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Here, the structural, electronic and optical properties of the GaP;.Sby/Si tandem materials association are
determined in view of its use for solar water splitting applications. The GaPSb crystalline layer is grown on Si by
Molecular Beam Epitaxy with different Sb contents. The bandgap value and bandgap type of GaPSb alloy are
determined on the whole Sb range, by combining experimental absorption measurements with tight binding (TB)
theoretical calculations. The indirect (X-band) to direct (I"-band) cross-over is found to occur at 30% Sb content.
Especially, at a Sb content of 32%, the GaP;.4Sby alloy reaches the desired 1.7eV direct bandgap, enabling
efficient sunlight absorption, that can be ideally combined with the Si 1.1 eV bandgap. Moreover, the band
alignment of GaP;.,Sby alloys and Si with respect to water redox potential levels has been analyzed, which shows
the GaPSb/Si association is an interesting combination both for the hydrogen evolution and oxygen evolution
reactions. These results open new routes for the development of III-V/Si low-cost high-efficiency photo-

electrochemical cells.

1. Introduction

The conversion of solar energy into green hydrogen fuel is one sig-
nificant milestone on the road to a sustainable energy future [1,2].
Especially under the current background of global energy and environ-
mental crisis, the development of the photoelectrochemical (PEC) water
splitting technology, where the sunlight falling on the semiconductor
photoelectrode immersed, turns the liquid water into gaseous storable
hydrogen that can be reused on demand for heat or electricity produc-
tion, has driven much research in the past years [3].

However, numbers of challenges remain for the development of this
technology, in terms of efficiency, profitability and sustainability. These
challenges include many aspects such as the limitation of corrosion or
photo-corrosion processes, the optimization of the design for solar en-
ergy harvesting, or the improvement of charge carriers transport prop-
erties in the semiconductor photoelectrodes. At the heart of the
photoelectrochemical conversion process is the choice of an appropriate

photoelectrode material with both good bandgap and good band
alignment to harvest the largest portion of the solar spectrum and pro-
vide sufficient voltage to accomplish the water splitting reactions [4].
Due to the broadness of the solar spectrum, from infrared to ultra-violet
light, the needs for combining monolithically different materials with
different bandgaps and thus absorbing different wavelengths, is
considered today as the main pathway to reach high solar-to-hydrogen
(STH) conversion efficiency [5,6]. In the tandem association of two
materials, the optimum combination of bandgaps has been widely dis-
cussed for different device configurations [7]. Especially, the combina-
tion of a 1.7 eV top absorber bandgap with a 1.1 eV bottom absorber is
recognized as one of the best tandem material configurations and gives
rise to a theoretical maximum STH efficiency nsry larger than 26% when
neglecting water absorption [7]. Different device demonstrations were
proposed with a III-V/III-V materials design, mostly based on the Ga(In)
As/GalnP association, reaching ngry larger than 15% [8-11]. In these
works, high quality materials are achieved, thanks to the
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lattice-matching of theses alloys on the expensive GaAs substrate [12]. A
way to reduce the cost of tandem materials association is to mono-
lithically integrate a III-V top absorber (1.7 eV bandgap) on the silicon
substrate (because of its approximate 1.1eV band gap, earth abundance,
low cost and prevalence in the electronics and PV industries) [7,13]. In
this case, the overall cost of the electrochemical device depends also on
the chemical and/or thermal preparation of the silicon surface. But by
now there are only very few reports on Si-based tandem systems for
water splitting, mainly due to the difficulty in growing high quality III-V
epilayers on Si. The recent progress in the understanding of III-V/Si
epitaxial processes and devices developments gives new hopes for the
development of high efficiency III-V/Si PEC devices on the low-cost Si
substrate [14,15]. Following this approach, pioneering works were
performed on the development of bipolar configured 1.6eV AlGaAs on
1.1eV Si tandem association. Water splitting at a 18.3% conversion ef-
ficiency was reported [16]. Very recently, a single InGaN absorber
photoanode monolithically integrated on silicon (where the Si (111)
substrate was used as a back contact) was proposed with an applied-bias
photo-to-current efficiency of 4.1% [17]. GaP-based materials were also
proposed as an ideal tandem association with Si for water splitting [18].
The optimum design of GaP/Si tunnel junctions was even considered
[19]. TiO2-, CoOx- or Ni-based passivation strategies were found to be
efficient for photoelectrode stability [20,21]. But this approach still
suffers from the indirect and large bandgap (2.26 eV) nature of GaP.
Therefore, alloying GaP with other group III-V atoms is needed to ach-
ieve a direct bandgap at 1.7 eV. Doscher H. et al. theoretically proposed
GaPN/Si and GaPNAs/Si tandem lattice-matched materials for water
splitting based on the experiments of GaP/Si photoelectrochemistry and
GaPN/Si epitaxial growth [22]. But these N-including lattice-matched
materials face the issue of excitons localization effects, which hamper
easily charge transport in the developed devices. On the other hand,
metamorphic III-V integration on Si is known to generate dislocations
that may propagate in the volume and are detrimental for solar devices.
Recently, the synthesis of GaPSb was proposed to reduce the bandgap of
GaP with a STH efficiency of ~2% at zero bias [23]. The epitaxial
growth of Sb-based III-V compounds on Si substrates is particularly
interesting in this regard, as it allows relaxation of the crystal stress
through a near-perfect misfit dislocation network localized at the
I1I-V/Si interface [14] leading to efficient and stable photonic device
demonstrations [24]. Recent work demonstrated efficient operation of a
GaPSb/Si photoanode for water splitting, but a complete assessment of
the alloy with different compositions for water splitting was not yet
given [25].

In this study, we evaluate the potential of GaPj4Sby/Si tandem
materials association for the development of efficient III-V/Si photo-
electrodes. GaP;.,Sby alloys with different compositions were directly
grown on Si substrate by molecular beam epitaxy (MBE). The bandgaps
and band alignments of the GaP;,Sby alloys were carefully and
comprehensively studied over the whole Sb range, by combining the

(b)

experimental data with tight binding (TB) theoretical calculations. We
finally discuss the promises offered by such alloy for its use in
photoelectrodes.

2. Material and device design for solar water splitting

Three GaP;4Sby/Si samples (named as GaPSb-1, GaPSb-2 and
GaPSb-3, with increasing Sb amounts) were grown by Molecular Beam
Epitaxy (MBE) on HF-chemically prepared n-doped (107cm™~3) Si(001)
substrates, with a 6° miscut toward the [110] direction [26]. The sub-
strates were heated at 800 °C for 10 min to remove hydrogen at the
surface. 1 pm-thick GaP;.,Sby layers were then grown at 500 °C in a
conventional continuous MBE growth mode, and at a growth rate of
0.24 ML/s, with a Beam Equivalent Pressure V/III ratio of 5.

The schematic diagrams of the proposed GaP; xSby/Si tandem device
for water splitting and the light absorption of the GaP; ,Sby/Si tandem
system with around 1.7/1.1eV bandgap combination are shown in
Fig. la and Fig. 1b. The sun light first enters the top cell (1.7eV-bandgap
targeted) GaP;4Sby layer, in which high-energy photons are absorbed
and low-energy photons are transmitted and harvested by the Si sub-
strate or bottom cell, leading to an overall very large light absorption (as
shown in Fig. 1b). Then the photo-induced charges (electrons and holes)
are generated in both layers, and, depending on the doping, one kind of
charges flows toward the illuminated surface (the top surface of GaPSb
layer) to generate Hyp or Oz and the other one flows toward the back
contact which is connected to the Si substrate (as shown in Fig. 1a) and is
further extracted to feed the counter-electrode. In this configuration, the
voltage would reach at the maximum - the sum of the two sub-cells (2.8
eV), enabling the splitting of the water molecules. Such operating
principle is compatible with different concentrating or non-
concentrating planar or tilted geometries [27].

3. Material characterizations and theoretical calculations

The detailed description of the methods for material characteriza-
tions and theoretical calculations are given in the supplemental
materials.

Fig. 2 shows the X-ray diffraction (XRD) patterns for the three sam-
ples. The miscut of around 6° is observed toward the [110] direction for
the three samples based on the positions of Si Bragg peaks, which are in
agreement with the substrate specifications. The /26 scans exhibit
well-defined GaP;.4Sby Bragg peaks for the three samples. Reciprocal
space maps (RSM) carried out on either (004) (the insets of Fig. 2a, b, c)
or (115) (Fig. S1 in supplemental materials) reflections show a full
plastic relaxation of the GaP;,Sby layers for the three samples. GaP;.
xSby lattice parameters were extracted from both reciprocal space maps
and ©/26 scans, leading to very similar values for each sample, con-
firming the full plastic relaxation rates and giving mean lattice param-
eters of 0.5665 nm, 0.5835 nm, 0.6093 nm, for the sample GaPSb-1,

1.1eV Si

Fig. 1. (a) Schematic of the proposed GaP;.4Sby/Si tandem device for PEC water splitting. (b) Sunlight absorption illustration of GaP;Sb,/Si tandem system with

around 1.7/1.1eV bandgap combination for water splitting.



T
10° 104 .
10°%
5
4 Ray
10°E 1023 3
B 2 =
7 | 102 3
< 10% £ < ;
> 1007 P
= (004) 2 2
c 6.4 10" S
2 0k 0.2 04 06 08 1.0 1.2 2
c Sx(nm-") n
| :
1_
10 ©
; (O]
100- L L L

1
60 61 62 63 64 65 66 67 68 69 70
20 (degrees)

' 10
10't(b) 3
: 10°
[ o
3' 1023
7 10F 2 = 7
Q £ 105 <
T = =
_ < S
2 10°% o
£ 10°F 6.4 ‘ s - 3
S g 0.2 04 0.6 0.8 1.0 1.2
= L i Sx(nm-")
I o
10k @
F <
o o
: o
[ ©
10°

60 61 62 63 64 65 66 67 68 69 70
20 (degrees)

104?(C) 7.4 10* 4
Sid
7.2 | 103,\
= a
103__ 'E70 10°2 _
2" £ = s
g ol 6.6 3 100E o |
- 64 Gasbe - (04§
- e} 0.2 0.4 06 0.8 1.0 1.2 10
= 72} Sx(nm™")
; ©
10'E o

0
1060 61 62 63 64 65 66 67 68 69 70
20 (degrees)

Fig. 2. X-Ray Diffraction patterns of three MBE-grown GaP;.Sby/Si samples
with different Sb contents: GaPSb-1 (a), GaPSb-2 (b) and GaPSb-3 (c). The in-
sets show the reciprocal space maps around (004) for the three samples,
correspondingly (Sx and Sz are the projected coordinates in the right handed
Cartesian, with z axis parallel to the surface normal) [28].

GaPSb-2, GaPSb-3, respectively. The Sb contents of 0.33, 0.60, and
>0.99 are then inferred [28]. Sample GaPSb-3 is almost pure GaSb.
These RSM images also exhibit an important Bragg peak broadening due
to a relatively large crystal defect density, in low Sb content samples.
Furthermore, the XRD analysis does not give any evidence of a phase
separation that could occur between GaP and GaSb in the GaP;,Sby
alloys in theses growth conditions.

Fig. 3 shows the scanning electron microscopy (SEM) images of the

three GaPg ¢7Sbg.33/5i, GaPg 40Sbo.60/Si, GaSb/Si samples on plane-view
(Fig. 3 a, ¢, ) and cross-section view (Fig. 3 b, d, ). From these images, it
can be observed that the samples GaP 49Sbg 60/Si and GaSb/Si exhibit
relatively smooth surfaces as compared with the other sample, the
GaPg ¢7Sbg 33/Si. The roughness observed is attributed to both emer-
gence of some crystal defects such as residual dislocations and residual
stress in the sample. The corresponding atomic force microscopy (AFM)
images are given in the supplemental materials and the RMS (root-
mean-square) roughnesses of the surfaces were found to be 22.80 nm for
GaPg 67Sbg 33, 9.32 nm for GaPg 40Sbg o and 7.91 nm for GaSb. It sug-
gests an improvement of the crystal quality with increasing Sb content.
This is also confirmed by a very significant Bragg peak sharpening
observed on reciprocal space maps (Fig. 2). Even though the GaPSb/Si
samples are defective, especially for the GaPgg7Sbg 33/Si, the high
photocurrent and relatively long-lifetime stability with protecting layers
measured with a GaPg 7Sbg 33/Si photoanode for water splitting [25]
indicate that carriers pass through the GaPSb/Si interface efficiently
without the need of a tunnel junction, and the corrosion impact on PEC
performances can be reduced effectively by protections layers [20,21,
25]. Moreover, there is a large room for the improvement of the material
quality, because of the specific dislocation distribution in Sb-based
compounds [14,24]. The influence of localized dislocations at the
I1I-V/Si interface on transport and screening effects will be interesting to
be explored in future work.

Ellipsometry measurements were made for GaPSb bandgap deter-
mination, independently of the Si substrate. Chemical mechanical pol-
ishing (CMP) was performed to obtain smoother surfaces and avoid
distortion on ellipsometry measurements. The SEM plane-view images
of the three CMP-polished samples are shown in Fig. S2 (supplemental
materials), which shows that the surface roughnesses of the three sam-
ples are much lower than the as-grown samples. The surface RMS (root-
mean-square) roughnesses of the three CMP samples extracted from
AFM measurements are 0.33 nm (GaPge7Sbgss), 0.28 nm
(GaPy.40Sbg.60) and 0.56 nm (GaSb), indicating the surfaces of the three
samples become very smooth after CMP processes. Then the optical
constants of the three GaPg g7Sbg.33/Si, GaPg 40Sbg ¢0/Si, and GaSb/Si
samples were measured by variable angle spectroscopic ellipsometry
(VASE) at room temperature in the 0.58-5 eV photon energy region. The
angles of incidence were set to 60° and 70°. A Tauc-Lorentz model with
two oscillators was used to fit the ellipsometry data of the three samples
(Fig. S5 in the supplemental materials). From this model, the refractive
index (n), extinction coefficient (k) and absorption spectrum of the
GaPSb layers of the three samples were extracted independently of the Si
substrate, respectively, as shown in Fig. S6 (supplemental materials) and
Fig. 4 (the red curves). Besides, in order to further integrate and verify
the experimental data, ellipsometry measurement was also performed
on a GaP/Si sample and the corresponding optical constants extracted
based on the Tauc-Lorentz model are shown in Fig. S7 (supplemental
materials). The deduced absorption curves of the GaP and GaSb based on
ellipsometry measurements show good agreements with both the
experimental and theoretical data presented in Refs. [29] (see Fig. S8 in
the supplemental materials).

Based on Tauc plot method, the band gap ranges of the four samples
were obtained: Eg = 2.25 + 0.04 eV for GaP; Eg = 1.70 + 0.06 eV for
GaPg 67Sbg.33; Eg = 1.04 + 0.08 eV for GaPg 40Sbo 60, and Eg = 0.68 +
0.09 eV for GaSb (the details see the supplemental materials), which are
consistent with bandgaps reported for the metamorphic growth of
GaPSb on InP substrate [30]. In this study, we neglect the possible
impact of alloy fluctuations and Sb ordering on the bandgap determi-
nation. Further experiments would be needed to assess quantitatively
the influence of such effects.

The band structures of the unstrained GaP;xSby alloys in the whole
Sb compositional range have then been calculated by tight-binding (TB)
calculation, using an extended basis sp3d5s* tight binding Hamiltonian
[31]. From the tight binding parameters of GaP and GaSb binary com-
pounds [31], a virtual crystal approximation is performed to obtain the
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Fig. 3. Scanning electron microscopy (SEM) images of the GaPg 7Sbg 33, GaP 40Sbo .60, GaSb three samples on plane view (a),(c),(e) and cross-section view(b),(d), (f).

band structures of the different GaP; 4Sby alloys at OK as a function of
the Sb content. Then the energies were shifted to take into account the
influence of the temperature, in order to get room temperature band
structures [32]. The calculated band structures of GaP, GaPg ¢7Sbg 33,
GaP 40Sbo 60, and GaSb semiconductors are given in Fig. S10. The
bandgap evolutions obtained in the I', L and X valleys of the GaP;_xSby
alloy for the whole Sb content range are presented in Fig. 5, from which
we can find both the band gap value and the band gap type (direct or
indirect). For the GaP, GaPg¢7Sbg 33, GaPg.40Sbo.g0, and GaSb semi-
conductors, tight-binding calculations are in good agreement with the
experimental absorption measurements. The theoretical absorption
curves of GaPgg7Sbg 33, GaPg 49Sbg.eo, GaSb semiconductors (corre-
sponding to the three MBE grown samples) determined with
tight-binding calculations are shown as black lines in Fig. 4, which also
shows good consistency with the experimental data. From this analysis,
we deduce that the Sb content at which a 1.7 eV direct bandgap needed
for tandem materials association obtained is 32%. Besides, the bandgap
calculation of GaPSb was also investigated in previous works by density
functional theory (DFT) calculations [33,34]. In these references, the
bandgap values were underestimated (as compared to our TB calcula-
tion results and experimental data), which is a well-known issue with
DFT calculations. Russell et al. performed DFT -+ U calculations [33], but

this method is more adapted to transition metals and nitrides materials.
Chen et al. also calculated the band gaps of different ordering structures
of GaPSb based within the local-density approximation (LDA) with ex-
change correction function (LDA + C) [34], which compared to the
general LDA results shows obvious improvement. The bandgap values
reported in the literature for different ordering structures with different
Sb contents are given in Fig. 5, with blue dots. It can be found that the
bandgaps of the different ordering structures show obvious discrepancy.
The bandgap of CA (layered tetragonal CuAu-I-like structure) with 50%
Sb and FM (famatinite structure) with 75% Sb are close to our calcula-
tion data, and the CH (chalcopyrite structure) with 50% Sb and LZ
(luzonite-like structure) with 25% and 75% Sb are lower than the results
in the present work. Besides, the bandgaps of polycrystalline GaPSb with
3% and 10% Sb based on experimental measurement given in Refs. [23]
were also added in Fig. 5, shown as the black star dots. The bandgap of
polycrystalline GaPg 97Sbg o3 shows good correspondence to the result
obtained in this work, while the bandgap of GaPg goSbg.1¢ is 0.6 eV lower
than the value found in the present study, which may result from the
inhomogeneity of the polycrystalline structure of the material demon-
strated in Ref. [23]. For the DFT calculation methods, DFT with hybrid
functional and GW approximation [35] are more accurate methods for
the bandgap calculation of semiconductors and insulators, but they need
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Fig. 4. Optical absorption spectra of the GaPg 7Sbo.33 (a), GaPg 40Sboo (b),
GaSb (c) semiconductors. The red lines were deduced from ellipsometry mea-
surements and the black lines were obtained based on TB calculations. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

high computational cost, especially for the bandgap calculation of
alloyed semiconductors, such as GaPSb, which requests large structures
to allow for random distribution of Sb and P atoms. Tight binding (TB)
approach therefore appears as a reasonable way to achieve realistic
bandgap calculation for GaPSb, and further study on band lineups.

For efficient photoelectrochemical water splitting, another

Sb%

Fig. 5. Room temperature bandgaps of GaP;Sby alloys with different Sb
contents. The green, red and purple solid lines are theoretical curves computed
by tight-binding calculations, corresponding to I', L and X valleys, respectively.
The separated error bar lines correspond to the bandgaps determined experi-
mentally. The black square dots correspond to the bandgaps of GaP and GaSb
given in Refs. [36,37]. The blue circle dots correspond to the bandgaps of
GaPSb with 25%, 50%, and 75% Sb content based on DFT + C calculation
obtained from Ref. [34], for different ordering structures: FM (famatinite
structure), LZ (luzonite-like structure), CA (layered tetragonal CuAu-I-like
structure), CH (chalcopyrite structure). The black star dots correspond to the
bandgaps of polycrystalline GaPSb with 3% and 10% Sb based on experimental
data obtained from Ref. [23]. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

important aspect is to estimate the band edge location with respect to
the redox potentials of water. The band alignment (no external electric
field applied) of the GaP; 4Sby/Si tandem architecture for water splitting
is presented in Fig. 6 as a function of the Sb content. The VBM (valence
band maximum) energy (Ev) of the GaP; 4Sby alloy over the whole Sb
content range was obtained based on the absolute bandlineup between
VBM energy of GaP and GaSb [38], which follows the linear formula Ev
(GaP;.4xSby) = xEv(GaSb)+ (1-x)Ev(GaP) [39]. In a first approximation,
the evolution of the surface acidity with Sb content was neglected. The
CBM (conduction band minimum) energy of the GaP;4Sbx alloy was
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Fig. 6. Band alignment of I, L and X valleys of GaP;.,Sby and indirect bandgap
of Si with respect to water oxidation and reduction potentials. The relative
position of redox potentials of water are shown as green bars at pH = 0. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)



obtained by using the results from TB calculations presented in Fig. 5.
For this alloy, the minimum of the conduction band is located in the
X-valley between 0% and 11%. It then moves to the L valley for Sb
contents between 11% and 30%. It finally reaches a direct bandgap
configuration (minimum of the CB in the I valley) beyond 30% of Sb
incorporation. While the precise value predicted by the calculations for
the X to L valleys crossover seems hard to confirm experimentally in this
work, calculations clearly demonstrate that in any cases, an indirect to
direct cross-over is expected for this alloy at around 30% Sb, contrary to
previously calculated band structures using density functional theory
[23]. The VBM energy of bulk GaP is very close to the oxidation po-
tential of water, which has been verified by many reports [38,40-42].
While, in the different papers, the energy differences (between the water
redox levels and GaP VBM energy) have a little difference. So, here we
show the redox levels of water based on the VBM position of GaP [38]
and the energy differences [38,40-42] with error bars to analyze po-
tential water splitting reactions more accurately and comprehensively
(Fig. 6).

From Figs. 5 and 6, it can be observed first that, in order to benefit
from a direct GaPSb bandgap larger than the one of the silicon (to absorb
higher energy solar radiations), the Sb content should lie between 30%
(indirect to direct cross-over) and 54% (bandgap equal to the Si one). In
this Sb content range, it is also noticed that the band lineup is of type I,
promoting the charge carrier extraction in the silicon under zero bias
conditions. Now looking at the band lineups between GaPSb and the
water redox potentials in the 30%-54% Sb content range, it is seen that
GaPSb has a strong reduction ability due to its relatively higher CBM and
it is around 0.9 eV higher than H+/Hj; potential at 32% Sb content. On
the other hand, the VBM is higher than the O2/H20 potential in the
30%-54% Sb content range, and due to the linear increase of VBM with
the Sb content, the GaPSb with low Sb content (around 30%) is thus
more suitable for oxygen evolution reactions (about 0.43 and 0.46 eV
higher than O,/H30 potential at 30% and 32% Sb content). Overall,
addition of Sb in GaP will therefore ease photocathode operation,
although large currents densities were obtained with a GaPSb/Si pho-
toanode, due to a strong direct bandgap absorption in this alloy [25].
The band lineups calculated in this work thus give a basis for further
devices analysis, where the precise determination of Nernstian shifts and
band bending will be needed, but it is beyond the scope of this article.

4. Conclusions

In summary, the structural, electronic and optical properties of the
III-V/Si-based tandem materials association GaPj4Sby/Si for photo-
electrochemical water splitting were studied comprehensively for the
whole range of Sb composition, and its potential for photo-
electrochemical cell evaluated. The GaP;,Sby alloys were directly
grown on the Si substrate with different Sb contents. The bandgap values
and bandgap types of GaPSb alloys were determined on the whole Sb
range, by combining the experimental data with tight binding (TB)
theoretical calculations. The indirect (X-band) to direct (I'-band) cross-
over was found to occur at 30% Sb content. Especially, at a Sb content
of 32%, the GaP;4Sby alloy reached the ideal 1.7eV direct bandgap,
complementary to the Si 1.1eV one. Furthermore, the analysis of the
band alignment of GaP; 4Sby alloys and Si with respect to water poten-
tial levels shows that the GaPSb/Si association is an interesting combi-
nation both for the hydrogen evolution and oxygen evolution reactions,
suggesting the GaP;.Sby/Si tandem material holds great promise for
high-efficiency solar water splitting on the low cost silicon substrate.
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