. This slight cathodic shift is attributed to the improved charge carrier kinetics
at the semiconductor/electrolyte interface due to the use of a co-catalyst in p-n and p-i-n NW
photocathodes [46].
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Fig. 6. (a) J-V curves for the three structures. The saturated photocurrent densities of the
reference, p-n and p-i-n NW photocathodes are 0.088, 0.115 and 0.545 mA/cm? at potential
of 0.20 V measured with respect to the reversible hydrogen electrode (RHE), respectively.
(b) Plots of the IPCE as a function of wavelength. (c) Stability measurements where the
arrows indicate the onset of severe corrosion for each photocathode. (d) Plots of the ABPE
as a function of applied voltage.
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The incident photon-to-current efficiency (IPCE) quantifies how efficiently the NW photocath-
ode converts incident light (monochromatic photons) into photocurrent (e-h pairs) as a function
of photon energy [47], based on equation S1 in the Supplement 1. The IPCE was measured for
the three structures using a two-electrode setup at 0 Vrgg and 1.0 M KOH with pH14 electrolyte
as shown in Fig. 6(b). For the reference photocathode sample, the IPCE shows a lower value
in comparison to the p-n and p-i-n NW photocathodes due to the absence of the protective and
co-catalyst layers, the highest IPCE for the reference photocathode sample is 11% for a photon
energy of 2.07 eV whereas at the same value at 2.07 eV, IPCE shows 16% and 34% for p-n and
p-i-n NW photocathodes respectively. The impact of the protective layer TiO, and co-catalyst
Ni is significant for the p-n photocathode sample where the IPCE is enhanced to 16% at the
same photon energy. In general, the two IPCE curves have the same form with an approximately
constant enhancement factor for the p-n junction. This enhancement, attributed to the roles of the
TiO, and Ni, has been previously reported by Maheswari Arunachalam et al [48]. For the p-i-n
photocathode sample the IPCE shows a value of ~39% at 2.95 €V, this noticeable enhancement
might arise from the contribution of the large band gap of TiO, (3.2¢eV) [49]. For the p-i-n
photocathode a maximum IPCE value of 44% at 2.69 €V is achieved, indicating efficient charge
carrier transfer at the semiconductor/electrolyte interface [S0]. The IPCE for the p-i-n junction
decreases gradually to 20% at 1.48 eV and finally decreases rapidly to below 1% at 1.38 eV. For
photon energies below 1.38 eV, the IPCE drops to zero for all three photocathodes because there
is no absorption, consistent with the PL results indicating an energy gap of ~1.42 eV.

To assess the corrosion resistance and durability of the NWs photocathodes in electrolyte, a
stability test was conducted under one-sun illumination in 1.0 M KOH (pH = 14) for the three
structures, as shown in Fig. 6(c). The current density versus time for all samples shows good
stability and no contact failure was observed during short-term. However, for longer times,
deterioration due to NW degradation in the electrolyte was observed, with contact failure occurring
at 10, 14, and 43 minutes for the reference, p—n, and p—i—n NWs photocathodes, respectively. The
p-i-n and p-n NWs photocathodes show enhanced stability due to the TiO, protective layer and
Ni co-catalyst which increase corrosion resistance. The p-i-n NW photocathode shows the best
stability, especially in the first ten minutes. This result can be attributed to the greater diameter
of the p-i-n NWs, in agreement with a previous study which identified a correlation between the
electrode thickness and corrosion rate [51,52].

The dominant degradation pathway for the NW photocathodes is corrosion of the GaAs/AlGaAs
NWs in the KOH electrolyte. The reference p—n NW samples without a TiO, protective layer
degrade more quickly in comparison with the protected samples, where the addition of the TiO,
protective layer and Ni co-catalyst significantly slows the degradation. Moreover, unlike planar
structures, the vertical NW arrays have a high aspect ratio, and ALD of TiO, may not fully
cover all facets of the NWs. This incomplete coverage can create exposed regions susceptible to
electrolyte corrosion, which may explain the observed degradation even in the protected samples.
For future improvements, we propose increasing the thickness and optimizing the deposition
of TiO,. Additionally, other wide-bandgap oxides could be employed to provide more robust
chemical protection and using a lower-pH electrolyte could also help reduce the corrosion rate as
well.

The applied bias photon-to-current efficiency (ABPE) has been reported for photocathode in
many photocathode-related studies to represent the performance under an applied voltage [53]. It
is calculated from the J-V curve according to equation S2 provided in the Supplement 1. As
shown in Fig. 6(d), the ABPE of the p—i—n NWs photocathode reaches to peak at 0.84 V vs. RHE,
which is six times higher than the value for the p—n and reference NW photocathode structures.
This higher maximum ABPE indicates that the p—i—n NW photocathode exhibits more efficient
photocarrier separation and injection than the p—n and reference samples [54].
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Despite the inherent advantages of NWs, NW photocathodes - especially radial p—n junctions -
often exhibit much lower efficiency than expected. This is largely due to surface recombination,
as the high surface-to-volume ratio creates numerous surface states and defects that act as
recombination centers, causing photogenerated carriers to recombine before contributing to the
current [55]. Moreover, there is a trade-off between absorption and surface effects: while NWs
trap light effectively, their large surface exposure increases the number of trap states, so many
absorbed photons fail to generate useful current. In addition, the extensive contact area between
the NWs and the solution increases corrosion in alkaline electrolyte.

4. Conclusion

To summarize, we have demonstrated the synthesis of a p-i-n NW photocathode structure based
on GaAs/GaAs/AlGaAs core/shell NWs with an i-GaAs shell exhibiting improved photocurrent
density. The use of TiO, and Ni as a protective layer and co-catalyst further enhances the device
performance compared to simple p-n NWs photocathode structures measured under the same
conditions. The NWs show good uniformity, which indicates high material quality. The p-i-n
NW photocathode exhibits a photocurrent density of 0.542 mA/cm?, compared to values of
0.088 mA/cm? and 0.115 mA/cm? for the reference and p-n junction respectively, a five-fold
increase for the p-i-n junction. In terms of the IPCE, a significant improvement was found for the
p-i-n NW photocathode with a value of 44% at 2.69 eV, which indicates efficient charge carrier
transfer. In addition, the p-i-n NW photocathode exhibits the best stability inside the electrolyte.
Our work demonstrates the suitability of GaAs/GaAs/AlGaAs core/shells NWs for an enhanced
performance PEC solar water splitting device and highlights promising potential of this platform
for green hydrogen production. Our work can pave the way for wider use of core/shell NW-based
photocathodes employing the efficient and mature GaAs/AlGaAs material platform for solar
water splitting, thereby contributing to the production of sustainable and ecologically friendly
energy.
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