Epitaxial p-type SiC as an efficient self-driven photocathode for water splitting
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1. Introduction

Hydrogen production by water splitting is attracting attention as a next-generation energy
technology [1-8]. There are several techniques used for water splitting such as thermal decomposition,
photobiology, photocatalysis and photoelectrochemistry. Among these, the photoelectrochemical method is
an environment-friendly process [7,8]. However, for commercially viable photoelectrochemical water
splitting technology, the solar-to-hydrogen conversion efficiencies must be significantly increased and
corrosion of the photoelectrodes avoided. One of the popular approaches is to utilize metal oxides as
photoelectrodes owing to their resistance to corrosion. However, their band gaps are usually too large to
absorb most of the solar light [9]. Semiconductor materials other than metal oxides sometimes show high
conversion efficiencies, but they have weak resistance against corrosion [10,11]. Thus, new materials, such
as nitride compounds, are being investigated to develop photoelectrodes exhibit both high conversion
efficiencies and high resistance to corrosion [6,12,13]. Also, studies on silicon carbide (SiC) as a
photoelectrode material have been conducted [14-19]. We have previously reported on the capability and
durability of p-type SiC for water splitting applications [17-19]. Among the SiC polytypes, 3C-SiC is
expected to show the highest efficiency because it has the lowest band gap of 2.3 eV. The band gaps of the
4H- and 6H-SiC polytypes are 3.2 and 2.9 eV, respectively—higher than that of 3C-SiC. For this reason,
3C-SiC is capable of absorbing a significant part of the visible light compared with the other polytypes.
Generally, the epitaxial SiC layer shows a larger photocurrent than the bulk SiC crystal [18,19]. Owing to
these characteristics and observations, epitaxially grown p-type 3C-SiC is attractive as a durable and
efficient photocathode for water splitting.

Most of the studies on SiC’s water splitting properties have used the three-electrode system during
photoelectrochemical measurements and efficiencies have been estimated only from measured
photocurrents in the three-electrode system [14-17]. In the three-electrode system, external electrical
power is supplied from a potentiostat to stabilize the potential in SiC. Therefore, the two electrode-system
is still required to estimate the actual solar-to-hydrogen conversion efficiencies [18,19]. Additionally,
when estimating the efficiencies from a photocurrent, it is generally assumed that the Faraday efficiencies
are 100% [14-19]. However, this is not always the case. Hence confirmation of the actual efficiencies is
needed and can be determined by direct observation of the hydrogen volumes. In this study, the
photocurrents from p-type SiC in the two-electrode system using various counter electrodes are first
measured. Then, to estimate the Faraday efficiency, the solar-to-hydrogen conversion efficiencies of
epitaxially-grown p-type 4H-, 6H- and 3C-SiC are obtained from both the measured photocurrents and the
hydrogen volumes.

2. Experiment Description

Samples employed in this study were epitaxially grown p-type 4H-, 6H- and 3C-SiC. Two 4H-SiC
(p4H and less-N,), 6H-SIC (p6H) and 3C-SiC (p3C) samples were used in the study. (The text inside the
parentheses refers to the sample labels and will be mentioned in the discussion.) The 4H-SiC sample was
grown on a (0001) Si-face with 8° off-oriented 4H-SiC substrates. The 6H- and 3C-SiC samples were
grown on a (0001) Si-face with 3.5° off-oriented and on-axis 6H-SiC substrates, respectively. (Please note
that generally for homoepitaxial growth of SiC, substrates off-oriented from the (0001) Si-face are
preferable [20]). The epitaxial layer thicknesses and doping densities estimated by the capacitance—voltage
(C-V) measurements are listed in Table 1. Ohmic contacts were fabricated on the samples by sintered Al or
Al/Ti/Ni particles and the contacts were connected to a wire. The sample surface was immersed and
exposed to the electrolyte and the rest of the sample was covered by wax or sealed with an O-ring. For the
three-electrode system, Pt and a saturated calomel electrode (SCE) with a salt bridge to the electrolyte



were used as counter and reference electrodes, respectively. For photocurrent observation, the applied
potential was adjusted to 0 V vs. SCE. In C-V measurements, the potential was swept with 1 kHz
oscillation. For the two-electrode system, several counter electrode materials were used and no external
power was supplied. Metals and RuO, were employed as counter electrodes. We used RuO; because some
metals may be oxidized or dissolved during hydrogen generation. Oxidation and dissolution of the counter
electrode may cause chemical bias to the hydrogen generation, and RuQ; is a stable material for oxidation
with a small oxygen overpotential [21,22]. By using RuO,, a photocurrent can be obtained without any
chemical biases. Schematics of the three- and two-electrode systems are shown in Figs. 1(a) and 1(b),
respectively. All experiments were conducted using an aqueous solution containing 1 mol/L H,SO, at room
temperature. A solar simulator with power of 1 W/cm? was used as a light source for photocurrent
observation. For hydrogen volume observation, a sealed cell was employed with the two-electrode system
using a Ni counter electrode. Photocurrents were observed, and after illumination, the evolved gas was
extracted using a syringe. The hydrogen content was then estimated by gas chromatography.

3. Results and discussion

Figure 2 shows the time dependence of photocurrents for p4H, p6H and p3C in the three-electrode
system. The photocurrents are constant and seem to depend on the band gap of the SiC polytypes; 3C-SiC
has the smallest band gap and exhibits the largest photocurrent among the all samples. As for epitaxial
4H-SiC [18], p6H shows a larger photocurrent than that of the bulk 6H-SiC crystals reported in Ref. 18.
This could be due to the wider depletion layers and longer electron diffusion lengths in the epitaxial layers
than in the bulk crystals. Possible effects due to depletion layer width and electron diffusion length will be
addressed in a future publication.

Figure 3 shows the time dependence of photocurrents for p4H, p6H and p3C in the two-electrode
system using either Pt or Ni as counter electrodes. When Pt was used as a counter electrode, the
photocurrents were very small compared to those obtained in the three-electrode system. These results
suggest that the adjustment of the potential difference between Pt and the electrolyte by the potentiostat
enhances the photocurrent. On the other hand, for the Ni counter electrode, the measured photocurrents are
larger than those obtained in the same system with the Pt electrode and are just as large as those in the
three-electrode system.

Figure 4 shows the time dependence of photocurrents for less-Np in the two-electrode system
using various counter electrodes. As depicted in the figure, the photocurrents vary with the type of counter
electrode, i.e., the photocurrent depends on the type of materials used as the counter electrode.
Photocurrents are very small for the Pt and Au electrodes, while for the Cu, Ni and RuO; electrodes, the
photocurrents are relatively large. In RuO,, during the initial 400 s, the photocurrent decreased with time.
This initial decrease of the photocurrent would be due to the weak physical bond between the RuO, and
the glass substrate. This is because after the experiment, part of the RuO, peeled away or was removed
from the glass substrate. RuO, was formed by sputtering on the glass substrate and during the experiment
oxygen bubbles were observed to peel the RuO,. However, after this initial decrease and until the end of
the measurement, the photocurrent was stable and RuO, conducted the photocurrent generated in the SiC.
Figure 5 depicts the photocurrent densities measured for various counter electrodes 600 s after starting the
illumination against the reported oxygen overpotentials at 5 mA/cm? [21-23]. Pt and Au have relatively
large oxygen overpotentials, while Ni, Cu and RuO;, have small oxygen overpotentials. Therefore, to
obtain a large photocurrent, the counter electrode should have relatively small oxygen overpotentials.
Since the Ni and Cu photocurrents are comparable to that with RuO,, the chemical bias effects would be
negligible and the holes generated in the SiC would have the energy to overcome the oxygen
overpotentials at the counter electrodes. This result suggests that with a suitable counter electrode,



epitaxial p-type SiC works as an efficient self-driven photocathode and the photocurrent would be limited
by the characteristics of the SiC photocathodes.

The conversion efficiencies were estimated from the observed photocurrents 600 s after starting
the illumination in the two-electrode system using Ni as the counter electrode. The solar-to-hydrogen
conversion efficiency # can be obtained from

p )= X123

where | is the photocurrent, L is the light intensity and 1.23 represents the redox potential width between
H*/H, and O,/H,0. The results are listed in Table 1. p3C shows the largest # of 0.38% among the all
samples. This # value is nearly four times larger than the value in our previous report using p-type 4H-SiC
and is so far the highest among those reported for SiC. In fact, the thicknesses and net acceptor
concentrations among the samples are different. Samples with a thick layer and low net acceptor
concentration show a high # value because the increase in the light absorption layer and the electric field in
the wide depletion layer enhance the number of electrons from the SiC to the electrolyte. Thus, it is
difficult to discuss the quantitative differences among the polytypes.

Hydrogen volumes were evaluated by gas chromatography for p4H, p6H and p3C as shown in Fig.
6. The curves in Fig. 6 are the hydrogen volumes estimated from the measured photocurrents. For p3C,
experiments were repeated for 15, 30 and 60 min to confirm the stability of the sample. For p4H, the
observed hydrogen volume is much smaller than that expected from the photocurrent, which may have
been caused by our experimental setup; when the hydrogen volume was small, hydrogen bubbles stuck to
the electrolyte bath. The p3C exhibits a slight variation in the photocurrents for different durations: 15, 30
and 60 min. This difference could be caused by the non-constant exposure of the sample to the electrolyte
in the cell, i.e., bubbles frequently stuck to the sample from the start and until the end of the experiments.
Though p3C shows a slight variation in the photocurrents, the observed hydrogen volumes for p6H and
p3C are similar to those estimated from the photocurrents. Values for #, estimated by time integration of
the photocurrents up to 3600 s, are listed in Table 1. Therefore, most of the conducting electrons reduced
the hydrogen ions and generated hydrogen gas (with a Faraday efficiency above 80%) and the 7 value of
0.38% (for the p3C sample) estimated from Eq. (1) is reliable.
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4. Conclusions

We estimated the solar-to-hydrogen conversion efficiencies of epitaxially grown p-type 4H-, 6H-
and 3C-SiC as water splitting materials. An efficiency of 0.38% for 3C-SiC was estimated from the
measured photocurrent without external biases, and the reliability of this efficiency is supported by gas
volume observation. Epitaxial p-type 3C-SiC can be considered as a promising self-driven photocathode
material for water splitting applications.
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Figure captions
Fig. 1. Schematic of (a) the three-electrode system, and (b) the two-electrode system.

Fig. 2. Time dependence of photocurrents for p4H, p6H and p3C in aqueous H,SO, solution with the
three-electrode system.

Fig. 3. Time dependence of photocurrents for p4H, p6H and p3C in aqueous H,SO, solution with the two-electrode
system using Pt or Ni counter electrodes.

Fig. 4. Time dependence of photocurrents for less-N, in agueous H,SO, solution with the two-electrode system
using various counter electrodes.

Fig. 5. Photocurrents at 600 s after starting the illumination for less-N, against oxygen overpotentials for the
counter electrode in aqueous H,SO, solution with the two-electrode system.

Fig. 6. Volumes of generated hydrogen at the unit-illuminated area in SiC in the two-electrode system. Curves are
estimated volumes from photocurrents, while plots indicate observations by gas chromatography.



n and net acceptor concentrations obtained from C-V measurements and estimated # for the
samples.

Sample p4H less-Na p6H p3C

Polytype 4H 4H 6H 3C

Thickness (pm) 10 10 20 20

Net acceptor concentration (cm=3) 3 x 1016 5 x 1014 2 x 1016 3 x 1016

n estimated from Izg/l())tocurrent at 600 s 0.10 0.20 0.96 0.38

0
7 estimated from time-integrated (0— Not
3600 s) photocurrent in the sealed cell 0.08 0.20 0.33
%) measured

0
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