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www.rsc.org] A cost-effective and earth-abundant photocathode based on hydrogenated amorphous silicon
carbide (a-SiC:H) is demonstrated to split water into hydrogen and oxygen using solar
energy. A monolithic a-SiC:H photoelectrochemical (PEC) cathode integrated with a
hydrogenated silicon (nc-Si:H) double

photovoltaic (PV) junction achieved a current density of -5.1 mA cm™ at 0 V versus the

amorphous silicon (a-Si:H)/nano-crystalline
reversible hydrogen electrode. The a-SiC:H photocathode used no hydrogen-evolution
catalyst and the high current density was obtained using gradient boron doping. The growth
of high quality nc-Si:H PV junctions in combination with optimized spectral utilization was
achieved using glass substrates with integrated micro-textured photonic structures. The
performance of the PEC/PV cathode was analyzed by simulations using Advanced

Semiconductor Analysis (ASA) software.

1. Introduction

Solar energy is by far the most abundant and sustainable energy
source available on the Earth. However, the implementation of
photovoltaic (PV) technologies is limited by the periodic nature
of the solar irradiance at a certain location and time. Thus we
need to store solar energy in the form of a chemical fuel to be
used when little or no solar irradiance is available. One
promising method to store solar energy is to utilize sunlight to
split water into hydrogen and oxygen using a
photoelectrochemical (PEC) water-splitting device. Hydrogen
is a carbon-free and high caloric energy carrier that can be used
to produce electricity when recombined with O, in a fuel cell.
Thus the search for an ideal semiconductor electrode for PEC
water splitting has become an important challenge to many
researchers.

Currently, most solar-to-hydrogen conversion devices with
efficiencies (7stn) > 1%, have been achieved by hybrid device
configurations, in which at least one PEC junction is combined
with one or more PV junction(s).''® In 1998, Turner and
Khaselev demonstrated a monolithic PEC/PV solar water-
splitting device based on a GalnP, photocathode and a GaAs
PV junction, showing a gy of 12.4%.” Three years later, Licht
et al. showed a stacked multi-junction solar water-splitting
device based on AlGaAs/Si with the reported 5gry of 18.3%.°
However, the device used scarce and expensive materials, as
well as complex device architectures. In addition, some of these
high performance devices have a limited stability in their
electrolyte. These undesirable features are likely to hinder their
large-scale applications for water splitting.

This journal is © The Royal Society of Chemistry 2014

In the search for alternative earth-abundant materials, various
PEC/PV junctions have been explored using stable metal-
oxides such as doped tungsten trioxide (WO3) or bismuth
vanadate (BiVO,) as photoelectrodes with silicon (Si).' & % '+
'3 To date, the highest reported 5gry of 5.2% for metal-oxide-
based devices was achieved using a combination of a gradient-
doped W:BiVO,; photoanode with a double-junction
micromorph silicon (a-Si:H/nc-Si:H) PV device.> However,
metal-oxides generally have relatively large band gaps (2.3-3
eV), which limits their #gty values below 10%.

Hydrogenated amorphous silicon carbide (a-SiC:H) is a more
attractive alternative with a band gap that can be tuned between
1.8-2.3 eV by varying the carbon concentration.'® For example,
a device with an a-Siy ¢C, 1:H absorption layer can theoretically
generate 15 mA cm™ (nsta ~18%) of an Air Mass (AM) 1.5
photocurrent based on its band gap energy of 2.0 eV. Further,
since doped a-SiC:H is widely used as a window layer in the
solar cell industry,'*® a full monolithic PEC/PV integration
between a-SiC:H and thin-film silicon (TF-Si) PV junctions is
practically feasible. The processing conditions of a-SiC:H PEC
junctions are fully compatible with that of the TF-Si PV
junctions since both can be deposited using a plasma-enhanced
chemical vapor deposition (PECVD) technique. No deposition
at high temperatures (only 170-200 °C) or post-annealing is
necessary, in contrast to many metal-oxide photoelectrodes.” In
addition, TF-Si processing is highly scalable as already
demonstrated by the TF transistor and PV industry. Finally, a-
SiC:H is stable in an aqueous environment (even in a pH 0.3
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acid),?" # and both Si and C are non-toxic and earth-abundant
materials.

Despite the advantages mentioned above, the PEC
performances of a-SiC:H photocathodes reported in literature to
date are well below their theoretical potential.*% 2" %" In 2007,
Zhu et al. demonstrated a simple p/i a-SiC:H photocathode that
was free of its native oxide and generated a photocurrent
density of ~-0.6 mA cm™ at 0 V versus the reversible hydrogen
electrode (vs. RHE).*® Only at a negative bias of -1.5 V vs.
RHE did the photocurrent density reach ~-7 mA cm™, showing
the large overpotential needed to drive the a-SiC:H
photocathode to higher photocurrent densities. One of the main
challenges for this material is therefore to reduce this
overpotential, which originates from surface recombination,
poor material quality and low charge carrier collection
efficiency (sometimes noted as carrier separation efficiency).
Other important challenges are the low catalytic performance
and poor spectral utilization when a-SiC:H is used in a tandem
configuration. One attempt to improve the low catalytic
performance of a-SiC:H by placing metal or metal-oxide nano-
particles on the electrode surface has been reported.”® The
photocurrent increased to ~-1.8 mA cm™ at zero bias (two-
electrode, vs. RuO, counter electrode) using Ru-nanoparticles
to catalyze the hydrogen evolution reaction (HER) on an a-
SiC:H photocathode combined with a double-junction a-Si:H
solar cell. However, the current density was still an order of
magnitude lower than the theoretical limit.

In this paper, we apply several methods to reduce the
overpotential of an a-SiC:H based photocathode. First, the
charge carrier collection is improved by introduction of
gradient boron doping in the a-SiC:H PEC junction. We then
achieve an anodic shift of the onset potential by the monolithic
integration of TF-Si PV junctions. Finally we introduce state-
of-the-art glass substrates with integrated micro-textured
photonic structures for the PEC/PV hybrid cathodes to improve
light collection. These substrates allow the processing of TF-Si
PV junctions exhibiting dense and high electrical-grade nc-Si:H
and facilitate high spectral utilization in the PEC and PV
junctions.

We then explore three different monolithic PEC/PV cathode
configurations based on TF-Si single and double PV junctions.
Fig. 1 shows a schematic illustration of an a-SiC:H(PEC)/nc-
Si:H(PV)/nc-Si:H(PV) cathode together with a cross-sectional

@ 4H'+4e —2H,
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scanning electron microscope (SEM) image of the processed
cathode. The balance between the anodic shift and the
optimized spectral utilization of the PEC/PV configuration is
also studied. Simulations of the spectral utilization of the
PEC/PV cathodes using an in-house developed Advanced
Semiconductor Analysis (ASA) software supports the
experimentally observed anodic shifts and current densities.
Finally, the stability of the silicon-based photocathodes under
operation is demonstrated.

2. Experimental

2.1 PECVD fabrication of photocathodes

The a-SiC:H photocathodes were deposited using a radio
frequency (RF-) PECVD multi-chamber tool. A 2.5 cm x 10 cm
Asahi VU-type substrate was heated at 170 °C during the
deposition. The a-SiC:H(B) layer was deposited as the p-layer,
decomposed from SiH,, CH; and B,H4 diluted H, gas flow
under a controlled pressure. The gradient B doped “p--" layer
was deposited by a programmed 10-step recipe in which 2 sccm
B,H¢ diluted H, gas flow rate was evenly reduced per 36
seconds from the processing conditions used for the initial p-
layer until 0 sccm B,Hy gas flows corresponding to the typical
i-layer processing conditions. A H, treatment in a low RF-
power intensity was followed in the same chamber in order to
improve the p/i interface. The i-type a-SiC:H (optimized as a-
Sig9Co1:H in the rest of this paper, as discussed in the
Supporting Information Table S1, Fig. S1-S2) was deposited in
another chamber specifically to avoid possible cross-
contamination. After the a-SiC:H thin-films were synthesized, a
stripe of 300 nm Al was coated on the pre-covered region of the
sample as the front contact using a PROVAC evaporator in a
rotation mode. The purpose of the Al stripe is to ensure the
effective collection of the generated photocurrent.

2.2 Glass with integrated micro-textured photonic structures
and high quality nc-Si:H materials

A 100 nm thick layer of ITO film was sputtered on a piece of
Corning glass with a size of 2.5 cm x 10 cm. The glass was
then dipped into an acid solution (41% HF : 50% H,O0, : H,O =
1:2:10 volume ratio) for 45 min. The ITO acted as the catalyst
for glass etching, and micro-textured features were formed. On
the non-ITO-coated side, the etching rate was extremely slow
and the glass surface remained flat. An AZO layer with a

6 2H20—4e' ’4H*|Og
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Fig. 1 A sketch illustration (a) and an SEM image (b) of the a-SiC:H photocathode integrated with nc-Si:H/nc-Si:H PV junctions.
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thickness of 1.5-1.8 um was sputtered on the textured glass, and
followed by 0.5% diluted HCI acid etching for 40 seconds.
Small features of a few hundreds of nanometers were created
on the AZO layer, as shown by the tiny “bubble” structures in
the microscopy image in Fig. S3 (Supporting Information). A
metal layer consisted of 30 nm Cr and 100 nm Ag were
evaporated on the top of the modulated surface textured glass
substrate as the back reflector. Before the deposition of TF-Si
layers, an 80 nm thick AZO layer was sputtered on the Ag to
improve the Si/metal interface. The sample was then transferred
into the same PECVD tool and heated to 170 °C. 40 nm thick
boron (B) doped nc-SiO,:H was used as the p-layer and 25 nm
thick phosphorus (P) doped nc-SiO,:H was used as the n-layer
in all photocathodes (A: a-SiC:H/a-Si:H, B: a-SiC:H/a-Si:H/nc-
Si:H and C: a-SiC:H/nc-Si:H/nc-Si:H). In photocathode A, the
bottom nc-Si:H i-layer is 3 um, and the top nc-Si:H i-layer is 1
pm. In photocathode B, the bottom nc-Si:H i-layer is also 3 pum,
but the top a-Si:H i-layer is 0.3 pm. For the best performance of
the double-junction cells, the i-nc-Si:H material deposition
requires a high VHF (very-high-frequency) power (40 W). In
photocathode A, the a-Si:H i-layer is 0.3 um. The 10 nm p-
doped, 40 nm gradient reducing (p--) doped and 40 nm i-type a-
SiC:H films were deposited immediately onto the top n-nc-
SiO4:H layers of the three photocathodes, and the processing
details were described in Section 2.1.

2.3 PEC characterization

PEC characterization was carried out in a three-electrode
configuration: (i) the a-SiC:H photocathode with an active area
of 0.283 cm? (an illuminated hole of 6 mm in diameter) as the
working photocathode, (ii) a coiled Pt wire as the counter
electrode, and (iii) a Ag/AgCl electrode (XR300, saturated KCl
solution, Radiometer Analytical) as the reference electrode. 0.1
M (mol L) sulfamic acid (H;NSO;) was utilized as the
electrolyte, buffered to pH ~3.75 by potassium biphthalate
(KHP). White light photocurrent measurements were performed
under simulated AM 1.5 solar illumination (100 mW c¢m™) with
a NEWPORT Sol3A Class AAA solar simulator (type 94023 A-
SR3).

2.4 ASA simulation

ASA (Advanced Semiconductor Analysis) is a program
developed by the PVMD group in TU Delft using MATLAB
and C++. It is designed for the optical and electrical simulation
of devices based on amorphous and crystalline semiconductors.
The ASA program solves the basic semiconductor equations in
one dimension (the Poisson equation and two continuity
equations for electrons and holes). In this work, we built optical
models in ASA to simulate the absorption spectrum of each
PEC or PV junction illuminated by the AM 1.5 spectrum
transmitted through the electrolyte and quartz window. The
ellipsometry measured wavelength-dependent reflective index,
n(A), extinction coefficient, k(1) and thicknesses of the layers
were the optical input data for the simulation. The glass
substrates with integrated micro-textured photonic structures
were considered as the back reflector in the model as well. The
short-circuit current density of each junction was integrated
from the absorption spectrum and the AM 1.5 solar spectrum.

3. Results and discussions

3.1 Boron doping profiling in the a-SiC:H photocathode

This journal is © The Royal Society of Chemistry 2014
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An a-SiC:H electrode generally has a fast charge carrier
recombination and a short diffusion length due to high defect
densities.”® Further Ohmic losses can be significant for thick
films. The charge carrier recombination limits the maximum
splitting of the quasi-Fermi levels in the a-SiC:H PEC junction,
and subsequently results in larger effective overpotentials. The
thicker the a-SiC:H film, the more charge carrier collection is
limited by charge carrier recombination.

The effect of charge carrier recombination is demonstrated
using j-V curves of the a-SiC:H based photocathodes measured
under AM 1.5 (100 mW cm™) standard test conditions in the
three-electrode configuration as shown in Fig. 2. Three PEC
electrodes are considered, and all involve a p-a-SiC:H (boron
(B)-doped) layer interfaces to an i-a-SiC:H layer with a total
thickness of 90 nm, where the intrinsic (not intentionally doped,
more strictly speaking) a-SiC:H is facing the electrolyte.
Cartoons of the three are shown in Fig. 2. The first junction,
Fig. 2 (a), consists of a thin p-a-SiC:H layer (10 nm) with an 80
nm thick i-a-SiC:H layer. The p/i junction separates the light-
excited charge carriers and generates a light-induced potential.
While, drift is the dominant transport mechanism for the light-
excited charge carriers in the depletion zone in the p-a-SiC:H
layer, diffusion is the dominant transport mechanism in the i-
layer. Since the i-layer is much thicker, the charge carrier
transport in the PEC is most likely to be dominated by
diffusion. As a result, charge carrier collection under light
exposure is limited by recombination in the i-layer for this
configuration (Fig. 2 (a)). Thus a thin p-layer configuration
resulted in a negative photocurrent onset potential (0 V wvs.
RHE), as seen in the j-V curve in Fig. 2 (d) (blue curve).

In the second device (Fig. 2 (b)), the thickness of the depletion
zone is increased using a p-type gradient boron doping layer
between the p- and i-layers. This enlarges the area where drift is
the dominant mechanism of charge transport and enhances
charge carrier collection, as less charge carriers are lost due to
recombination in the diffusion-dominated region of the
junction. This junction consists of a 10 nm thick p-a-SiC:H (B)
layer, a 40 nm thick gradient layer in which the concentration
of boron doping (herein called “p--"") was reduced from value in
the p-layer to 0% in 10 steps of 4 nm each, and a 40 nm thick i-
a-SiC:H layer. Due to improved charge carrier collection, the
onset potential shifts anodically by ~200 mV as compared to
the thin p-layer configuration (Fig. 2 (a)).

To exclude the possibility that the enhancement is instead
caused by a thicker doped layer and not the gradient doping, a
“thick p-layer” configuration (Fig. 2 (¢)), which consists of a 50
nm thick p-a-SiC:H (B) layer and a 40 nm thick i-a-SiC:H layer
has been tested as well. For this configuration the onset
potential  shifts cathodically, showing that now the
recombination in the more defective p-layer dominates over the
recombination in the thinner i-layer. We can therefore conclude
that the improvement that we observed is indeed caused by the
introduction of gradient doping in our film.

The “gradient p-layer” photocathode has a current density in
the order of ~-0.8 mA cm? at 0 V vs. RHE. This is 33%
improvement compared to the much thicker (~220 nm) a-SiC:H
photocathode with photocurrent density of ~-0.6 mA cm™ at 0
V vs. RHE reported by Zhu et al.?® At -1.0 V vs. RHE the a-
SiC:H photocathode in Fig. 2 has a current density of -7.2 mA

J. Mater. Chem. A, 2014, 00, 1-3 | 3
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cm™ considering its thickness of only 90 nm. Although the

potential of -1V vs. RHE is of little relevance, this photocurrent
is 100% higher than any other reported a-SiC:H

photocathodes.*®
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Fig. 2 Schematic presentations demonstrating the principle of
the doping concentration with thickness in the p/i junction (a)
(b) (c). Three-clectrode AM 1.5 j-V curves with and without
gradient B doping (d).

3.2 Monolithic PEC/PV cathode

As illustrated in Fig. 2, although the a-SiC:H photocathode can
generate a high photocurrent density at negative potentials (< -1
V vs. RHE), it only generates a current density of -0.8 mA cm™
at 0 V vs. RHE. The challenge is therefore to anodically shift
the onset potential of the j-} curves to more positive potentials.
Herein we achieve this shift by the monolithic integration of a
TF-Si PV device between the textured substrate at the back
contact and the photocathode. The extra photovoltage from the
PV junction(s) is achieved to provide the overpotential at the
semiconductor/electrolyte  interface. ~To illustrate this
mechanism, the corresponding energy band diagram of an a-
SiC:H(PEC)/a-Si:H(PV)/nc-Si:H(PV) photocathode is shown in
Fig. 3. The flat band potential is characterized by
electrochemical impedance spectroscopy (EIS) as illustrated in
Fig. S4-S5 in the Supporting Information.
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Fig. 3 A band diagram illustration of the multi-junction a-
SiC:H/a-Si:H/nc-Si:H cathode under non-biased illumination
conditions. The band edges of the outermost layer (a-SiC:H) are
assumed to be pinned at the semiconductor/electrolyte
interface.
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To successfully integrate a PV cell into a tandem PEC/PV
cathode, the PV device needs to meet several requirements.
Firstly, the spectral utilization of the photocathode and solar
cells should be equally distributed among all the PEC and PV
junctions. Secondly, the voltage at the operating point (Vop) of
the solar cells should be large enough to overcome the
overpotential. Based on these considerations, we integrated
three types of TF-Si solar cells with the a-SiC:H, i.e., a single
junction a-Si:H solar cells (Voc ~ 0.9 V) (photocathode A), a
micromorph (a-Si:H/nc-Si:H, Voc ~ 1.4 V) solar cell
(photocathode B) and a nano-crystalline double junction (nc-
Si:H/ne-Si:H, Voc ~ 1.0 V) solar cell (photocathode C). An
illustrative sketch of photocathode C is illustrated in Fig. 1 (a).

To guarantee device-grade materials and high spectral
utilization, we introduce a special substrate at the back contact
for the monolithically integrated photocathodes. Textured
substrates are the conventional approach to enhance light
trapping in PV devices.*® *' However, nc-Si:H is highly
sensitive to extreme texture, as the texture initiates the growth
of defect-rich filaments above sharp valleys.>* These filaments
significantly reduce the fill factor (FF), open circuit voltage and
current density of the PV junctions.*” ** To prevent the
incorporation of defect-rich filaments and to allow the
integration of thick high quality nc-Si:H junctions in our
PEC/PV cathodes, we use state-of-the-art glass substrates with
integrated micro-textured photonic structures. These photonic
structures are obtained by wet-etching a sacrificial ITO layer on
Corning glass, resulting in craters with diameters on the order
of 10 um and depths of 2 pm. The back-reflector, PV and PEC
junctions are deposited on top and adopt the micro-textured
photonic structures. As demonstrated in the SEM image in Fig.
1 (b), the glass substrate with micro-textured photonic
structures allows the growth of highly dense nc-Si:H material,
without defect-rich filaments. This structure guarantees high
Voc values, current densities and excellent light trapping for the
PEC/PV cathodes.

T ] S
65 a-SiH 0.8
///% 7.1 0.6
/ .'0.4
_ e
< Tl sy a-SiC:H [
5 Fos &
T B) a-SiC:H/ :'0'4 é
2-6- .a-Sj:I-)I/:;:-ISi:.Ij ] '0'22

] C) a-SiC:H/ ]
] nc-Si:H/nc-Si:H 7

-1.0-050.0 0.5 1.0 400 600 800 1000
E (V) vs. RHE A(nm)

Fig. 4 (a)-(c) AM 1.5 photocurrent density-voltage curves of
photocathodes integrated with various PV solar cells. The dark
currents of each samples are shown as dashed lines. (d)-(f)
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Spectral utilization in various PEC/PV configurations by ASA
simulation. The numbers below a-SiC:H indicate the maximum
current density (mA cm™) integrated from the absorption
spectrum of the a-SiC:H layers, and the numbers below the
solar cell junction (a-Si:H and/or nc-Si:H) indicate the short-
circuited photocurrent density (mA cm™) of each junction.

To determine the performance of the PEC/PV cathodes, the
samples are immersed in the H3NSOj; electrolyte buffered at pH
3.75 and are illuminated by a solar simulator (AM 1.5, 100 mW
cm?). In a three-electrode configuration, the ability of the
photocathode to drive the hydrogen evolution reaction is
evaluated. The PEC characterizations of the a-SiC:H photo-
cathodes integrated with the three different TF-Si solar cells are
shown in Fig. 4 (a)-(c). The current density in the dark for all
the samples is negligible (black dashed curves).

The introduction of an a-Si:H single-junction solar cell
(photocathode A), shifts the onset potential anodically by ~0.8
V (green curve in Fig. 4 (a)). This shift is in agreement with
typical values for the operating voltage Vop of a single a-Si:H
PV junction. For photocathode B with the a-Si:H/nc-Si:H solar
cell (red curve in Fig. 4 (b)), the anodic shift of the onset
potential is ~ 1.2 V, which again corresponds to typical values
for the operating voltage Vop of an a-Si:H/nc-Si:H solar cell.
For the double-junction nc-Si:H/nc-Si:H cell, photocathode C,
the onset potential of the photocathode is approximately 1.0 V
(blue curve in Fig. 4 (c)). In contrast to the other two
photocathodes, this shift is larger than the typical operating
point of a nc-Si:H/nc-Si:H double PV junction and is close to
the typical Voc values of ~1.0 V for such cells. This implies
that the a-SiC:H is the current limiting junction in photocathode
C. Under such operating conditions the PV junctions operate at
voltages close to their open circuit voltage Voc. The agreement
between the anodic shifts in the j-J curve and the Vgp or Ve
values of the three solar cell devices show that no additional
potential barriers are created due to the monolithic integration
of PV junction(s) with the PEC junction.

Since all the current densities of the three photocathodes are
close to saturation at -1 V vs. RHE, we define a saturation
current density, Jg,, as the j measured at -1 V vs. RHE. Since
the PEC and PV junctions in the monolithically integrated
photocathodes are in-series-connected, the Jg, is determined by
the current density of the limiting junction. The highest J,
among the three PEC/PV cathodes is -7.3 mA cm™, achieved by
the a-SiC:H/nc-Si:H/nc-Si:H (photocathode C) structure. The
Jet values in  the cases of a-SiC:H/a-Si:H/nc-Si:H
(photocathode B) and a-SiC:H/a-Si:H (photocathode A) are
relatively lower: -5.3 and -5.8 mA cm?, respectively.

3.3 Analysis of spectral utilization

In a monolithically interconnected photocathode, it is highly
challenging to experimentally determine the quantum efficiency
of each individual junction. Therefore, we simulate the spectral
utilization of these junctions using an in-house developed
Advance Semiconductor Analysis (ASA) software®* to support
our measurements and study the potential current densities of
these photocathodes. The ASA software is an established tool
to model Si-based solar devices and excellent agreements
between experiments and simulations have been demonstrated.
Based on this we can state that the systematic relative error in
the calculated current density is not higher than 10%.%°’
Optical models of multi-layers representing the various

This journal is © The Royal Society of Chemistry 2014
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PEC/PV configurations are constructed in ASA. Measured
wavelength-dependent reflective index, n(1), extinction
coefficient, k(1) and thicknesses of the layers are used as the
optical input data for the simulation. The wavelength-dependent
reflectance R(1) and transmittance 7(A) simulations are then
simulated the three PEC/PV cathodes: a-SiC:H/a-Si:H
(photocathode A), a-SiC:H/a-Si:H/nc-Si:H (photocathode B), a-
SiC:H/nc-Si:H/nc-Si:H (photocathode C). The absorption
spectrum A(1) for each junction can be calculated as
A =1-RA) - T(A)
and the simulated results are illustrated in Fig. 4 (d)-(f).

For photocathode A, the ASA simulations show that the a-
SiC:H PEC junction is almost current matched with the a-Si:H
PV junction (6.5 vs. 7.1 mA cm™). The maximum total spectral
utilization (sum of the absorption of each individual junction) is
determined by the junction with the lowest band gap. In
photocathode A, this is the a-Si:H cell. Therefore, photocathode
A has a total current density of 13.6 mA cm™ which is already
close to that of a typical state-of-the-art single a-Si:H PV
junction with current densities of 15-16 mA cm™ under 100
mW cm? AM 1.5 conditions. The maximum total spectral
utilization of photocathodes B and C are limited by the low
band gap of the nc-Si:H junction(s). The total spectral
utilization of photocathode B is 21.7 mA cm™ which is a value
approaching the current density generated in a state-of-the-art
single nc-Si:H PV junctions of 25-31 mA cm™.*® However, the
overlap of the spectral response of the a-Si:H PV junction with
the a-SiC:H PEC and nc-Si:H PV junction is significant,
making the a-Si:H junction the current limiting one (~ 5 mA
cm™). Photocathode C is the only configuration in which the
photocathode is strongly current limiting (AJ = 2 mA cm™).
This supports the earlier mentioned observation that the PV
junctions of photocathode C are forced to operate at a voltage
close to the Voc. This simulation shows that there still is plenty
of room to improve the spectral utilization of photocathode C.

We then compare the photocurrent densities of photocathodes
measured at 0 V vs. RHE (Jy). The J, at this catalyst-free
photocathode is the highest for photocathode B with J, = -5.1
mA cm™, as compared to photocathode A (J, = -4.0 mA cm™)
and photocathode C (J, = -4.5 mA cm?). The results
demonstrate that the value for J; of these PEC/PV cathodes is a
competition between maximum utilization of the band gap
energy of the PV device to facilitate the anodic shift and the
maximum spectral utilization to facilitate the highest current
densities. High band gap materials like a-Si:H provide high
voltages but low currents, whereas low band gap materials like
nc-Si:H provide low voltages and high currents. To quantify the
performance of the photocathodes further, we define a second
external parameter, i.e. the maximum efficiency of the
photocathode 7pc as®®:

o = ~Jimax Vinax = Vi) % 100%
I,

with j.« and V., are the current density and voltage at the
maximum power point, respectively. We find 7pc =2.1%, 1.3%
and 0.8% for photocathode A, B and C, respectively, which are
promising results considering that these a-SiC:H photocathodes
are not deposited with any HER catalysts or passivation layers.
By depositing Ru nanoparticles as the catalysts, an a-SiC:H/a-
Si:H/a-Si:H photocathode can indeed enhance the 7pc from
0.125% to 1.9%, as reported by Zhu et al.*® Therefore, next to
further improving carrier collection, the catalytic activity can be
significantly improved by depositing HER catalysts on the a-
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SiC:H. This will result in a large additional anodic shift and
significantly higher values for 77pc.

Based on these results, the realistic potential of the spectral
utilization of these PEC/PV cathodes can be estimated. If only a
single a-Si:H PV junction is integrated with the a-SiC:H
photocathode, the theoretical maximum Jg, value is 24/2=12
mA cm?, assuming that all the photons in the solar spectrum
(until 800 nm) are converted into electron-hole-pairs and the
current is equally distributed between the a-SiC:H
photocathode and the a-Si:H solar cell. However, a more
realistic approach would be to take the highest spectral
utilization for an a-Si:H single-junction of 18 mA cm™
achieved up to date,*® which would imply a Jg, of ~9 mA cm?,
When the double-junction solar cell with nc-Si:H material is
integrated with the a-SiC:H photocathode, the theoretical
maximum Jg, value can achieve 42/3 = 14 mA cm™. In view of
the nc-Si:H PV junction with the highest current utilization
achieved up to date (~32 mA cm™), this overall photocathode
photocurrent density would be 10.7 mA cm™. This simple
analysis therefore shows that a 13% efficient solar-to-hydrogen
conversion device is well within reach with the combination of
a-SiC:H photocathode and a TF-Si solar cell.

3.4 Stability of TF-Si based PEC/PV cathode

An advantage of the a-SiC:H photocathode is its relatively
long-term stability in acidic medium. As reported by Hu et al.,
their a-SiC:H photocathode showed a stable photocurrent
density after 800 h illumination in pH 0.3 H,SO, acid.*

Herein we also show the stability of our a-SiC:H photocathode
in a pH 3.75 sulfamic acid electrolyte. Fig. 5(a) shows the
chronoamperometry measurement of photocathode B biased at
0 V vs. RHE. We observe a slight current density enhancement
in the first 2 min of illumination, which is a result of the acidic
electrolyte etching the thin native oxide layer on the i-a-SiC:H
surface. The following “periodical” fluctuation are caused by
repetitive accumulation and dislodging of H, bubbles at the
photocathode surface. Nevertheless, the photocurrent is
relatively stable over the course of an hour. A photograph of
photocathode A before and after the one-hour measurement are
shown in Fig. 5 (b), and the purple surface of the sample
remains unchanged after immersing in the acidic electrolyte for
one hour.

2

-3

-4

j (mA/cm?)

6 . T T T T
0 10 20 30, 40 50 60
time (min)

()
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Fig. 5 The photocurrent density of the a-SiC:H/a-Si:H/nc-Si:H
photocathode monitoring measurement in pH 3.75 acid
illuminated by AM 1.5 chopped spectrum for 1 hour (a). The
surface of the photocathode remains unchanged before (right)
and after (left) 1h measurement (b). The orange dot circle with
a diameter of 6 mm indicates the active area of the
photocathode (0.283 cm? in total area).

The photocurrent density of -5.1 mA cm™ at 0 V vs. RHE is the
highest photocurrent reported for any a-SiC:H photocathode.
The record photocurrent is achieved without catalysts or
passivation layers added to the a-SiC:H photocathode.
Combined with its stability in acidic solution, our results
demonstrate the high potential of thin-film a-SiC:H as a
photocathode.

4. Conclusions

A catalyst- and precious-metal-free a-SiC:H(PEC)/a-Si:H(PV)
/mc-Si:H(PV) water-splitting photocathode with a photocurrent
density of -5.1 mA cm™ at 0 V vs. RHE and photocathode
efficiency of 2.1 % has been achieved. This PEC/PV cathode
based on earth-abundant materials is highly stable for over 1
hour in an acidic electrolyte under simulated AM 1.5
illumination. The overpotential of an a-SiC:H PEC
photocathode is reduced by the introduction of gradient boron
doping in the a-SiC:H PEC junction, enhancing the charge
carrier collection. Dense TF-Si layers exhibiting electrical
performance and high spectral utilization in the PEC and PV
junctions are achieved by using state-of-the-art glass substrates
with integrated micro-textured photonic structures. By using
three different monolithically PEC/PV integrated photocathode
configurations, the extent of the PV-induced anodic shift is
demonstrated. The balance between the anodic shift and the
optimized spectral utilization of the PEC/PV configuration is
further studied using simulations of the spectral utilization of
various PEC/PV cathodes. Based on the presented work, a-
SiC:H/TF-Si based PEC/PV cathodes with current densities
above 10 mA cm™ are within reach.
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