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ABSTRACT: Solar-driven photoelectrochemical (PEC) water
splitting offers a promising and environmentally friendly route for
the conversion of renewable solar energy to hydrogen gas. A
crystalline Si absorber is especially attractive due to its moderate
bandgap, high charge mobility, long carrier diffusion length, cost-
effectiveness, and scalability in manufacturing. To improve the
stability of Si-based PEC cells in operation, metal−insulator−
semiconductor (MIS) structures have been widely employed. In
this work, we employ simple and highly scalable processes to
fabricate high-performance, extremely stable Si-based MIS photo-
anodes, and demonstrate their application to the fabrication of
wafer-scale photoanodes. Localized conduction paths formed via an
Al/SiO2 thin-film reaction enable low-resistance charge extraction
even through thick insulating layers, yielding photoanodes with excellent stability. To improve the efficiency, we demonstrate a two-
step Ni/NiFe electrodeposition process to create efficient oxygen evolution reaction catalysts. The Ni/NiFe catalyst allows for a high
Schottky barrier between Si and Ni, lowering the photoanode onset potential, while the NiFe surface layer improves the catalytic
performance. An unassisted solar-driven water splitting system incorporating a wafer-scale photoanode and monocrystalline Si solar
cells is demonstrated and yields a solar-to-hydrogen conversion efficiency of 6.9% under simulated AM 1.5G sunlight illumination.
KEYWORDS: solar water splitting, photoelectrode, photoanode, thin-film reaction, electrodeposition,
metal−insulator−semiconductor structure, NiFe catalyst, solar energy

■ INTRODUCTION
Green production of hydrogen (H2) is expected to play a key
role in the transition from fossil-dominated energy sources to
cleaner and more sustainable energy systems. Solar-driven
photoelectrochemical (PEC) water splitting enables the direct
generation of H2 gas from water using solar illumination. In
PEC cells, semiconductor materials are used for absorbing
photons under solar illumination to generate electron−hole
pairs for H2 and/or oxygen (O2) evolution.1−4 Crystalline Si is
an especially attractive semiconductor absorber material for
photoelectrodes in PEC cells since it is abundant, has a
moderate bandgap (1.12 eV) and high carrier mobility,5 and
due to the large existing technology base for Si photovoltaics
(PV) is highly cost-effective to manufacture at scale. However,
Si-based photoanodes remain scientifically and technologically
challenging, since the oxygen evolution reaction (OER)
requires a complex four-electron process and Si has poor
stability in alkaline solutions. To address the stability issue,
metal−insulator−semiconductor (MIS) structures with insu-
lating oxide protective layers have been widely used for Si-
based photoanodes.6−16 Catalysts, which improve OER
kinetics and enhance PEC cell efficiency, include Fe,17,18

Ni,7,11,19 RuOX,8,20−23 IrOX,24−26 NiFe,6,10,16,27 and
NiCo.28−30

In MIS photoelectrodes, photogenerated charges are
typically extracted from the semiconductor to the metal
catalyst via tunneling through the insulator. The insulator
thickness plays a key role in such MIS photoelectrodes since it
influences both efficiency and long-term stability. Tunneling of
photogenerated charges decreases exponentially with increas-
ing insulator thickness so that an insulator with thickness
under ∼5 nm is required for high efficiency.31,32 Conversely, a
thicker insulator is beneficial for protecting the semiconductor
surface from chemical corrosion, with a minimum insulator
thickness of 50 nm having been cited as a requirement for
long-term stability.33,34 To overcome this trade-off between
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efficiency and stability, our previous work on Si-based MIS
photoanodes used an Al thin-film reaction with SiO2 to
generate localized Al “spikes” which penetrate through the
thick SiO2 thick layer. These were then replaced by a Ni
catalyst via etching and electrodeposition to create local
conductive paths through the thick SiO2 layer for photo-
generated minority charge transport.7 The thick SiO2 layer (90
nm) yielded excellent long-term stability for the Si-based MIS
photoanode in an alkaline solution. However, the applied bias
photon-to-current efficiency (ABPE) was still relatively
modest, most likely limited by the catalyst material. A recent

study has reported the use of NiFe catalysts for a Si-based MIS
photoanode, with the incorporation of Fe into Ni yielding a
lower OER overpotential, making the NiFe alloy a highly
efficient OER catalyst.27

Herein, we demonstrate wafer-scale Si-based MIS photo-
anodes using the Al−SiO2 thin-film reaction approach from
our previous work7 combined with electrodeposition of NiFe/
Ni double-layered catalyst. The NiFe/Ni double-layered
catalyst was deposited via a two-step electrodeposition process
and yielded dramatic improvements in the OER activity
compared to pure Ni catalyst. The Ni/Si interface has a higher

Figure 1. Key fabrication steps. Schematic illustrations are shown of the key steps in fabrication of the spiked NiFe/Ni/SiO2/Si MIS photoanode
structures.

Figure 2. Characterization of double-layered NiFe/Ni electrodeposition. (a) Plan-view SEM images of the spiked Ni/SiO2/Si (step 1) and spiked
NiFe/Ni/SiO2/Si (step 2) surfaces created by electrodeposition with an applied bias of −3.0 V and different sequential electrodeposition times. (b)
NiFe coverage on the spiked Ni/SiO2/Si surface as a function of electrodeposition time. (c) EDX spectra of the spiked Ni/SiO2/Si surface with
different amounts of FeSO4 (0.004, 0.005, 0.007, and 0.01 M) in NiFe plating solutions used for electrodeposition. The Ni/Fe ratios shown are
those determined by the peak intensity between Ni Lα peak and Fe Lα peak from EDX spectra.
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Schottky barrier compared to the NiFe/Si interface so that the
NiFe/Ni double-layered catalyst leads to higher local hole
concentration at the Si surface and consequently a reduced
onset potential, while the NiFe at the surface yields improved
catalytic performance. The thermally grown 90 nm SiO2 layer
provides antireflection functionality as well as long-term
stability of the Si-based MIS photoanode. The resulting spiked
NiFe/Ni/SiO2/Si photoanode shows highly improved ABPE
compared to that achieved with a pure Ni catalyst. To
demonstrate the feasibility of this fabrication approach for the
scalable unassisted water splitting system, we fabricate a wafer-
scale photoanode and combine it with crystalline Si PV cells35

to form a PEC/PV configuration which exhibits solar-to-
hydrogen (STH) conversion efficiency of 6.9% under
simulated AM 1.5G sunlight illumination.

■ RESULTS AND DISCUSSION
MIS Photoanode Fabrication. The fabrication process

for a scalable Si-based MIS photoanode using the Al thin-film
reaction and two-step NiFe/Ni electrodeposition is summar-
ized in Figure 1. A dense and uniform SiO2 insulating layer was
grown on the n-Si substrate by using dry thermal oxidation.
The SiO2 layer thickness was designed to be 90 nm to
minimize surface reflections in water in the 400−900 nm
wavelength range. 90 nm of SiO2 layer is expected to be
sufficiently thick to protect the Si surface in alkaline solution
since it has been reported that an insulator layer thickness over
50 nm is sufficient for good long-term stability.34 For the
formation of localized conducting paths through the SiO2
layer, 100 nm Al was deposited on the SiO2/n-Si substrate by
DC sputtering and the Al/SiO2/Si substrate was annealed
under vacuum at 550 °C for 24 h, leading to localized Al spikes
that penetrated completely through the 90 nm SiO2 layer and
contacted the Si substrate. The Al spikes were randomly
distributed across the Al/SiO2/Si substrate with an average
density of 1.2 × 108 cm−2. Following the thin-film reaction, the
substrate was diced into chips for the fabrication of small-area
(100 mm2) photoanodes. The Al layer was then removed by
chemical etching, and Ni and NiFe catalysts were sequentially
deposited on the spiked SiO2/Si substrate by electro-
deposition. It has been reported that NiFe performs better as
a catalyst for OER than Ni.27 However, the NiFe/Si interface
has a lower Schottky barrier compared with the Ni/Si
interface. The NiFe/Ni/Si structure created by the two-step
electrodeposition process described in detail below provides
the increased Schottky barrier height associated with the Ni/Si
interface combined with the superior catalytic activity of NiFe.
Since both the Al thin-film reaction and electrodeposition
processes are readily adaptable for wafer-scale fabrication, a full
wafer-scale spiked NiFe/Ni/SiO2/Si photoanode was also
fabricated, with the entire process performed on a 4-in. Si
wafer.
Electrodeposition of Double-Layered NiFe/Ni Cata-

lyst. NiFe/Ni double-layered catalyst structures were created
by a two-step electrodeposition process using a different
plating solution for each material, starting with Ni. During Ni
electrodeposition, Ni initially fills the Si exposed area on the
spiked SiO2/Si substrate due to the higher electric fields
between the solution and Si layer and the very low electrical
conductivity of SiO2, resulting in the formation of an array of
localized Ni/Si Schottky contacts. Subsequently, Ni nanois-
lands form from the initial Ni/Si contact regions. Ni
electrodeposition was performed until the voids in the SiO2

layer were entirely covered, leaving no exposed Si areas. Figure
2a shows scanning electron microscopy (SEM) images of NiFe
electrodeposited on the spiked Ni/SiO2/Si substrate with
increasing deposition time. The surface coverage of electro-
deposited NiFe/Ni catalyst layers was determined based on
SEM images. These Ni nanoislands cover the voids with ∼22%
total surface coverage on the SiO2/Si substrate (step 1).
Following the formation of Ni nanoislands on the spiked SiO2/
Si substrate, NiFe electrodeposition was performed (step 2).
To optimize the NiFe/Ni catalyst structures, the morphology
and element ratio between Ni and Fe (Ni/Fe ratio) of NiFe
was controlled by varying the deposition time and the ratio
between NiSO4 and FeSO4 in the NiFe plating solution for
electrodeposition. Table 1 shows the detailed composition of

prepared NiFe plating solutions with different concentrations
of NiSO4 and FeSO4 for corresponding Ni/Fe ratios (5:1 to
2:1). The deposition time has a significant effect on the surface
coverage of NiFe/Ni, with the thicknesses and lateral extent of
the NiFe/Ni nanoislands increasing gradually with an increase
in the deposition time. NiFe/Ni nanoislands eventually
coalesce on the SiO2 surface after 20 min of NiFe deposition.
Figure 2b shows the NiFe/Ni coverage on the SiO2 layer as a
function of the electrodeposition time using different NiFe
plating solutions. The NiFe/Ni coverage steadily increases and
reaches 100% after 20 min of NiFe deposition. This trend
between NiFe/Ni coverage and deposition time was similarly
observed for all electrodeposition processes with different NiFe
plating solutions. The Ni/Fe ratios of deposited NiFe islands
were analyzed by energy-dispersive X-ray spectroscopy (EDX)
measurements on the surface. The peak intensity of Ni and Fe
Lα peaks are normalized based on the reference Si Kα peak.
Figure 2c shows the EDX spectra of spiked NiFe/Ni/SiO2/Si
surfaces formed by 30 min of electrodeposition using different
NiFe plating solutions. A decrease in the Fe Lα peak is
observed for the spiked NiFe/Ni/SiO2/Si substrate when the
amount of FeSO4 is reduced in the NiFe plating solution for
electrodeposition. This result indicates that the Ni/Fe ratio can
be controlled from 5:1 to 2:1 by varying the ratio between
NiSO4 and FeSO4 in NiFe plating solution from 0.004 to 0.01
M.

Numerical Analysis of Photoanode Potential Distri-
butions. Use of the double-layer NiFe/Ni catalyst is essential
in optimizing the photoanode performance. The metal catalyst
plays a key role in improving the efficiency of photoanodes by
enhancing the overall reaction rate, minimizing overpotential,
and enhancing charge transport at the interface with the
electrolyte. Ni is known as a good OER catalyst for Si-based
MIS photoanodes, and its catalytic effect can be greatly
enhanced by adding Fe impurities.36 It has been reported that
a photoanode with a NiFe catalyst shows better efficiency
compared to that with a Ni catalyst.37 However, in our device
structure, the metal catalysts make direct contact with Si to

Table 1. Composition of NiFe Plating Aqueous Solutions
Used for Electrodeposition

Ni/Fe
ratio

NiSO4
(M)

FeSO4
(M)

H3BO4
(M) L-histidine

H2O
(mL)

5:1 0.05 0.01 0.04 0.05 30
4:1 0.05 0.007 0.04 0.05 30
3:1 0.05 0.005 0.04 0.05 30
2:1 0.05 0.004 0.04 0.05 30
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form a Schottky barrier. Because of the lower work function of
Fe compared to that of Ni,38 the NiFe/Si interface forms a
lower Schottky barrier compared to the Ni/Si interface,39

causing lower hole accumulation at the Si surface. The effects
of Schottky contacts between the metal catalyst and Si at the
spiked area were analyzed computationally by using a
commercial numerical finite-element solver, COMSOL Multi-
physics. As shown in Figure 3a, two different model structures
were simulated to assess the effect of different metal contact
materials. The structures consist of metal/SiO2/Si with a metal
spike at the center and a 90 nm SiO2 thickness. The metal
spike has a diameter of 60 nm and contacts the Si at the
bottom with an ideal Schottky contact. Ni and NiFe were set as
the metal materials for model 1 and 2, respectively. The
electric potential, field, and charge concentration were
simulated for band structures of model 1 and 2.

Figure 3b shows the simulated band structures and hole
concentrations of models 1 and 2. The electrical behaviors
were analyzed for two different types of interfaces along the
lines labeled A and B, the interfaces for which consist of metal/
SiO2/Si and metal/Si contacts, respectively, representing
nonspiked and spiked regions. Previous reports have proven
the utility of modeling Schottky barrier height for improving
photovoltage in photoanodes by MIS capacitor model.9,40,41

Herein, Ni has a higher work function (5.0 eV)41 than the
NiFe alloy (4.8 eV),37 leading to stronger surface inversion at

the metal/Si interface (line B) in model 1 compared to model
2. However, due to the thick SiO2 layer (90 nm), the difference
is suppressed at the metal/SiO2/Si interface (line A) and
similarly weak band bending is observed along line A in both
models. Therefore, similarly low concentrations of holes
(∼103/cm3) are accumulated at the Si surface of the nonspiked
areas. In the ideal Schottky contact model, direct contacts
between Si and Ni and NiFe are formed with Schottky barriers
(ΦSB) of 0.9 and 0.7 eV at the spiked area, respectively. In the
simulation, Schottky barriers were for simplicity determined by
the full difference in work functions between Ni and NiFe. The
actual barrier heights may be less than those in the simulations
due to Fermi level pinning at the metal/Si interface.42 Since
the electrodeposition was performed at room temperature, Ni-
silicide or Fe-silicide is unlikely to be formed at the Ni/Si and
NiFe/Si interfaces.43,44 As shown in Figure 3c, the larger
Schottky barrier between Si and Ni in model 1 causes stronger
surface inversion at the Si surface compared to that in model 2.
The hole concentrations at the interfaces of Ni/SiO2/Si and
NiFe/SiO2/Si were simulated as a function of the radial
distance R from the center of the spiked area and depth from Si
surface as shown in Figure 3d. The hole concentration at the Si
surface increases toward the center of the spiked area for both
model 1 and 2. Due to the higher Schottky barrier, higher hole
concentrations are present at the Ni/Si interface compared to
the NiFe/Si interface near the spiked area. While not intended

Figure 3. Simulations showing potential distributions for different models. (a) Schematic illustration of simulated model structures for MIS
photoanodes: Ni/SiO2/Si (model 1) and NiFe/SiO2/Si (model 2) with 90 nm SiO2 thickness and center spikes. (b,c) Simulated band diagrams at
the interface area along the lines labeled in part (a) as A (b) and B (c) for Ni/SiO2/Si and NiFe/SiO2/Si. (d) Simulated hole concentration near
the spiked area for Ni/SiO2/Si and NiFe/SiO2/Si structures.
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to be quantitatively predictive, this result indicates that the
localized spikes in the MIS photoanode should enable
improvement in photovoltage, and the Ni/Si interface also
leads to improved photovoltage due to its higher Schottky
barrier compared with the NiFe/Si interface. Therefore, an
improvement in onset potential can be expected by using
NiFe/Ni double-layered catalyst for the spiked NiFe/Ni/SiO2/
Si photoanode.
PEC Performance of NiFe/Ni/SiO2/Si Photoanodes.

For NiFe alloy catalysts, it has been reported that the OER
catalytic effect varies with the ratio of Ni to Fe.27 To determine
the optimum Ni/Fe ratio for the OER catalyst, LSV
polarization curves were recorded under the water electrolysis
setting in which the ∼5 μm thick NiFe films with different Ni/
Fe ratios (5:1 to 2:1) were electrodeposited on Ni plates. The
planar feature of the NiFe film was observed in the plan-view
SEM image (see Figure S1 in the Supporting Information). As
shown in Figure 4a, enhanced OER activities with an onset at
1.5 V versus RHE were observed for all NiFe alloys compared
to Ni (1.58 V versus RHE). As Fe content in the NiFe alloys is
increased, the catalytic effect of the NiFe improves until a
composition of Ni/Fe = 4:1 is reached. The improved onset
potential in NiFe alloys can be ascribed to the introduction of
Fe impurity in Ni catalyst that promotes the electrocatalytic

water oxidation reactions.36,45 However, after that optimal
point, additional Fe incorporation leads to degradation of the
catalytic effect of NiFe. Figure 4b shows the Tafel slopes for Ni
and NiFe alloys deduced from the OER polarization curves in
Figure 4a. For the NiFe alloy with Ni/Fe = 4:1, the Tafel slope
is 24 mV/dec which is the lowest compared to Ni and NiFe
catalysts with other Ni/Fe ratios, indicating that the Ni/Fe =
4:1 composition is optimal for efficient charge transfer between
the metal catalyst and electrolyte in an alkaline solution. PEC
performance was measured for spiked NiFe/Ni/SiO2/Si
photoanodes in a 1 M KOH aqueous solution with a standard
three-electrode system under illumination from an unfiltered
150 W xenon lamp. To further investigate the OER
performance of NiFe and Ni for Si photoanodes, LSV
measurements with chopped illumination were carried out
for spiked NiFe/Ni/SiO2/Si photoanodes with different Ni/Fe
(see Figure 4c). The NiFe layers were electrodeposited on the
Si photoanodes with constant NiFe/Ni coverage (∼60%) and
the Ni/Fe ratio of the NiFe layer varied from 5:1 to 2:1. All
spiked NiFe/Ni/SiO2/Si photoanodes show highly enhanced
OER activity (0.8 V versus RHE) compared to that of Ni/
SiO2/Si photoanodes (0.92 V versus RHE), indicating
improved catalytic activity for the NiFe catalyst compared to
Ni. The spiked NiFe/Ni/SiO2/Si photoanode with Ni/Fe =

Figure 4. PEC characterization of photoanodes for different Ni/Fe ratios. (a) OER polarization curves and (b) Tafel plots for electrodeposited
NiFe films on Ni plates in 1 M KOH solution with different Ni/Fe ratios in NiFe alloys (Ni/Fe = 5:1, 4:1, 3:1, and 2:1). (c) LSV curves and (d)
normalized ABPE curves for spiked NiFe/Ni/SiO2/Si photoanodes with different Ni/Fe ratios in the NiFe catalyst layers (Ni/Fe = 5:1, 4:1, 3:1,
and 2:1).
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4:1 shows the best OER activity. As shown in Figure 4d, the
normalized ABPE curves with different Ni/Fe ratios in the
NiFe layer were used to compare the OER performance under
different applied biases. The results confirm that the NiFe
catalyst with Ni/Fe = 4:1 shows improved charge transfer
properties and leads to the best photoanode OER perform-
ance. Similar differences in the onset potential of Ni and NiFe
have been observed previously.16

Figure 5a shows the PEC performance for spiked MIS
photoanodes fabricated with either pure NiFe or NiFe/Ni
catalyst layers. Spiked MIS photoanode structures were
prepared by electrodeposition of either single NiFe or
double-layered NiFe/Ni catalyst layers on the spiked SiO2/Si
substrates. Both catalyst layers were deposited with the same
surface coverage and Ni/Fe = 4:1 on the surface. As shown in
Figure 5a, the spiked single-layered NiFe/SiO2/Si photoanode
shows clear OER activity with an onset potential of 0.85 V
versus RHE and saturation current density of 25 mA/cm2 due
to the catalytic effect of the NiFe catalyst. A clear improvement
in OER performance was observed with the double-layered
NiFe/Ni catalyst, which shows a lower onset potential (0.80 V
versus RHE). This result demonstrates that the double-layered
NiFe/Ni catalyst improves the onset potential for the OER,
which based on the numerical simulations shown in Figure 3
we attribute to the higher Schottky barrier for the Ni/Si

compared to the NiFe/Si and the resulting higher hole
concentration at the Si surface for the former. At the same
time, the thick SiO2 layer (90 nm) provides good corrosion
resistance for the spiked NiFe/Ni/SiO2/Si photoanodes in an
alkaline solution, even with high pH. Figure 5b shows 7 days of
chronoamperometry (CA) stability tests for a Ni/SiO2/Si
photoanode and a NiFe/Ni/SiO2/Si photoanode. Notably,
during the stability tests, more fluctuation in photocurrent
density in the NiFe/Ni/SiO2/Si photoanode was observed,
which can be ascribed to the higher OER activity that caused
more O2 bubbles generated on the surface and suppressed the
OER until detaching. As shown in Figure 5b, the spiked Ni/
SiO2/Si photoanode shows excellent stability with no
degradation after 7 days of continuous operation. The spiked
NiFe/Ni/SiO2/Si photoanode also shows high corrosion
resistance with no decline in the photocurrent during the 7
day stability test. This result confirms that the NiFe/Ni
double-layered catalyst with a spike structure through the thick
SiO2 layer maintains its OER catalytic effect without
degradation in alkaline solution. The much higher, sustained
photocurrent density in the spiked NiFe/Ni/SiO2/Si photo-
anode confirms that the NiFe/Ni double-layered catalyst
improves its OER catalytic effect without degradation in
alkaline solution.

Figure 5. PEC characterization of photoanodes for different NiFe/Ni coverages. (a) LSV curves with chopped illumination in 1 M KOH solutions
for the spiked single-layered NiFe/SiO2/Si and spiked double-layered NiFe/Ni/SiO2/Si photoanodes (Ni/Fe = 4:1). (b) 7 day CA stability tests at
1.23 V versus RHE in 1 M KOH solutions for spiked Ni/SiO2/Si and NiFe/Ni/SiO2/Si photoanodes with 5 min Ni electrodeposition and 5 min
Ni + 10 min NiFe electrodeposition, respectively. (c) LSV curves and (d) normalized ABPE curves for spiked NiFe/Ni/SiO2/Si photoanodes with
NiFe electrodeposition times of 5, 10, and 15 min.
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Figure 5c shows the PEC performance of spiked NiFe/Ni/
SiO2/Si photoanodes for different surface coverages of NiFe/
Ni, obtained at different electrodeposition times. Before NiFe
electrodeposition, all spiked Ni/SiO2/Si photoanodes were
prepared with the same Ni coverage of 22% on the surface. As
shown in Figure 5c, the NiFe/Ni coverages on the surface were
39, 62, and 84% after NiFe electrodeposition at −3.0 V applied
bias for 5, 10, and 15 min, respectively. The spiked NiFe/Ni/
SiO2/Si photoanode with 10 min of NiFe deposition (62%
coverage) shows the best OER performance with the lowest
onset potential and highest saturation current density. For 5
min NiFe deposition (39% coverage), the lower contact area
between the NiFe catalyst and electrolyte in the aqueous
solution leads to reduced OER performance. For the spiked
NiFe/Ni/SiO2/Si photoanode with 15 min NiFe deposition
(84% coverage), the onset potential and fill factor similar to
those for the photoanode with 10 min NiFe deposition (62%
coverage) were observed. However, a reduced saturation
photocurrent density (13 mA/cm2) was also observed, since
excessive NiFe coverage suppresses incident light absorption at
the front side of the photoanode. The OER performance was
also investigated by analysis with ABPE curves calculated from
measured LSV curves and normalized to the peak value for
optimum NiFe/Ni coverage. As shown in Figure 5d, the spiked
NiFe/Ni/SiO2/Si photoanode with 10 min of NiFe deposition
(62% coverage) achieved the highest OER performance at 1.0
V versus RHE compared to other photoanodes with different
NiFe/Ni coverages. We note that optimal NiFe coverage levels
are likely to vary with illumination intensity due to the trade-
off, with increased coverage, between increased catalytic

activity and reduced light transmission to the semiconductor
absorber.

Wafer-Scale Photoanode Fabrication and PEC/PV
Performance. For commercial H2 production, large photo-
anode areas are required to increase the amount of evolved H2
gas. The Al/SiO2 thin film reaction and NiFe/Ni electro-
deposition processes employed here are low-cost and highly
scalable fabrication processes, the potential of which we
demonstrate by fabricating a full wafer-scale spiked NiFe/Ni/
SiO2/Si photoanode on a 4 in. Si wafer. The wafer-scale
photoanode was fabricated with a NiFe/Ni catalyst layer with
∼60% surface coverage and 4:1 NiFe ratio. As shown in Figure
6a, an unassisted water splitting system was designed by
combining a wafer-scale photoanode with three monocrystal-
line Si solar cells, each with an area of 11 cm2, connected in
series with each other and with the photoanode. The wafer-
scale photoanode and a Pt counter electrode were immersed in
a 1 M KOH aqueous solution to form a two-electrode system
incorporating the three series-connected monocrystalline Si
solar cells. In Figure 6b, the wafer-scale photoanode (red
curve) shows clear a clear OER performance with an onset
potential of 0.98 V vs Pt and saturation photocurrent of 691.5
mA under AM 1.5G illumination from a large-area solar
simulator. The series-connected monocrystalline Si solar cells
with a total exposed area of 33 cm2 generated a total
photocurrent of 553.5 mA and an open-circuit potential (VOC)
of 1.65 V with a fill factor (FF) of 0.81, corresponding to a
power-conversion efficiency of 22.4%. The intersection of the
two I−V curves occurs at a photocurrent of 502.4 mA and a
voltage of 1.46 V, which would correspond to a STH efficiency
of approximately 7.0%. Although the Al/SiO2 thin-film

Figure 6. PEC performance of unassisted solar-driven water splitting system. (a) Schematics of unassisted water splitting system with wafer-scale
photoanode and monocrystalline Si solar cells. (b) I−V curves of monocrystalline Si solar cell and wafer-scale photoanode in a two-electrode
system under AM 1.5G illumination. (c) CA measurements of unassisted solar-driven water splitting system under AM 1.5G simulated solar
illumination and real outdoor sunlight.
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reaction and electrodeposition for double-layered NiFe/Ni
catalyst are scalable processes, it is challenging in a laboratory-
scale system to control the uniformity of voids in the SiO2
layer and NiFe/Ni coverage on the whole surface of a 4 in.
wafer (see Figure S2 in the Supporting Information). In
addition, a two-electrode system does not use a reference
electrode so the potential of the counter electrode changes
during the PEC measurements.19 The unstable potential at the
counter electrode leads to a degraded photocurrent density
compared to that of a three-electrode system.

As shown in Figure 6c, the photocurrent and STH of a full
water splitting system containing a wafer-scale spiked NiFe/
Ni/SiO2/Si photoanode and three series-connected mono-
crystalline Si solar cells were measured under both AM 1.5G
simulated solar illumination (red curve) and real outdoor
sunlight (blue curve). The measured photocurrent was 480
mA under AM 1.5G simulated solar illumination, correspond-
ing to a 6.9% STH efficiency. For the unassisted solar-driven
water splitting system under real outdoor sunlight, a photo-
current of 396 mA and a 5.5% STH efficiency were obtained.
Since illumination with real outdoor sunlight creates shadows
on the wafer-scale photoanode, the resulting efficiency was
lower compared to the measurement under the solar simulator.
However, these results demonstrate the clear possibility of
realizing a PEC H2 production system using wafer-scale
photoanodes combined with Si PV cells to provide the
necessary additional bias voltage.

■ CONCLUSIONS
In summary, we have employed simple and highly scalable
processes for the fabrication of high-performance Si-based MIS
photoanodes incorporating localized conduction paths through
thick SiO2 insulating layers and double-layered NiFe/Ni
catalysts. The localized conduction paths enable low-resistance
charge extraction even through thick insulating layers, and this
approach yields photoanodes with excellent stability. The
double-layered NiFe/Ni catalyst was formed by a two-step
electrodeposition process to create efficient OER catalysts. The
NiFe/Ni catalyst structure increases the Schottky barrier
height between Si and the metal catalyst, lowering the
photoanode onset potential. A photoanode with 62% NiFe
coverage and Ni/Fe = 4:1 yielded an onset potential of 0.8 V
vs RHE and saturation current density over 25 mA/cm2 under
illumination with a 150 W unfiltered Xe lamp. In addition, a
wafer-scale photoanode was fabricated using the same
fabrication method on a 4-in. Si wafer, and the resulting
photoanode was combined with three series-connected c-Si
solar cells to create an unassisted solar-driven water splitting
system. The fabricated water splitting system yielded 6.9%
STH efficiency under simulated AM 1.5G sunlight illumina-
tion. These results demonstrate a readily adaptable approach
for the design of PEC-based H2 production systems.

■ EXPERIMENTAL SECTION
Fabrication of NiFe/Ni/SiO2/n-Si Photoanodes with Local-

ized Spike Structures. 4-in. n-type (100) c-Si wafers (thickness t ∼
550 μm and resistivity ρ = 0.3−0.5 Ω cm) were cleaned using a
standard piranha process. To remove the native oxide from the c-Si
surface, cleaned substrates were immersed into a 5% HF aqueous
solution for 1 min at room temperature. The front side of the Si wafer
was then passivated by a high quality 90 nm SiO2 layer that was
thermally grown using an oxidation furnace (MRL 8′ furnace, Sandvik
Thermal Process Inc.) at 1100 °C for 50 min in dry ambient O2
ambient. To obtain the localized spiked structure on the SiO2 layer, a

100 nm Al−Si film containing 1% Si was deposited onto the SiO2/Si
substrate via DC magnetron sputtering. Subsequently, the Al/SiO2/Si
substrate was annealed at 550 °C for 24 h in a vacuum chamber (V/
IG 800 Series Vacuum/Inert Gas Oven). After formation of Al spikes
in the Al/SiO2/Si substrate via Al thin-film reaction, the Al−Si film
was etched by dipping into 10% H3PO4 aqueous solution for 12 h and
rinsed in DI water. The resulting spiked SiO2/Si substrate was dried
under a N2 flow. A 300 nm Al layer was deposited on the rear surface
of the wafer as a back contact by DC magnetron sputtering (UNIVEX
450B) under 1 × 10−6 Torr of base pressure. The spiked SiO2/Si
samples were then cleaved into 2 × 2 cm2 samples. A Ni catalyst was
first deposited on the exposed Si areas by electrodeposition.
Subsequently, a NiFe layer was deposited on the resulting Ni islands
by a second electrodeposition process. During the two-step
electrodeposition, only the front side of the spiked SiO2/Si substrate
was exposed to the plating solution. A Pt counter electrode was
dipped into the plating solution, and the working electrode was
connected to the backside contact of the spiked SiO2/Si substrate.
The initial Ni electrodeposition was performed with a Ni plating
solution consisting of 0.05 M NiSO4, 0.05 M L-histidine, and 0.04 M
boric acid aqueous solution. The Ni layers were deposited with an
applied bias of −3.0 V for 5 min until covering the whole exposed Si
surface on the spiked SiO2/Si substrate. The NiFe plating solutions
were made by adding different molar ratios of FeSO4 (0.004−0.01 M)
to a Ni plating solution consisting of 0.05 M NiSO4, 0.05 M L-
histidine, and 0.04 M boric acid aqueous solution. The sequential
NiFe electrodeposition was performed at −3.0 V applied bias with
deposition times ranging from 0 to 30 min.

Fabrication of Wafer-Scale NiFe/Ni/SiO2/n-Si Photoanode.
4-in. wafer-scale spiked SiO2/n-Si substrates with backside contacts
were prepared using the same methods as described above. For
electrodeposition, the wafer-scale substrate, large-scale container (750
mL), and counter electrode (100 nm Au/Ti film on 25 × 75 mm2

slide glass) were prepared. Ni electrodeposition was performed with
an applied bias of −3.0 V for 10 min using 500 mL Ni plating solution
containing 0.05 M NiSO4, 0.05 M L-histidine, 0.04 M boric acid, 10%
IPA aqueous solution. After the formation of uniform Ni islands, NiFe
catalysts with 4:1 Ni/Fe ratio were deposited by electrodeposition
with 500 mL NiFe plating solution (0.05 M NiSO4, 0.007 M FeSO4,
0.05 M L-histidine, 0.04 M boric acid, 10% IPA aqueous solution)
under applied bias of −3.0 V for 40 min.

PEC Measurements and Analysis with Tafel Plot. All PEC
measurements were carried out with a CHI 760E electrochemical
workstation (CH Instruments, Austin, TX, United States) with a
standard three-electrode electrochemical cell consisting of Pt wire as a
counter electrode and a Ag/AgCl reference electrode. A 1 M KOH
aqueous solution was prepared for the alkaline solution (pH = 14) for
the OER characterization. The measured potentials were calibrated to
RHE using eq 1

= + + ×E E 0.197V 0.059 pHRHE Ag/AgCl (1)

The LSV and CA measurements were carried out under 150 W
light illumination using a Xenon arc lamp (66475, Newport) for
characterization of photoanodes. The performance of the photoanode
was evaluated by calculating the ABPE using eq 2.46

= =P P
P

J V V

P
ABPE

( )
out in

light

ph redox bias

light (2)

where Vredox is the redox potential for water splitting, Vbias refers to the
potential difference between the working and counter electrodes, Plight
is the light power intensity, and Jph is the measured photocurrent
density. For the OER polarization measurement, the thick NiFe films
were prepared by NiFe electrodeposition on Ni foil with different
NiFe plating solutions under −5.0 V applied bias for 2 h. The OER
characterization measurements were performed with a three-electrode
system. The measured OER polarization curve was analyzed by
calculating the Tafel slope using eq 3.46
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where η is the overpotential, A is the Tafel slope, J is the current
density, and J0 is the exchange photocurrent density.

The unassisted water splitting system was constructed by
connecting a wafer-scale photoanode and three commercial
monocrystalline Si solar cells (Solar Made Corp.) in series. The
performance of the unassisted water splitting system was measured
under simulated AM 1.5G illumination (ABET Technologies, Sun
2000 Class A). The STH conversion efficiency is calculated using eq 4
assuming a Faradaic efficiency (ηF) of 100%.47

=
× ×

× +
×

I
P A A

STH
1.23V

( )
100%F OP

in photoanode solar cells (4)

where IOP is the operating current of the PV/PEC device, Pin is the
input energy, Aphotoanode and Asolar cells are area of wafer-scale
photoanode (55 cm2) and Si solar cells (33 cm2), respectively.
Characterization. The surface morphologies of electrodeposited

NiFe/Ni surfaces were carried out using field emission SEM (Zeiss
Neon 40, USA). The elemental analysis was carried out using EDX
spectroscopy (Bruker EDS) for SEM. The surface coverages of
electrodeposited NiFe/Ni catalyst layers were calculated by using the
“ImageJ” platform. The numerical simulations for spiked NiFe/SiO2/
Si and spiked Ni/SiO2/Si structures were performed using the
semiconductor module of a commercial numerical finite-element
solver (COMSOL Multiphysics).
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