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In this work, we demonstrate how the classical concept of band gap engineering usually used in 111-V semiconductor devices
can be extended to the engineering of the band lineup between semiconducting photoelectrodes and electrolytes. The
performance of photoelectrodes made of GaPixAsx epilayers in the full compositional range and grown on low-cost Si
substrates were studied and compared with photoelectrodes elaborated on GaAs and GaP substrates. We first show that
the changes of the Incident Photon to Current conversion Efficiency (IPCE) with the As content in GaP1.xAsx alloys are related
to the band gap nature (direct or indirect) and band gap energy variations. Then, from flat band potential measurements
during Mott-Schottky experiments, valence and conduction band energies of GaPixAsx alloys are positioned versus
reversible hydrogen potential. A weak change of conduction band energies and a large evolution of the valence band
energies are obtained, in good agreement with expected theoretical trends. Such results show that both band gap and
semiconductor/electrolyte band lineups can be engineered through alloying of 1lI-V semiconductors deposited on silicon
substrates. This band lineup engineering strategy is expected to be of great interest to address specific redox reactions in
the electrolyte, provided that suitable protecting or passivating layers can be used to limit surface/interface recombinations.

semiconducting material must combine,8 (i) a direct band gap,
A 1. Introduction not too large, in order to ensure large solar light absorption, (ii)
appropriate energy band positions versus water splitting half-
reactions to reduce electrode overpotentials, and (iii) a cost-
effective fabrication, to reduce the levelized cost of hydrogen
production. Huge research efforts have been devoted to find
new materials or material associations that possess all these
characteristics.>®
Because of their remarkable optical and transport
properties, IlI-V semiconductors have been extensively used in
solar cells, sensors and photonics devices, both at academic and
at industrial levels.>1° Most of these achievements were not
made with binary compounds but with stacks of IlI-V alloys
which allow to tune band gaps and band lineups. This strategy,
often referred to as “band gap engineering”!!l consists in
alloying different binary IllI-V semiconductors to form alloys,
with targeted band gap properties for laser emission or light

The production of hydrogen directly from the solar energy is
considered as one of the promising pathways to store
renewable energy.}? Photo-Electro-Chemical (PEC) cells have
emerged as potential candidates for converting and storing
solar energy into hydrogen, similarly to natural
photosynthesis.3* However, renewable production of H, in PEC
cells remains today costly, due to the low efficiency, and/or the
high fabrication cost of production systems.%5 Semiconductor
(SC) photoelectrodes are at the core of PEC systems. The choice
of the SC is therefore crucial to achieve both high solar-to-
hydrogen (STH) efficiency and low production cost.®7 The ideal
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Fig. 1 (a) X-Ray Diffraction w/26 scans performed in the vicinity of Si (004) for the different GaP1As, /Si samples; (b) Evolution of the integral breadth (IB) of the epilayer

Bragg peak (triangle) and strain relaxation rate (SRR) (star) as a function of x(As); (c) Evolution of the measured lattice constant vs x(As); (d-h) Reciprocal Space Maps
showing the Si substrate and the epilayer (224) Bragg peaks with the black dashed line representing the fully plastically relaxed line and the red dashed line representing

the fully elastically strained line for the different samples (the x(As) content is given in the inset).

routinely allow the elaboration of IlI-V alloys with composition
fluctuations lower than 1% over a 4-inch wafer. IlI-V
semiconductors were considered also in PEC cells, but the vast
majority of the reports focus on binary compounds for which
PEC cells with relatively high photocurrents and photovoltages
were demonstrated.’37 However, band gaps and
semiconductor band edge energies with respect to redox levels
are fully determined by binary IlI-V properties and cannot be
optimized. Only few photoelectrodes using ternary IlI-V alloys
were achieved yet. As an example, a (GalnP/GalnAs)/TiO2/RuOx
multiple-junction photoelectrode has been used to operate
unassisted water splitting with 19% of STH efficiency.18 In these
devices,®19 alloying is mostly used to adjust the band gaps of the
multiple absorbers to the sunlight spectrum and to ensure
current matching between p-n junctions. The optimization of
the SC band edge alignments with water redox levels was not
considered.

A major drawback of IlI-V based PEC cells are their
prohibitively high cost. The main part originates from
substrates, which represents 90% of the final device cost.2°
Recently, photoelectrodes based on IlI-V thin films directly
grown on low cost Si substrates were proposed, leading to a
drastic cost reduction.?-2* Following this strategy, band gap
engineering was proposed theoretically to address the issue of
band alighments between the semiconducting photoelectrodes
and redox levels of the electrolyte, but without a clear
experimental proof of the concept in electrochemistry.2>

In this work, we assess experimentally the opportunities
offered by III-V alloys to tune at will the band lineups between
semiconductor band energies and electrolyte water redox
levels. For this purpose, we study the photoelectrochemical
performance of photoelectrodes, made from GaPiAsx alloys
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epitaxially grown on a cost-effective Si substrate. We show how
both optical and photoelectrochemical properties can be
adjusted through the fine control of the As composition in the
alloys. By varying the composition, the absorption edge is tuned
from 1.39 to 2.41 eV. The nature of the band structure (indirect
or direct) is also modified as deduced from the change of
photon-to-current conversion efficiency. The variation of flat-
band potentials (V@) as a function of the As content is
determined from Mott-Schottky (MS) measurements. From this
analysis, and the subsequent conduction and valence band
positioning versus the RHE, we show that the band lineup
between the photoelectrode and the electrolyte can be
engineered by using alloying. Finally, we discuss the influence
of surface recombination and low hole transfer kinetics on the

performance of these bare photoelectrodes without
passivation or catalyst layers.

B. Experimental section

Materials. 1 um-thick GaPixAsx alloys with targeted

compositions being x = 0 (GaP), 0.2, 0.5, 0.8 and 1 (GaAs) were
grown by Molecular Beam Epitaxy (MBE) on a n-doped Si
substrate (Sil'tronix Silicon Technologies). The GaP1xAsx layers
were non intentionally doped. Commercial n-doped GaAs
(referred as GaAs:n) and GaP (referred as GaP:n) wafers (Wafer
Technology Ltd.) with thicknesses of 350 um were used as the
reference  samples to compare photoelectrochemical
properties. (Details are given in Table S1 in Supplementary
Data)
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Fig. 2 Surface topography obtained from atomic force microscopy (a-e) for the epitaxial GaP;.As, alloys on Si with different x(As) and (f) for the commercial GaP and

GaAs wafers

Photoanode preparation. Prior to the preparation of the
Photoanodes (PAs), all the epitaxial samples composed of GaP;.
xAsx alloys on Si were cleaned in ultrasound cleaner for 10s with
ultrapure water and subsequently purged with a flow of N; gas.
The backside was scratched to make ohmic contact using
Gallium-Indium eutectic (99.99%, Alfa Aesar) and silver paste
(Electron Microscopy Sciences). The electrochemically active
surface area was defined using an epoxy resin (EA 3423, Henkel
from Loctite) covering backside and edges of the PA and was
measured with Imagel software. The detailed description of the
characterization methods and corresponding additional figures
are given in Supplementary Data.

C. Results and discussion

The structural characterization of the epitaxial GaP1xAsyx /Si
alloys was first carried out using X-Ray Diffraction (XRD) in
conventional w/26 mode. Figure 1a shows a superimposed plot
of w/26 scans performed in the vicinity of Si (004) for the
different samples. The w/20 scans exhibit a common thin Bragg
peak at 69.13°, which is related to the Si substrate. The other
well-defined Bragg peaks are related to GaPi.<Asx layers. Their
Integral Breadths (IB) (Figure 1b, triangle markers) are similar,
indicating a comparable crystal quality, independently of the
alloy composition. The positions of the GaP;.xAsx Bragg peaks
depend on alloy compositions and on strain status of the
epilayers. In order to separate both effects and to determine
accurately GaP1.xAsx alloys composition, Reciprocal Space Maps
(RSM) were recorded around (224), (Figure 1 (d-h)), (-224) and
(004) (Figure S1) diffraction peaks. The Strain Relaxation Rates
(SRR) were then inferred for each layer. A SRR = 1 corresponds
to a fully plastically relaxed layer, while a SRR = 0 corresponds
to a fully elastically strained layer. On all GaP1.xAsx/Si samples,
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Fig. 3 (a) IPCE spectra for the 1 um-thick epitaxial GaP,,As, alloys
grown on Si substrate measured under polychromatic light (1 sun) at
1V vs RHE applied potential; (b) Comparison of the IPCE spectra of
the GaAs (1 um)/Si epilayer and bare n-doped GaAs:n wafer (350 um-
thick) measured in the same conditions

a SRR larger than 0.85, is determined from RSM (Figure 1b — star
markers) indicating that the epitaxial layers are close to the
perfect plastic relaxation case. Electronically, the GaPjxAsx
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alloys can thus be considered as bulk layers, without any stress
induced by the substrate. From the SRR values and Bragg peak

positions, arsenic contents of GaPixAsx alloys are then
determined accurately. Arsenic compositions x(As) of
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Fig. 4 Experimental flat-band potential (green diamond) as a function of x(As) for GaP;.
WAs,/Si measured from Mott-Schottky plots. The black diamond dots represent the
position of the valence band inferred from the measured flat-band potential and the
band gap, as measured by ellipsometry. The theoretical positions of I, X and L valleys
in the CB and the I valley in the VB as a function of x(As) are also shown, considering
a linear variation of the VB from x(As)=0 to x(As)=1. 1> 2532 The OER potential of 1.23
V is shown as an orange dashed line the CB and the VB as a function of x(As) are also
shown, considering a linear variation of the VB from x(As)=0 to x(As)=1. The OER
potential of 1.23 V is shown as an orange dashed line.

1.00+0.02, 0.83+0.02, 0.52+0.01, 0.22+0.02 and 0.01+0.01, are
obtained respectively and reported in Figure 1a, showing a good
consistency with targeted x(As) values, illustrating the very fine
control of ll-V alloy compositions that can be achieved by MBE.

The sample surface morphology was analyzed by Atomic
Force Microscopy (AFM) and Scanning Electron Microscopy
(SEM). As shown in Figure 2, All GaP1.«Asy alloys present a similar
morphology, independently of the As content with a root-
mean-square (rms) roughness value in the range of 5-9 nm. By
comparison, the wafers show a much lower roughness (~0.8
nm). The large roughness of epitaxial samples is due to the
specific growth mode of polar materials (GaP1xAsx) on non-
polar substrate (Si),2® which induces defect generation and a
specific morphology.27:28

Incident Photon to Current Efficiencies (IPCE) spectra,
measured for different samples in a three-electrode PEC cell at
the external applied potential of 1 V vs RHE in 0.2 M H,SO04
electrolyte (measured pH = 0.35) (see experimental details in
Supplementary Data) are reported in Figure 3a. A clear red shift
of the IPCE low energy edge front is observed as a function of
the As composition. The higher the As content within the alloy,
the lower the IPCE edge front energy. This trend is strongly
correlated to the band gap evolution of GaPiAsx alloys as
confirmed by the absorption coefficient determination, through
spectroscopic ellipsometry measurements (Figure S4). IPCE
edge fronts at low As contents (x=0 and x=0.22) are less abrupt
than those recorded on As-rich photoelectrodes. Additionally,
As-poor alloys (0, 0.22 and 0.52) exhibit a maximum IPCE
around 30%, whereas As-rich alloys (0.83 and 1) show a

4| J. Name., 2012, 00, 1-3

maximum IPCE up to 60%. In other words, As-rich alloys absorb
more photons and generate more photocurrent. These features
are related to the band gap energy reduction and to the
indirect-to-direct band gap transition with increasing As
content, which is known to occur at x =0.52 in GaP1xAsy alloys.1?
Figure 3b compares the IPCE spectra for a commercial GaAs
wafer (350 um-thick) and 1 um-thick GaAs epitaxial layer grown
on Si substrate. As mentioned in a recent work,2° the
remarkably high IPCE and the additional
contribution observed for the epitaxial 111-V/Si sample indicate

low energy

that despite the large crystal defects density, a fraction of
carriers photogenerated in the Siis transferred to the IlI-V layer,
and participates to the total photocurrent. This is not the case
for alloys with x > 0.22, in good agreement with the picture
given in ref 2°, where the carriers transfer is possible from the Si
to the IlI-V layer, only if the valence band lineup is close to zero.

Mott-Schottky (MS) 1/C>—E measurements performed in the
dark on GaP;4As,/Si photoanodes with a 0.2 M H,S04
electrolyte (measured pH = 0.35) are given in Figure S5. All MS
plots show positive slopes indicating n-type doping. Donor
densities in the range of 1017 and 108 cm-3 are measured, which
are unexpectedly large values for non-intentionally doped IlI-V
layers grown by MBE. Although contamination (e.g. by carbon
atoms) of the Si surface prior to IlI-V overgrowth cannot be
ruled out,3? the large values measured are more likely explained
by the presence of antiphase boundaries in the layers that have
been shown to be electrically active, possibly with a donor-like
behavior.31

Flat-band potentials (V) deduced from the A2/C? intercept
with the potential x-axis are plotted for the different samples in
Figure 4 (green diamonds). The large values of donor
concentrations determined from MS measurements, enable
approximation that the Fermi level coincides with the
conduction band (CB) level. In this case, Vi corresponds to the
CB level versus RHE. By adding the band gap energy determined
from spectroscopic ellipsometry measurements, the valence
band (VB) positions are deduced (black diamonds). The
theoretical positions of the different energy bands of interest
for GaPi14Asx, corresponding to the different valleys of the
Brillouin zone (I, L, X) are superimposed with experimental
values in Figure 4, following the procedure already used in
previous works.12.2532 Note that in the semiconductor research
community, the CB edge energy is usually referred versus
vacuum level (and defined as the electron affinity). In order to
compare energy versus RHE and versus vacuum, we consider
that the chemical potential for electrons under RHE is shifted by
-4.48 eV on the vacuum level.32 From MS measurements
performed on the commercial GaAs wafer, a measured flat-
band potential of -0.57 V vs. RHE leads to an electron affinity
equal to 3.89 eV, in good agreement with the well-documented
4.07 eV value.?3 The small difference between these two values
could be reasonably explained by the presence of surface
dipoles and/or surface states. As expected, a weak evolution of
the CB energy and a large change of the VB energy as a function
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Fig. 5 Chopped-light linear sweep voltammetry curves (scan rate = 50 mV.s™) for

the 1-um thick epitaxial thin-films of GaP1.,As, alloys grown on Si with the different
compositions x(As) in 0.2M H,S0, (pH = 0.35) electrolyte under simulated sunlight
illumination. For each electrode, solid lines show the current recorded under
illumination and in the dark.
of the x(As) are observed on the theoretical curves in Figure 4,
with an indirect (X) to direct (') crossover for x(As)=0.5.34 The
first observation that can be made is the remarkable agreement
between the CB and the VB energy variations predicted
theoretically and the positions of those deduced from the flat-
band potential and ellipsometry measurements. This not only
experimentally validates the band bending model used for years
in photo-electrochemistry to the
semiconductor/electrolyte junction, but also implies that,
thanks to the fine control of 11I-V alloys composition provided by
epitaxial techniques, it is possible to adjust precisely the
position of the VB with respect to the energy levels of the
electrolyte. In addition, the 0,/H,O redox potential was
positioned in Figure 4, and crosses the valence band maximum
for a x(As) composition below 0.2. For an energetically possible
OER, the valence band should straddle the 0,/H,O level.
Therefore, in the present study, OER is not expected to occur
for photoelectrodes with x(As) contents above 0.2.

The current density vs voltage (j-V) measurements were
carried out using a three-electrode PEC cell containing a 0.2 M
H,SO,4 electrolyte (measured pH=0.35), in dark and under
illumination (100 mW cm2, AM 1.5G). Figure 5 shows the j-V
plots recorded for the different GaP1.xAsx/Si photoelectrodes.

describe

06 T T T T T T

0.0} ‘ _

V,o0 (V vs. RHE)
N

-04 L L L ! L L
0.0 0.2 0.4 0.6 0.8 1.0

x (As content)

Fig. 6 Variation of the measured onset potentials (Vonset) @s @ function of the As
content, x(As), for the GaP1.,As,/Si photoanodes.

Firstly, an increase of the maximum photocurrent density
with As composition is observed. Photocurrent densities of
14.62 and 1.34 mA/cm?are measured at 1.23 V for GaAs/Si and
GaP/Si photoelectrodes, respectively. This photocurrent
increase is particularly significant for alloys with an As content
higher than 0.52. This is a direct consequence of the alloy band
gap decreasing and of indirect to direct band gap transition
when the As content increases. These trends are in good
agreement with the IPCE data shown in Figure 3a and
theoretical band structure given in Figure 4. Photoelectrodes
made from commercial GaAs and GaP substrates present
maximum photocurrent densities of 12.22 and 1.27 mA/cm?
respectively (Figure S6 in Supplementary Data). In first
approximation, similar saturated photocurrents are reached for
substrates and epitaxial layers grown on silicon, which confirms
the good optical and transport properties of the epilayers
grown on the cost-effective Si substrate. Interestingly, the dark
current, usually associated with corrosion reactions, remains
negligible for all samples, except for the x(As)=1 one. This tends
to show that the presence of P at the surface modifies
significantly the surface chemistry and possibly mitigates or
hampers dark corrosion.

Next, we focus on the onset voltage, (Vonset), i.€ the potential
where a measurable photocurrent (0.1 mA/cm?2) is detected. A
Significant Vonser increase is observed with increasing As content
(Figure 6). For ideal semiconductor-electrolyte junctions, the
signatures of the band gap reduction and of the valence band
OER crossover should in principle be observed in the evolution
of the onset potential.353¢ For the studied 11I-V/Si PAs, however,
the large overpotentials observed at any composition,
complicate the onset potential analysis and indicate the strong
impact of recombinations on the photocarrier dynamics.37:38
The deposition of catalysis layers and the development of
surface state passivation strategies therefore appear to be
mandatory in order to increase the charge transfer rate to the
electrolyte and suppress overpotentials. In addition,
photocorrosion is also expected to contribute to the physics of
the PAs, with threshold potentials that can differ from one alloy
to the other. A deeper analysis of the performances of these IlI-
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V/Si photoanodes will thus require the development of efficient
protection coatings, which is beyond the scope of this study.

Finally, it is interesting to note that the present work
experimentally validates the general concept of band lineup
engineering for electrochemical systems. The strategy used
here (tuning the semiconductor/electrolyte band alignment
through the precise control of alloys composition) may be
appealing for many different epitaxial materials used in
electrochemistry. Indeed, one can expect that the same
approach can be used with all the conventional or
nanostructured epitaxial 11I-V semiconductors (IlI-N, 1lI-As, IlI-P
and 11I-Sb), but also with epitaxial oxides or 2D materials
commonly used in photo-electrochemistry or in electro-
chemistry.

Conclusions

In conclusion, we have studied the photoelectrochemical
properties of photoanodes composed of GaP1.4Asy alloys grown
on Si substrate with compositions x ranging from 0 to 1. The
analysis of IPCE data and photoelectrochemical performance
reveals that large photocurrents can be achieved with such
photoanodes, comparable to those obtained with photoanodes
made of commercial llI-V wafers. These results confirm that the
epitaxial integration of 1ll-V thin films on Si substrates is of great
interest for the development of high efficiency and cost-
effective photoelectrodes. We then show that alloying in 1ll-V
not only allows to engineer the band gap of photoelectrodes
(through sunlight absorption) but also allows to engineer with a
fine control the relative positions of the energy bands in the
semiconductor and the redox energy levels in the electrolyte.
With adapted protecting or passivating layers, this band lineup
engineering strategy may allow to address resonantly and
selectively specific redox reactions in electrolytes. Thus, it may
be of great interest for the design of
photoelectrochemical devices.
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