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ABSTRACT: The development of high-efficiency photoelectrodes at low manufacturing 

cost is of great interest for the production of renewable and green hydrogen through solar-driven 

water splitting. In this work, we use structural, optical, and photoelectrochemical 

characterizations to study the performance of unprotected epitaxial GaAs/Si photoelectrodes 

during photocorrosion. More specifically, we demonstrate that photoanodes including 1-µm 

thick GaAs epitaxially grown thin film on a low-cost Si substrate can produce a higher 

photocurrent than those measured for expensive commercial GaAs wafers. Based on 

photoelectrochemical experiments under monochromatic excitation, we show that the improved 

photocurrent has to be related to the dual-bandgap operation of the GaAs/Si photoelectrode, 

benefiting from both GaAs and Si photo-generated carriers. This result opens new possibilities to 

further design efficient and low-cost dual-bandgap photoelectrodes. 

KEYWORDS: GaAs/Si photoelectrode, dual bandgap, photoelectrochemical cell, light 

absorption, III-V semiconductors on silicon 
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1. Introduction 

The need for green, clean energy to face the global demand while avoiding CO2 emissions 

placed the quest for sustainable energy production and storage as one of the most challenging 

topic in research. [1–3] Hydrogen can be employed as an efficient energy vector due to its large 

storage capacity (142 MJ/kg) with zero CO2 emissions. [4] Presently, several processes are 

known for hydrogen production such as steam reforming, electrolysis and biomass 

conversion.[4] Nevertheless, the production of hydrogen from renewable sources at more 

affordable costs remains challenging. Solar water splitting via photoelectrochemical (PEC) cells 

is considered as one of the promising routes for hydrogen generation, in which semiconductor 

photoelectrodes are used to perform the cathodic hydrogen evolution reaction (HER) and the 

anodic oxygen evolution reaction (OER) from the two most abundant resources: sun and water. 

[5,6] The semiconductor materials to be used as photoelectrodes, their intrinsic physico-chemical 

properties and their fabrication processes are crucial for the device to have both, the highest 

efficiency and also the lowest hydrogen production cost [7,8] Thus, the ideal photoelectrode 

material should combine simultaneously (i) a large light absorption with solar energy harvesting 

capabilities over the largest spectral range as possible, (ii) a bandgap and band lineups 

appropriate to drive the water splitting half-reactions at lower overpotential, (iii) a longer lifetime 

of operation and (iv) low fabrication costs, for instance through the choice of Earth-abundant 

materials. III-V semiconductors show a great potential for solar water splitting due to remarkable 

intrinsic physical properties leading to large light absorption and enhanced mobility for charge 

carriers and efficient charge transfers to the electrolyte, thus leading to high photocurrent 

densities and large solar-to-hydrogen (STH) efficiencies. [7,9] As a result, relatively high-

efficiency photoelectrodes were achieved with III-V semiconductors, as compared to oxide 
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semiconductors or traditional silicon. [7,10] In addition, alloying of III-V materials (through the 

fine control of the alloys composition) enables tailoring of the bandgap energy and band lineups 

between the photoelectrode and the electrolyte. The nature of the bandgap (indirect or direct) can 

be adjusted as well through alloying, to enhance solar energy harvesting capabilities. [11] 

Despite the excellent optical properties of III-V semiconductors, their poor stability (against 

corrosion) in aqueous electrolytes was pointed out in the pioneering work of Khalesev and 

Turner, showing nevertheless promising photocurrent densities of 10.1 mA/cm
2
 with a 

Pt/GaInP2/GaAs photoelectrode under 1-sun illumination. [12] This issue was recently fixed by 

Hu et al. who have investigated thin-film materials, especially metal-oxide layers as a protection 

for III-V photoelectrodes.[13] They successfully demonstrated an n/p
+
 GaAs-based photoanode 

operating at a photocurrent density of 14.3 mA/cm
2
 with a stable operation for more than 25h 

thanks to a TiO2 passivation layer and an optically transparent Ni OER co-catalyst.[14] This 

proposed passivation method was further confirmed for a GaP1-xSbx photoanode, indicating that 

this approach can be transposed to a large variety of other III-V materials.[15] To increase the 

junction voltage of III-V photoelectrodes, III-V multijunctions architectures composed of series-

associated p-n junctions can be fabricated using complex processes, with multiple doping steps 

and necessary tunnel junctions. The development of these III-V technologies occurs at the 

expense of high substrate and fabrication costs and sustainability issues with the use of toxic 

materials or critical resources for their production. [16] 

Most research works dealing with III-V photoelectrodes were carried out using commercial 

binary III-V substrates, [7,10] that are approximately ten times more expensive than silicon 

substrates. [8] This fact motivated the development of III-V thin films or nanostructures 

photoelectrodes on Si.[17–19] More recently, planar III-V nitrides photoelectrodes on silicon 
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substrate were employed by Nötzel et al., who reported a photocurrent density of 13.6 mA/cm
2 

at 

1.23 V vs RHE, which was further improved by using surface quantum dots activated 

structures.[20] Simultaneously, the first planar Zinc-Blende III-V photoelectrode grown on a 

silicon substrate was demonstrated with GaPSb alloy, producing a photocurrent density of 10 

mA/cm
2 

at 1.23 V vs RHE, and with subsequent protection against corrosion. [15] This work was 

further extended to other unprotected III-V/Si materials systems, i.e., GaP and GaAsP alloy 

grown on Si with the measured photocurrent densities equal to 1.0 and 11.3 mA/cm
2
, 

respectively. [21] But still, in these various demonstrations, the Si substrate was considered as a 

starting template for further photo-active III-V material regrowth,  the performance of which is 

usually governed by the crystal defects density generated during III-V/Si heteroepitaxy.[22] 

Despite the advantages of using the III-V/Si association as a dual-bandgap architecture discussed 

in reference [19], the spectral contribution of the Si substrate itself to the photoresponse of a 

planar III-V/Si photoelectrode has never been reported so far. Note that in this study, the “dual-

bandgap” simply refers to the association of two different materials with two different bandgaps, 

and “dual bandgap operation” means that the carriers photo-generated in both layers can 

contribute to the electrochemical reaction, without the needs of any p-n junction in the 

semiconductor. It is thus fundamentally different from the conventional multi-junction tandem 

architecture. 

In this work, we study the self-oxidation operation of a GaAs/Si:n photoelectrode. Based 

on structural, optical, photoelectrochemical characterizations, and comparison with a bare GaAs 

photoelectrode, we specifically analyze the corrosion-induced photocurrent performance of the 

III-V photoelectrode grown on the low-cost Si substrate. Photoelectrochemical characterization 

under monochromatic excitation is used to confirm that the large corrosion photocurrent 
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measured with a GaAs/Si photoanode originates from the dual-bandgap operation of the 

electrode. Comparison of these photocurrents allows to assess photoanodic performance that 

could ultimately be reached in a water splitting system with adequate protection and catalyst 

layers. The interest of using such a simple dual-bandgap architecture as a single photoelectrode 

is finally discussed. 

2. Experimental section 

Samples of study. A non-intentionally doped (nid) GaAs thin film (1-μm thick) in a bi-domain 

configuration was grown by Molecular Beam Epitaxy (MBE) on an n-doped silicon (Si:n) 

substrate (350 μm) (see details in the Supplementary Data). In addition, a homoepitaxial nid 

GaAs (1 μm) was grown on an n-doped GaAs (350 μm) for comparison of photoelectrochemical 

properties. A commercial n-doped GaAs wafer (350 μm), was used as a reference material to 

compare the structural and optical properties as well as photoelectrochemical performances. 

Photoelectrode preparation. Photoanodes (PA) from the epitaxial GaAs/Si, GaAs/GaAs 

samples and the GaAs wafer were prepared by cleaning the sample in the ultrasound cleaner for 

10s and subsequently dried with N2 gas. The backside was slightly scratched and Ohmic contact 

was made 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 the backside and the edges of the PA. The 

characterization methods and corresponding additional figures are described in details in the 

Supporting Information. 

3. Results and discussion 

3.1 Structural characterization 
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The structural characterizations of the epitaxially grown GaAs (1 μm)/Si:n and the 

reference GaAs:n wafer (350 μm) were first carried out using X-Ray Diffraction (XRD) in the 

conventional ω/2θ mode. Figure 1 (a) shows XRD ω/2θ scans performed in the vicinity of the Si 

(004). A thin Bragg peak is first observed at 69.13° for the GaAs/Si sample, corresponding to the 

Si substrate. A well-defined Bragg peak is also observed at a 2θ angle (66.02°) for the epitaxial 

GaAs/Si, very close to the position of the commercial GaAs wafer peak (66.06°), both giving a 

mean lattice constant of 0.565 ± 0.002 nm corresponding to the lattice constant of the bulk GaAs. 

[23] 

 

Figure 1. Structural characterizations of the epitaxial GaAs(1 μm)/Si:n sample and the GaAs:n (350 μm) wafer. (a) 

XRD ω/2θ scan performed in the vicinity of the Si(004) Bragg peak for GaAs/Si (red) and GaAs (blue); (b) Atomic 

force microscopy image of GaAs/Si surface morphology with a rms roughness of 9.2 nm; (c-d) Scanning electron 

microscopy tilted top and side view images of GaAs/Si. 

However, in these profiles, the 350 μm GaAs wafer Bragg peak appears narrow with an 

integral breadth (IB) of 0.018°, comparable to the Si one and resolution-limited. In contrast, the 

Bragg peak associated to the 1 μm GaAs layer in the GaAs/Si sample (IB of 0.294°) is much 
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broader than what is expected for a good quality layer with the same thickness (expected IB of 

0.043°). From the peak position and reciprocal space mapping (Figure S1, Supplementary Data) 

it is clear that (i) the GaAs grown on the Si substrate is fully relaxed (and consequently its 

intrinsic physical properties can be compared directly to the bare GaAs wafer) and that (ii) 

GaAs/Si has a large density of crystal defects (induced by the relaxation process or the polar-on-

non-polar epitaxy), namely micro-twins, misfit dislocations and antiphase boundaries. [22] These 

crystal defects are expected in bi-domain and mismatched III-V/Si samples when no strategies 

are used to bury or annihilate them. [24,25] To further investigate sample morphology, tapping 

mode atomic force microscopy (AFM) and scanning electron microscopy (SEM) were 

performed. The 10 x 10 μm² AFM image of the GaAs/Si sample is given in Figure 1 (b). An 

AFM image at the same scale for the GaAs wafer is reported in Figure S2 for comparison. 

Epitaxial GaAs/Si sample surface reveals a root-mean-square (rms) roughness of 9.2 nm, higher 

than the one measured for the GaAs wafer (0.7 nm). This indicates the presence of numerous 

crystal defects in the GaAs epilayer grown on Si. [24] Figure 1 (c-d) show the tilted-top and side 

view SEM images for the epitaxial GaAs/Si sample. SEM image at the same scale is given for 

the GaAs wafer in Figure S3 for comparison. The Si substrate and the 1-μm thick GaAs epilayer 

can be easily distinguished from the two different contrasts observed in Figure 1 (d). Roughness 

of the epitaxial GaAs/Si sample surface is thus confirmed over a scale larger than the AFM one.  

3.2 Photoelectrochemical characterization 

Note that the presence of numerous crystal defects and roughness were considered for 

years as device killers in the field of III-V/Si photonics or photovoltaics. [26,27] Especially, 

these defects are usually considered as non-radiative recombination centers, hampering efficient 

transport in photoelectric devices. Thus, relatively lower photoelectrochemical (PEC) 
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performance (in terms of photocurrent density and quantum efficiency) would be expected for 

the epitaxial GaAs/Si sample, as compared to the almost defect-free commercial GaAs wafer. In 

order to examine PEC properties, photoanodes (PA) of the epitaxial GaAs/Si, GaAs/GaAs and 

GaAs wafer were prepared (details in 2. Experimental section). The PEC measurements were 

carried out using a three-electrode setup in 0.2 M H2SO4 electrolyte (measured pH=0.35). The 

net photocurrent density (jnet) was determined from the difference between photocurrent density 

of the electrode under 1-sun illumination (AM 1.5G, 100 mW cm
-2

) and under dark conditions 

(jnet = jlight - jdark, see Figure S4) for the GaAs/Si PA, GaAs/GaAs PA as well as GaAs PA, and 

represented as a function of the applied potential vs the reversible hydrogen electrode potential 

(RHE) in Figure 2 (a). Note that the results presented below will be discussed in terms of 

measured photocurrent at 1.23V vs. RHE, a standard condition usually considered for water 

splitting applications, although the photocurrent measured in this study originates from 

photocorrosion. Surprisingly, a slightly (but significantly) higher photocurrent at 1.23 V is 

obtained for the GaAs/Si PA (jnet = 13.74 mA/cm
2
) than for the GaAs PA (jnet = 12.22 mA/cm

2
). 

A similarly shaped j-V curve was obtained for the epitaxial GaAs/GaAs photoanode (PA) when 

compared to the epitaxial GaAs/Si:n PA. Importantly, the observed jnet at 1.23 V vs. RHE for the 

GaAs/GaAs PA (7.94 mA/cm
2
) is significantly smaller than the GaAs/Si:n PA, which can be 

related to the amount of charge carriers photogenerated and successfully transported to the 

electrolyte. 
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Figure 2. a) Net photocurrent density vs voltage (jnet - V) and b) open-circuit potential (OCP) measurements for the 

photoanodes of GaAs:n wafer (350 μm), epitaxial GaAs(1 μm)/ Si:n and epitaxial GaAs(1 μm)/ GaAs:n in 0.2 M 

H2SO4 electrolyte (measured pH=0.35) under simulated AM 1.5G illumination 

This result indicates that the sample with the largest density of defects also generates the highest 

photocurrent which seems, at first, contradictory with previous reports using III-V/Si for 

photonics or photovoltaics. One can expect that, GaAs/Si will lead to a depletion width that 

extends much further into the bulk because of its targeted nid low-doping level. Therefore, the 

electric field in the GaAs/Si would lead to enhanced carrier collection and thus higher 

photocurrent obscuring other loss channels. However, the recombination occurs not only in the 

bulk, but also in the depletion layer at the surface states and interfacial defects. [28] 

Nevertheless, in the absence of recombinations in the depletion layer, only the minority carriers 

generated within the distance of diffusion length (Lp) can be separated efficiently and transferred 

through the interface for redox reaction. [29,30] Lp is in the range of 0.1 – 0.9 μm for GaAs (<1 

μm, thickness of the epilayer), therefore, carriers collection should be limited firstly by the 

diffusion length and secondly by the width of depletion layer. The Mott Schottky analysis for 

GaAs/Si was performed (Figure S6 (a), in supplementary file) and the apparent doping density 

for GaAs/Si is found to be 7.25x10
17

 cm
-3

. The observed high-doping density likely results from 
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the presence of antiphase boundaries in the material, which are electrically active and act as 

donor defects. [21] The width of the depletion layer as a function of the doping density is 

calculated using the data extracted from Mott Schottky analysis and plotted in Figure S6 (b). It 

appears to be that, the width of the depletion layer does not extend into the bulk in GaAs/Si and 

is below than the thickness of the epilayer. The high photocurrent of GaAs/Si suggests that (i) 

carriers transport in photoelectrodes is not affected by the crystal defects in the same way as in 

photonic or photovoltaic devices, [21] and (ii) there are additional contributions to the 

photocurrent, beyond the GaAs one, yielding higher photocurrent, which will be discussed in the 

following. 

Additionally, onset potentials (Vonset) of 0.38 V, 0.48 V and -0.08 V are extracted for 

GaAs/Si, GaAs/GaAs and GaAs, respectively, showing that the onset potential is significantly 

larger for both, GaAs/Si PA and GaAs/GaAs PA when benchmarked to GaAs wafer PA. The 

delay in Vonset can be attributed to the influence of interfaces. In the case of the GaAs/GaAs PA, 

impurities can remain at the interface between the epilayer and the substrate giving rise to 

interfacial states. The onset potential and the slope are convoluted with kinetics of the 

electrochemical reaction. As no catalyst was used in this study, the slopes of j-V curves are 

compared relatively and estimated to be 0.028, 0.016 and 0.049 Siemens/cm
2
 for GaAs/Si, 

GaAs/GaAs and GaAs PA, respectively. Note that, GaAs/Si (GaAs/GaAs) is an epitaxial stack of 

nid GaAs and n-type Si substrate (n-type GaAs substrate), and thus does not involve multiple p-n 

junctions. Therefore, an increase in photovoltage (Vph) or decrease in onset potential (Vonset) is 

not expected for the epitaxial samples.  

Open circuit potential (OCP) measurements were carried out in the same three-electrode 

cell at the equilibrium to investigate the influence of the light on the studied samples, as shown 
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in Figure 2 (b). Photopotential (Vph) was then inferred from the difference between OCP 

measured in light and dark (Vph = OCPlight – OCPdark). A lower Vph is obtained for the epitaxial 

GaAs/Si (0.22 ± 0.05 V), GaAs/GaAs (0.18 ± 0.02 V) than for the GaAs (0.45 ± 0.03 V), 

confirming that the GaAs/Si PA requires a higher applied external voltage to enable 

photoelectrochemical charge transfer. This is consistent with the larger Vonset measured for the 

epitaxial GaAs/Si PA, and is related to the presence of additional interfaces in the case of 

GaAs/Si (Si/GaAs/electrolyte) and GaAs/GaAs (GaAs/GaAs/electrolyte) that may lead to 

potential drop at the hetero-interface. 

It is worth mentioning that, without any protective layer, epitaxial GaAs/Si, GaAs/ GaAs and 

GaAs wafer PA are not expected to drive Oxygen Evolution Reaction (OER). Measured 

photocurrents originate from III-V photocorrosion which is already highlighted in references 

[15,31–33] Nevertheless, this does not change the main conclusions of the present work, as 

photocorrosion is a redox reaction taking place as a result of photo-induced charge generation 

and transportation. For this reason, the large photocurrent detected with the GaAs/Si PA is 

intriguing and potentially of great interest for water splitting applications, and a deeper analysis 

of the light absorption and photogeneration of the charge carriers in the studied PA is proposed 

in the following.  

3.3 Optical characterization 

Spectroscopic ellipsometry measurements were used to characterize the optical constants 

of the GaAs epilayer and in particular its light absorption deduced from the imaginary part of the 

optical index. The optical constants were measured at room temperature in the photon energy 

range of 0.6 – 4.2 eV and subsequently fitted with Tauc-Lorentz model to calculate the 
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absorption coefficient (α). The extracted absorption spectra, given in Figure S8, indicate that 

light absorption lies within the same order of magnitude for both GaAs/Si and GaAs wafer, and 

therefore that crystal defects do not affect significantly carrier photogeneration in GaAs. From 

absorption coefficient measurements, and neglecting electron-hole recombination and charge 

carriers diffusion length, it becomes possible to evaluate the maximum theoretical photocurrent 

density (jtheoretical) generated in the two PA. For comparison, this calculation is first performed by 

considering only the epitaxial GaAs thin layer (1 μm) and the commercial GaAs wafer (350 μm) 

as photoactive layers. In this regard, the fraction of the photon flux absorbed by each GaAs layer 

in both samples (Φsample(λ)) is calculated from its thickness (dsample), its absorption coefficient 

(αsample(λ)), and the spectral photon flux of the simulated solar AM 1.5G (Φ0(λ)) using the 

equation below [3]: 

                                               

Figure 3 (a) superimposes the solar spectral photon flux Φ0(λ) and absorbed photon flux Φ(λ) for 

a 1µm-thick GaAs layer (green solid line) and the 350 µm-thick commercial GaAs wafer (blue 

solid line).  
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Figure 3. a) Fraction of the photons absorbed by GaAs from the spectral photon flux of the AM 1.5G solar spectrum 

(black) for the 350-μm thick GaAs wafer (blue), 1-μm thick GaAs layer (green) and 1-μm thick GaAs epitaxial layer 

grown on 350-μm thick Si substrate (red); b) jtheoretical (mA/cm
2
) calculated neglecting e

-
/h

+
 recombination; c) 

Incident photon-to-current efficiency (IPCE) measured in the energy range of (1.21 - 4.13) eV at 0.8 V vs RHE . 

Right axis presents the integrated photocurrents jintegrated (short-dashed lines) extracted from IPCE data. 

Assuming that each photon absorbed generates one electron/hole pair, the total number of the 

absorbed photons multiplied by the electric charge (q) gives the maximum current density that 

can be produced. Figure 3 (b) shows the deduced maximum integrated current density jtheoretical 

for the epitaxial 1-μm GaAs layer as the green solid line (commercial 350 µm GaAs wafer as the 

blue solid line) with a photocurrent density at saturation equal to 25.5 mA/cm
2
 (35.2 mA/cm

2
), in 

close agreement with that calculated in references [3,10]. The difference in photocurrent 

densities between the two configurations is thus mostly related to the difference of GaAs 
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thicknesses considered (1 µm vs 350 µm), the impact of which is enhanced when the absorption 

is lower (at energies near the GaAs bandgap) 

3.4 Quantum efficiency  

Then, the incident photon-to-current conversion efficiency (IPCE) was measured for the 

epitaxial GaAs/Si and GaAs PA using a tunable wavelength light-emitting diode (LED) 

illumination source with the external applied potential at 0.8 V vs RHE. Figure 3 (c) shows the 

IPCE curve and the integrated photocurrent density (jintegrated) plot extracted from IPCE data for 

the GaAs/Si and GaAs where a maximum of IPCE around 60% was observed for both PA. The 

jintegrated at saturation was estimated to be 11 mA/cm
2
 and 12 mA/cm

2
 for GaAs/Si and GaAs, 

respectively, showing a good consistency of the measurements with the j - V voltammetric 

curves. As expected, the GaAs PA has a zero IPCE (no photoresponse) in the photon energy 

below 1.42 eV which corresponds to the bandgap of GaAs. [23] Whereas, this is not the case for 

the GaAs/Si that has a non-zero IPCE value below 1.42 eV. This sub-bandgap photoresponse 

could be mainly due to the Si substrate contribution to the photocurrent. A more quantitative 

picture can be given through additional measurements of the photocurrent under specific 

wavelength monochromatic excitation. 

3.5 Photocurrent density with a tunable monochromatic light source 

The photocurrent density at 0.8 V vs RHE was measured with monochromatic light source 

(LED) at three different excitation energies (Eexc). The spectral information of each source is 

reported in Table S1 in the Supplementary Data. The first Eexc (1.89 eV) was set to a photon 

energy significantly larger than the bandgap of GaAs. The second Eexc (1.36 eV) was set to a 

photon energy just below the bandgap of GaAs and the third one (1.23 eV) was chosen to lie 
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significantly below the bandgap of GaAs. All the Eexc are however larger than the Si bandgap 

(1.12 eV). Figure 4 (a) displays the photocurrent density measured alternatively at different Eexc 

and in dark conditions for the reference GaAs PA, showing a photocurrent density of 0.56 

mA/cm
2
 measured at Eexc = 1.89 eV. For the Eexc smaller than the band gap of GaAs (1.42 eV), it 

can be observed that the reference GaAs PA is not responding as the photocurrent is close to 

zero. In contrast to the reference GaAs, the epitaxial GaAs/Si PA results in a smaller but 

significant net photocurrent density equal to 0.12 mA/cm
2
 and 0.07 mA/cm

2
 even at smaller Eexc 

energies (1.36 and 1.23 eV) than the bandgap of GaAs (Figure 4(b)).  

 

Figure 4. Photocurrent density measured under Eexc of 1.89 eV (purple solid line), 1.36 eV (green dashed line) and 

1.23 eV (brown dotted line) for (a) GaAs:n PA and (b) GaAs/Si:n PA at 0.8 V vs RHE. The average spectral width 

and power of the LED light source are detailed in Table S1. 

These experiments show unambiguously that the Si substrate is photoactive in the GaAs/Si 

PA. To further clarify the PEC performance of GaAs/Si, a photoactive 350 µm-thick Si layer was 
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added to the model for the determination of the absorbed photon flux and the maximum possible 

photocurrent density jtheoretical generated. Results are shown by red curves in Figure 3(a-b). From 

these calculations, one can easily observe that the addition of Si as a photoactive material allows 

the absorption of the solar photon flux at lower energy (Figure 3 (a)), resulting in photocurrent 

starting at lower energy, and reaching a higher saturation value of 41.1 mA/cm
2 

(Figure 3(b)). 

This therefore explains why the photocurrent reached with GaAs/Si PA is higher than the 

one measured with the reference GaAs PA, and gives the hope to reach even improved 

performances for single photoelectrodes with such dual bandgap configuration and, without any 

complex p-n architecture. These results also highlight that carriers photogenerated in the Si 

material are surprisingly able to cross the GaAs/Si interface, and the whole GaAs layer despite 

the hetero-interface band offsets and the GaAs crystal defects. Interestingly, the photocurrent 

density of bare n-type Si substrate PA without GaAs epitaxial layer is in the range of 0.1 

mA/cm
2
, which is attributed to the presence of insulating SiOx native oxide. Following the 

dipping of the bare n-type Si photoanode into HF (10%) for 2 min to remove SiOx from the 

surface, the photocurrent density is increased twice reaching ~0.2 mA/cm
2
 (Figure S5). This 

value is in the same order of magnitude as the one measured under monochromatic conditions 

with the GaAs/Si PA, which additionally strengthens the previous observation. Here, it is 

interesting to note that the photoactivity of Si is not systematically observed for other III-V 

materials grown on Si substrates when such a dual bandgap architecture is considered for photo-

electrochemistry. Similar analysis was performed on GaP/Si and GaP PA (Figure S9). Again, 

these PA are not designed with any p-n junctions, neither with doping engineering nor with 

controlled intermixing at the hetero-interface. In this case, the IPCE for both epitaxial GaP/Si 

and GaP PA increases massively above 2.7 eV (direct bandgap of GaP) and shows a close to zero 
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value below that energy indicating that Si substrate does not contribute to the PEC activity of the 

GaP/Si PA. We attribute this difference between the two materials systems to the relative 

positioning of the III-V semiconductor bands and their band lineup with the bands of Si, which 

are different (Figure S10). Indeed, as the valence band (VB) of Si is well aligned with the VB of 

GaAs [34], the minority charge carriers, i.e., the photogenerated holes, can be easily transferred 

from Si to GaAs. Therefore, the amount of the effective charges used in oxidation process 

increases which consequently results in an enhancement of the photocurrent. In the case of 

GaP/Si, the VB maximum of Si is significantly higher than that of GaP, thus it will impose an 

energy barrier for the transfer of the photogenerated holes from Si to GaP. Consequently, the 

development of efficient dual-bandgap III-V/Si single photoelectrodes is conditioned by the 

choice of an appropriate III-V semiconductor, which band lineups with Si are favorable to 

promote photoelectrochemical charge transfer.  

4. Conclusions 

In conclusion, we have demonstrated the dual-bandgap operation of a photoelectrode 

composed of a thin 1 µm-thick GaAs epilayer grown on the low-cost Si substrate. We especially 

show that despite crystal defects and additional band offsets, the GaAs/Si dual-bandgap 

photoanode allows reaching higher light-limited net corrosion-induced photocurrents than those 

obtained with photoelectrodes fabricated from commercial defect-free bare 350 µm-thick GaAs 

substrates. The participation of carriers photogenerated in the Si substrate is found to be the 

origin of enhanced photocurrent. This demonstration, obtained with a simple material design, 

opens prospects for the development of high-efficiency dual-bandgap III-V/Si photoelectrodes 

with adapted protective and catalytic layers, for solar hydrogen production. 
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Appendix A. Supplementary data 

The Supplementary data contains additional figures and tables and detailed description of 

the materials and sample preparation methods: silicon substrate preparation; epitaxial growth of 

GaAs; characterization techniques: X-Ray Diffraction (XRD); Atomic Force Microscopy 

(AFM); Scanning Electron Microscopy (SEM); Photoelectrochemical (PEC) measurements; 

Open Circuit Potential (OCP); Spectroscopic ellipsometry; Spectral photon flux and jtheoretical; 

Incident photon-to-current conversion efficiency (IPCE); Measurement of the photocurrent 

density with a tunable monochromatic light source. 
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TOC caption: A dual bandgap photoelectrode operation is demonstrated with GaAs thin films 

grown on Si. The III-V/Si photoelectrode is able to generate a larger photocurrent than a 
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conventional photoelectrode made of a commercial GaAs substrate, due to the fact that de Si is 

photoactive. 


