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ABSTRACT

InyGa;«N is a promising material for flexible and efficient water-splitting photoelectrodes since the bandgap is tunable by modifying the
indium content. We investigate the potential of an In,Ga;_,N/Si tandem used as a water-splitting photoelectrode. We predict a maximum
theoretical photogeneration efficiency of 27% for In,Ga;_N/Si tandem photoelectrodes by computing electromagnetic wave propagation and
absorption. This maximum is obtained for an indium content between 50% and 60% (i.e., a bandgap between 1.4 eV and 1.2 eV, respectively)
and a film thickness between 280 nm and 560 nm. We then experimentally assess InyGa;_xN photoanodes with the indium content varying
between 9.5% and 41.4%. A Mott-Schottky analysis indicates doping concentrations (which effectively represent defect density, given there
was no intentional doping) above 8.1 x 10% ¢cm™ (with a maximum doping concentration of 1.9 x 10** cm™ for an indium content of
9.5%) and flatband potentials between —0.33 Vrug for x = 9.5% and —0.06 Vrug for x = 33.3%. Photocurrent-voltage curves of In,Ga;_ N
photoanodes are measured in 1M H,SO4 and 1M Na,;SOy, and the incident photon-to-current efficiency spectra in 1M Na,;SOs. The inci-
dent photon-to-current efficiency spectra are used to computationally determine the diffusion length, the diffusion optical number, as well
as surface recombination and transfer currents. A maximum diffusion length of 262 nm is obtained for an indium content of 23.5%, in part
resulting from the relatively low doping concentration (9.8 x 10%° cm™ at x = 23.5%). Nevertheless, the relatively high surface roughness
(rms of 7.2 nm) and low flatband potential (0.1 Vgrue) at x = 23.5% cause high surface recombination and affect negatively the overall
photoelectrode performance. Thus, the performance of In,Ga;—xN photoelectrodes appears to be a tradeoff between surface recombination
(affected by surface roughness and flatband potential) and diffusion length (affected by doping concentration/defect density). The perfor-
mance improvements of the InxGa;_N photoanodes are most likely achieved through modification of the doping concentration (defect
density) and reduction of the surface recombination (e.g., by the deposition of a passivation layer and co-catalysts). The investigations of
the ability to reach high performance by nanostructuring indicate that reasonable improvements through nanostructuring might be very
challenging.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0007034

I. INTRODUCTION tandem photoelectrochemical (PEC) water-splitting systems could

reach over 22.5%, using Si as the bottom cell and In,Ga;_,N with a

In.Ga;—«N layers of high structural and optical quality grown
on Si have been successfully synthesized in the last few years,"”
opening a new perspective for inexpensive and efficient solar
harvesting devices. The theoretical maximum efficiency for such

bandgap between 1.6 eV and 1.8 eV’ (corresponding to an indium
content of 37%-44%, respectively’) as the top cell. A PEC water-
splitting device utilizing concentrated irradiation and with a solar-
to-hydrogen (STH) efficiency above 20% could, theoretically, lead to
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a hydrogen prize below 3 $ kg™, a prize competitive with the price
of gasoline for the same amount of energy."”’

Notwithstanding the high theoretical efficiency of In,Ga;_N
for solar hydrogen production, previous attempts to fabricate
In,Ga;_xN water-splitting photoelectrodes have led to very poor
performance with photocurrents below 0.1 mA cm ™2 under AM1.5G
irradiation, i.e., a performance even inferior to pure n-GaN with a
bandgap of 3.4 eV." This low performance was attributed to the low
crystalline quality of InyGa;_xN without further investigating the
reasons for the gap between theoretically predicted and experimen-
tally observed efficiencies. An in-depth investigation of In,Ga;_xN
was performed based on finite element simulations of p-GaN/n-
InxGa;—_xN/n-Ing5Gag s N/p-Si/n-Si solar cells, where the In,Ga;_xN
layer was graded. These simulations predicted 28.9% efficiency and
showed that the thickness and the doping concentration of the
graded region substantially affected the performance.” The modeling
of InGaN/Si tandem solar cells (ignoring space charge recombina-
tion) predicted a theoretical maximum efficiency of 31%." These
models were based on InyGa;_,N solar cells and not on In,Ga;_xN
water-splitting photoelectrodes, which are somewhat different phys-
ical systems due to the presence of the semiconductor-electrolyte
interface.’ Experimental and computational studies of In,Ga;_N/Si
tandem water-splitting photoelectrodes, to identify and quantify
their main losses, are yet to be completed.

In this work, we first quantify, through theoretical evalua-
tions of In,Ga; N water-splitting photoelectrodes with varying
In contents, the maximum theoretical photogeneration efficien-
cies, before we experimentally assess their performance as photo-
electrodes. We report measured photocurrent-voltage (I-V) curves
and incident photon-to-current efficiencies (IPCEs) of InGa;_xN
photoelectrodes with indium contents varying between x = 9.5%
and 41.4%. The diffusion length, diffusion optical number, internal
and surface losses, and a nanostructuring opportunity factor of the
In,Ga;_xN water-splitting photoelectrodes were also calculated, uti-
lizing the measured IPCE and the analytical method proposed by
Gaudy and Haussener.'’ The combined computational and exper-
imental characterization allowed us to identify main reasons for
the low performance of the current In,Ga;_xN photoanodes and to
suggest approaches for their improvements.

Il. METHODOLOGY

A. Theoretical photogeneration efficiency
of InyGa;_,N/Si photoelectrodes

Electromagnetic waves (EMWs), propagating perpendicular to
thin In,Ga;_«N layers deposited on a 350 ym thick Si substrate,
give rise to interferences between the forward- and backward-
propagating waves due to reflection at the In,Ga;_(N/Si inter-
face. These interferences can lead to “wavy” generation rates inside
the InyGa;—«N semiconductor film and can be predicted by solv-
ing Maxwell’s equation'"'* (Beer-Lambert’s law'*'* or ray-tracing
methods'® are unable to properly address these effects). Thus,
the generation rate and the photogeneration current density in
InyGa;—xN and Si semiconductors were calculated by solving the
Maxwell’s curl equations for each frequency, v,'”

V x (V x E(z,v)) - kgi(v)*E(z,v) = 0, (1)

scitation.org/journal/apm

where E(z, v) is the local frequency-dependent electric vector field,
i1(v) = n(v)—jk(v) is the complex refractive index, and ko is the free-
space wavenumber. The optical power absorbed per unit volume is
given by

Pas(3¥) = =32l E(z ) P e v) 2)

where J{e(z, w)} is the imaginary part of the material’s complex per-
mittivity that can be calculated from the material’s complex refrac-
tive index (n + jk) and the vacuum permittivity (&): € = &6 = (n
+ jk)2eo. The generation rate along the film thickness, G(2), is calcu-
lated by integrating the spectral generation rate over the considered
spectrum,

_ Vmas Pop (Z» V)
G(z) = L B — dv, 3)

where the upper integration boundary Vmax iS Vmax > Egap/h and
h is Planck’s constant. The photogeneration current, i, is calcu-
lated by integrating the generation rate over the thickness of the
semiconductor

d
i = q/o G(z)dz, (4)

where g is the elementary charge and d is the thickness of the
semiconductor.

The interface between the In,Ga;_xN and the Si layers was
assumed to be perfect, and no additional interlayer (such as an elec-
trical coupling layer) was considered. Such interlayers might in prac-
tice be required and—if well engineered—even further improve the
performance.'*"”

The EMW propagation was calculated in both the electrolyte
and the semiconductors, assuming perpendicular AM1.5G front
illumination (i.e., 0° incident angle) and a reflecting back bound-
ary (refractive index for Si from Edwards™’), as depicted in Fig. 1.
The reflection loss at the semiconductor-electrolyte interface and
the absorption in the electrolyte was accounted for by considering a
2 yum thick layer of water in front of the In,Ga;_,N layer (the absorp-
tion loss by the electrolyte was very small since the water extinction
coefficient is below 107>, k < 4 x 107° in the visible range21 ). Indeed,
the same photogenerated current density was observed using an
electrolyte layer with a thickness of 100 ym or 2 ym (consistent

350 pm 0.1-1 pm 2 um
2D EMW model domain
periodicity
Black body at 0 K Incident light
Eo
T

In,Ga, N Water g

z z=0

FIG. 1. Scheme of the numerical 2D EMW propagation model domain for an
InyGa1_xN/Si tandem water-splitting photoelectrode immersed in the electrolyte
(not to the scale).
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with absorption calculations reported in Ref. 22 or absorption effects
discussed in Ref. 23), but the latter could save computational time.
EMW propagation was modeled in a 2D domain (with the cor-
responding boundaries), enabling simulations with incident angles
different from 0°.The current for an in-series tandem cell such as
the InyGa;_«N/Si photoelectrode is limited by the lowest subcell’s
current. Thus, the highest photogeneration efficiency, #, of a tan-
dem cell is obtained when the photogenerated current in all subcells
is equal (i.e., subcells are current matched),

n= min(il,lnxGal_XN> il,Si)/i(J: (5)

where i1y Ga,_ .~ is the photogenerated current density in the
InyGa;—_«xN subcell, i;s; is the photogenerated current density in the
Si subcell, and iy is the incident photon flux at AM1.5G converted
into a photocurrent density (i.e., 59.7 mA cm™2). We neglected the
incident UV light (Aph < 400 nm, i.e., ~10% of the incident sun-
light) because the complex refractive data of In,Ga;—_<N were avail-
able from 400 nm only”* and because the absorption of the UV
light in the electrolyte was larger than that of the visible light.”'
The subscript [ is used to specify that the current is a photogen-
erated current and not a photocurrent (the latter also accounting
for separation and injection losses). The photogeneration efficiency
of In,Ga;_xN/Si tandem photoelectrodes was investigated for vary-
ing thicknesses and indium contents (i.e., varying bandgap) of the
In,Ga; N layer. The thickness of the In,Ga; N layer was var-
ied from 10 nm to 1000 nm with the indium content varying from
17% to 59%, corresponding to an optical bandgap variation between
2.6 eV and 1.2 eV. Such bandgaps have the potential for theo-
retical solar-to-hydrogen (STH) efficiencies above 5% for tandem
water-splitting cells.”

The films below 50 nm were investigated to determine if the
ultrathin InyGa;—xN films could benefit from resonant light trap-
ping. Indeed, the ultrathin films of In,Ga;_xN would greatly reduce
the amount of indium and gallium, two relatively expensive and rare
materials, and reduce losses due to poor minority charge conductiv-
ity or high bulk recombination.'" The theoretical photogeneration
efficiency was also calculated without any reflection losses at the

2.7 :
5695929 905N
2651 — 1) 16552 835N |
26 I} 2356920 765N |
— 1033302 67N
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FIG. 2. (a) Real part, n, and (b) imaginary part, k, of the complex refractive index of InyGa;_N interpolated from the data of Hazari et a
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In,Ga;_xN/electrolyte interface and absorption in the electrolyte—
by simply removing the electrolyte layer in front of the In,Ga; N
film (Fig. 1)—to account for an anti-reflective coating.

The complex refractive index of In,Ga;—,N, required in the
EMW propagation model, was linearly interpolated from the data
of Hazari et al.”* The complex refractive index of InyGa; N with
varying indium contents of the photoelectrodes is depicted in Fig. 2
(samples with indium contents of x = 9.5%, 16.5%, 23.5%, 33.3%, and
41.4% were used for experimental studies). The data of the complex
refractive index of the single crystalline silicon layer were taken from
Edwards.”

1. Computational details

The wavelengths used for the EMW model were varied from
400 nm to 1116 nm, corresponding, respectively, to the smallest vis-
ible wavelength and the bandgap of Si (1.11 eV i.e., 1116 nm). The
ultraviolet light (A, < 400 nm) was not considered in this work
because the complex refractive index of InyGa;_xN was only avail-
able between 400 nm and 1687 nm’' and the UV light’s partial
absorption by the electrolyte layer.”” The light was considered as
transverse electric, and therefore, only the out-of-plane electric field
was calculated. Bloch-Floquet theory was assumed for the period-
icity on both sides of the computational domain (Fig. 1), which is
typically used for infinite stab models where no boundary effects
appear and where the phase shift is determined by a wave vector
and the distance between the source and the destination.””** The
Maxwell’s curl equations and the generation rate given by Egs. (1)-
(3) were solved with a commercial solver.”” The convergence was
obtained with a direct MUMPS solver. A relative tolerance of 10™*
in the electric field was used as a convergence criterion.”* Mesh con-
vergence was obtained for linear mesh discretization, i.e., a piecewise
linear finite element basis function, with a size ratio of 4 and element
numbers, 7, depending on the irradiation wavelength, A, and the
layer thickness, d, namely ne = d - /A with 8 = 150 for Si, 8 = 200 for
In.Ga;—«N, and f = 30 for water. The number of mesh elements per-
pendicular to the direction of light propagation was fixed to 5 with
a width of 5 ym. We observed that for planar problems, the solver

0 . R n
400 500 600 700 800 900 1000
Wavelength (nm)

(b)

/.24
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was less robust using cubic or quadratic discretization orders, lead-
ing to fluctuations of the electric field in the perpendicular direction
of propagation. Linear discretization needed finer meshes, but the
calculation time was still reduced compared to quadratic or cubic
discretization with a coarser mesh.

B. Performance and characteristics of InxGa;_xN
photoelectrodes

Experimentally, we investigated only the performance and
characteristics of the In,Ga,_,N photoanodes, given that Si water-
splitting photocathodes have widely been studied elsewhere.””
Linear sweep voltammetry with chopped light was conducted in
solutions of 1M H,SO4 and 1M Na;SO; as a hole scavenger. The
hole scavenger was used to investigate photocurrents with highly
increased reaction kinetics at the In,Ga;_xN/electrolyte interface.
The diffusion length, L, the diffusion optical number, asopL, the
ratio of current, Rs,v,,, the nanostructuring opportunity factor,
fhano, the surface recombination loss, the reflection loss, and the bulk
loss of InyGa;—xN photocathodes, were determined by using the
method described in Ref. 10 and the corresponding in-house soft-
ware POPe.”” However, in order to fully characterize the electrode,
the IPCE spectra of the photoelectrode and the following param-
eters are required: the complex refractive index, the bandgap, the
flatband potential, the doping concentration, the relative permittiv-
ity, and the thickness of the photoelectrode. The complex refractive
index of In,Ga;_,N was linearly interpolated from the data of Hazari
et al,”’ presented in Fig. 2. The bandgap of In,Ga;_,N was cal-
culated by Vegard’s law with a bowing parameter of 2.5 eV and
bandgaps of 0.7 eV and 3.4 eV for InN and GaN,’ respectively, as
follows:

Egap.n,Ga_,N = 0.7x + 3.4(1 — x) — 2.5x(1 - x). (6)

The flatband potential and the doping concentration were obtained
from the Mott-Schottky analysis. As our samples were not inten-
tionally doped, our reported doping concentration represents more
accurately an impurity and defect density. The equivalent circuit
depicted in Fig. 6 was used to fit the measured impedance spec-
tra. In the equivalent circuit, Rs is the series resistance of the elec-
trolyte and the semiconductor, Ry and Cs are the resistance and
capacitance in the space charge region (SCR), respectively, R and
Css are the resistance and capacitance caused by interface states at
the semiconductor-electrolyte interface, respectively. This equiva-
lent circuit is usually used for photoelectrodes with species adsorp-
tion at the semiconductor-electroylte interface and was previously
used for n-type GaN.”® Here, we added the Warburg diffusion ele-
ment, W, an extension typically added to account for the diffusion
of charges to a large planar electrode, as for In,Ga;_«N photoelec-
trodes’” or as previously used for pyrite photoelectrodes.” Indeed,
the presence of a very high doping concentration in InxGa;_xN pho-
toelectrodes’ reduces the SCR to few nanometers only—below 1 nm
for InyGa;_4N (Sec. III B) at an applied potential of 1.23 Vrpyg—
and therefore, most of the photogenerated charges are transported
by diffusion. The indium content-dependent relative permittivity of
InyGa;—_xN was linearly interpolated from the relative permittivity of
GaN and InN" as

&(x) = 8.9(1 - x) +10.5x. (7)

ARTICLE scitation.org/journal/apm

The thicknesses of the InyGa;—yN photoelectrodes were measured
by scanning electron microscopy (SEM) (Sec. 11 B 1).

Here, we briefly introduce the parameters obtained by the semi-
analytical method of Gaudy and Haussener'’ used to character-
ize the performance of InyGa;_xN photoelectrodes. The diffusion
optical number is given by

asooL = (A = 500 nm) - L. (8)

The product of the absorption coefficient, « (given as « = 47k/1) at a
wavelength of 500 nm and the diffusion length.

Note that wave interferences were not observed in the IPCE
measurements, n of InGaN for x = 9.5%-23.5% are similar to n of
the GaN substrate, and therefore, the sample appears quite homo-
geneous and wave interferences are expected to be small, and k
of InGaN was large enough to promote an exponential absorption
behavior in the initial ~100 nm of the layer. For all these reasons,
the exponential decrease in the generation rate seemed to be a good
approximation and the procedure of Ref. 10 is applicable.

The ratio of current, given as the ratio of the surface charge
transfer velocity that contributes to the water-splitting reaction, Sr,
and the sum of the surface recombination velocity, Sg and Sr, is
given as

St
ST + SR ’

The ratio of currents is given for a fixed potential, the potential at
which the IPCE is measured, Vipce. For Rsyv,.. = 1, no surface
recombination occurs at the semiconductor—electrolyte interface,
and for Rs,v,. = 0, no photocurrent is observed and electron-hole
pairs fully recombine at the interface. The nanostructuring opportu-
nity factor (which is valid only for flat photoelectrodes and not for
nanostructured ones) is given by

asooL
fhano = 10g10($), (10)

)

Rs,vipes =

where as09Lo.95 is defined as the product of the absorption coeffi-
cient at 500 nm and the diffusion length, Logs that provides inter-
nal quantum efficiency (IQE) >95% at 500 nm without surface
recombination

as00Logs = a(A = 500 nm) - Lo.gs. (11)

A photoelectrode with frano > 2 is expected not to reach high perfor-
mance even when nanostructured. If fano < 2, it might be possible
to reach higher performance when nanostructuring. If fyano < 0, high
performance is expected even without nanostructuring. More details
on these parameters can be found in our previous work."’

1. Experimental details

a. IncGa;_xN photoelectrode preparation. To prepare
In.Ga;—xN photoelectrodes, first, InyGa;_xN crystalline layers with
varying In contents (from 9.5% to 41.4%) and similar thicknesses
(close to 500 nm) were grown on commercial KYMA templates
by plasma-assisted molecular beam epitaxy.” The template hosts a
highly n-type doped GaN layer grown on the sapphire (0006) sub-
strate by metal-organic chemical vapor deposition (a thin insulating
AIN buffer layer is deposited on the sapphire substrate, previous
to the GaN growth, to improve crystal quality of the GaN epilayer
grown above).

APL Mater. 8, 071111 (2020); doi: 10.1063/5.0007034
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Epoxy
In
Cu wire
Sapphire ~ N** GaN
0.5 mm 5.4 pm

FIG. 3. (a) Image of the prepared InyGa;_xN photoelectrodes. The different copper wire colors correspond to the different indium content: yellow for x = 9.5%, red for
X =16.5%, green for x = 23.5%, blue for x = 33.3%, and black for x = 41.4%, as given in Table |. (b) Through-plane view schematic of the prepared photoelectrodes protected
by epoxy with the ohmic contact for the electron extraction (the thin AIN buffer layer between the sapphire substrate and the highly doped GaN layer is not shown, for

simplicity).

Second, the ohmic contacts were made with a scratch to put
indium in contact with the highly doped GaN and the In,Ga;_xN
layers. Third, the copper wires were fixed to indium using conduc-
tive silver paint. Finally, the photoelectrode edges and ohmic con-
tacts were covered by white epoxy (Fig. 3). The fully exposed area
for each sample is given in Table . Typically, about 8% of the surface
was covered by the epoxy (Loctite EA 9466). This epoxy is not fully
opaque and (even though applied generously) transmittance in the
range of ~10% in the wavelength range of interest is still possible."’
As the diffusion length of the In,Ga;_,N layers was in the range of
11 nm-262 nm only (see Table IIT and analysis below), we believe
that the inaccuracy with respect to epoxy transparency and relevant
active area is negligible.

b. Characterization of the InyGa;_xN layers: In content, layer
thickness, surface roughness, and ohmic contact. The indium con-
tent of the In,Ga;_,N photoelectrodes, measured by x-ray diffrac-
tion (XRD), was found at 9.5%, 16.5%, 23.5%, 33.3%, and 41.4%
(more information in the supplementary material, Fig. S1). The
layer thickness was assessed by taking the average thickness of
three measurements using a scanning electron microscope (supple-
mentary material, Fig. S2). The surface topology and the surface
roughness, expressed as the root mean square (rms) of the sur-
face variation, were measured by atomic force microscopy (AFM).
More details can be found in the supplementary material, Sec.

S1. The In,Ga;_xN photoelectrodes for the five indium contents
exhibit different surface features and different surface roughnesses
(see Figs. S2 and S3 in the supplementary material). Their thick-
nesses, on the other hand, are found similar (Table I). The ohmic
contacts of the photoelectrodes were tested by measuring the resis-
tance between two ohmic contacts separated by a distance of
3 + 0.2 mm. The resistance was always below 16 Q (Table I), ensur-
ing a negligible contact resistance since the measured photocurrent
was always below 0.25 mA (maximum 4 mA cm™2 as depicted in
Fig. 5), which provides a potential shift of only 4 mV. The indium
content, the layer thickness, the surface’s rms, the ohmic contact
resistance between two points separated by 3 + 0.2 mm, and the
surface area of all the In,Ga;_yN photoelectrodes are summarized
in Table I.

¢. PEC experimental setup and measurements. Electrochemi-
cal experiments were carried out in a three-electrode setup to refer
to the potential of our measurements to the reversible hydrogen
electrode. The reference electrode was Ag/AgCl (sat. KCI) and the
counter electrode was Pt. The aqueous electrolyte solution was 1M
H,S04 and 1M Na,SOj. The I-V curves were obtained by using lin-
ear sweep voltammetry with a varying voltage rate of 10 mV s
in the range of 0.5 Vrug-1.5 Vrue. The voltage rate of 10 mV s
gave a stable steady-state current without any photocurrent hys-
teresis. To ensure that the InGa;_xN photoelectrodes were stable

TABLE I. Characteristics of InyGa; 4N water-splitting photoelectrodes with colors as indicated in Fig. 3.

Parameters Yellow Red Green Blue Black Unit
Indium content, x 9.5 16.5 23.5 33.3 41.4 %
Thickness, d 532+ 10 460 + 5 497 + 6 411+ 8 509 + 7 nm
Surface roughness, rms 4.51 5.93 7.24 12.17 11.12 nm
Ohmic contact 12 16 11 11 10 Q
Surface area 0.086 0.0457 0.052 0.053 0.0594 cm’
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within the time of our measurements (below 5 min), chronoam-
perometry of the GaN photoelectrode at 1.23 Vryg under AM1.5G
was conducted. The photocurrent dropped only after 4 h ensuring
that stability was not an issue for our measurements (Sec. S2). The
electrochemical impedance spectra were measured under dark con-
ditions in 1M H,SOj at potentials varying from 0.4 to —0.6 Vrue
with a potential step of 50 mV and covering a frequency range
between 10 Hz and 20 kHz, with ten measurements per frequency
decade.

IPCE spectra were measured at 1.23 Vgug from 300 nm to
900 nm in 1M Na,SO4 as a hole scavenger to achieve measur-
able photocurrents. However, the lowest wavelength used by the
semi-analytical model was 420 nm because it provided better R-
square values of the numerical and experimental IPCEs fitting.
Indeed, the R-square was 0.5 when starting from a wavelength of
420 nm for x = 9.5% and below 0 when starting from a wavelength
of 400 nm.

Ill. RESULTS AND DISCUSSION

A. Photogeneration efficiency of InyGa;_,N/Si
tandem photoelectrodes

The calculated photogeneration efficiencies for varying
InyGa;—xN film thicknesses and bandgaps are depicted in Fig. 4
(the photogeneration efficiencies for varying In,Ga;_,N film thick-
nesses and indium contents are shown in the supplementary mate-
rial, Fig. S6a). The theoretical maximum efficiency of 27% is slightly
lower than the previous prediction of 31% for InGaN/Si solar cells.”
The photogenerated current density at the maximum efficiency
of 27% is 16.8 mA cm™> (compared to 59.7 mA cm ™2 at 100%).
Two regions with maximum efficiency can be observed: a region
with a lower bandgap 1.2 eV-1.4 eV (indium content of 59%-
51%) and a lower film thickness 300 nm-550 nm, and a region
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FIG. 4. Film thickness and bandgap-dependent photogeneration efficiency of
InyGay_xN/Si tandem water-splitting photoelectrodes with an electrolyte layer. The
Si bottom layer is fixed at a thickness of 350 ym and the irradiation has an
incidence angle of 0°.
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with a higher bandgap ~1.5 eV (x = 47%) and a higher film thick-
ness 700 nm-900 nm. The lower bandgap region corresponds to
a photogeneration efficiency limited by the photogenerated cur-
rent in the Si subcell. Namely, a top cell bandgap of 1.2 eV-
1.4 eV can absorb most of the light, thus, its thickness must be
reduced to let enough light reach the bottom Si subcell. By con-
trast, the efficiency of the 1.5 eV bandgap region is limited by the
In.Ga;—_«N subcell, and therefore, its thickness must be increased up
to 700 nm to enhance the photogenerated current in the In,Ga;_«N
subcell itself.

As can be seen from our calculations, the maximum theoreti-
cal efficiency can only be obtained for In,Ga;_,N bandgaps between
1.2 eV and 1.5 eV, that is, slightly lower than the computation-
ally predicted ideal and optimum photoelectrochemical full tandem
device with 1.6 eV-1.8 eV bandgap top subcell (in the case of the
In,Ga;—_«N film, it corresponds to an indium content of 37%-44%)
and the Si bottom subcell.” The maximum photogeneration effi-
ciency of In,Ga;_xN bandgaps between 1.6 eV and 1.8 eV would
reach up to 23.5% with a bandgap of 1.6 eV and a thickness of 1 ym.
Reducing the thickness will reduce the efficiency to 6% at a bandgap
of 1.8 eV and a thickness of 100 nm.

The photogeneration efficiency, considering a perfect anti-
reflective coating without any reflection loss at the In.Ga;_xN/
electrolyte interface and no electrolyte absorption, is depicted
in Fig. S6c. The electrolyte absorption is negligible for our 100
um water layer. However, the absence of the air-electrolyte and
electrolyte-In,Ga;—_xN interfaces omits the overall reflectance losses
in the electrolyte layer of 12%. The maximum efficiency, there-
fore, increases to 31% (~3% more than the efficiency including the
reflection losses) and a current density of 18.7 mA ¢cm™>. In addi-
tion, in that case, two maximum efficiency regions can be observed,
a first region with low bandgaps between 1.2 eV and 1.4 eV and
low film thicknesses of 300 nm-550 nm, and a second region
with a bandgap of 1.5 eV and film thicknesses between 700 nm
and 900 nm.

If the water or electrolyte layer absorption was more signifi-
cant (i.e., the layer was thicker), the peak efficiency would be further
reduced. Additionally, since the water absorption is more signifi-
cant for larger wavelengths, the bottom cell (the Si cell) would be
more significantly affected by the water absorption and the location
of the second photogeneration peak (limited by the Si cell, see Fig. 4)
would be shifted, requiring a thinner In,Ga,_,N layer and a smaller
In content (or larger bandgap).

The generation rates of the ultrathin In,Ga;—.N film on the
Si film showed clear interference between forward- and backward-
propagating waves (Fig. S7) but no resonant light trapping (Fig. S8).
Indeed, resonant light trapping occurs for the ultrathin film
deposited on a highly reflective material, such as gold or silver.'""”
The real part of the refractive index of Si is n = 3.55-5.59 for vis-
ible light and does not yet lead to resonant light trapping (i.e.,
the reflectivity is still relatively small), in contrast to gold with
n = 0.04-0.09 or silver with n = 0.1-1.67 (both leading to signifi-
cantly higher reflectivity).

The obtained photogeneration rates, together with bandgap
information, can already be used in detailed balance limits and elec-
trochemical load models™' to give initial indications if the possible
open circuit potential will suffice (i.e., is at least few 100 mV larger
than the equilibrium potential of the reaction).
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FIG. 5. Photocurrent-voltage curves of InyGajs_,N photoelectrodes with chopped light in (a) 1M H,SO4 and (b) 1M Na;SOs.

B. Performance characteristics of InyGa;_xN
photoelectrodes

1. I-V curves of InxGa;_xN photoanodes

The I-V curves of InyGa;_xN photoanodes with chopped light
in 1M H,SO4 and 1M Na,SO; are depicted in Fig. 5. The fact that
the photocurrent density at 1.23 Vrug 1M H,SO4 decreases with
an increase in the indium content is in conflict with the generated
charge carriers, the density of which increases with an increase in
the indium content [since the bandgap decreases, Fig. 5(a)], indicat-
ing that light absorption is not the dominant mechanism to limit
efficiency. The photocurrent density at 1.23 Vrpug in 1M NaySOy
[Fig. 5(b)] does not decrease with the indium content but neither
does it follow a continuous increase. Indeed, the photocurrent den-
sity increases from x = 9.5% to 16.5%, then decreases at x = 23.5%
and then increases again, reaching the maximum photocurrent den-
sity of 1.9 mA cm ™2 at x = 41.4%. The photocurrent dropped from
1.1 mA cm™2 to 0.6 mA cm™2 (at 1.23 Vgyg) with the In content
increasing from 16.5% to 23.5%, while the doping concentration
decreased from 1.4 x 102 cm™ to 9.8 x 10° cm™ (Fig. 6 and
Table IT). These results were unexpected, as a lower doping concen-
tration (or defect density) usually leads to a reduction of the bulk"”
and surface”’ recombinations, as well as a higher minority charge
mobility"* and a larger SCR width, all factors that should positively
affect the photocurrent™ (see Fig. S12).

The decrease of the photocurrent in 1M H;SO4 with an increase
in the indium content and the irregular variation of the photocurrent
depending on the indium content in 1M Na, SO, appeared to be cor-
related with the surface roughness (expressed in root mean square,
rms) of the photoelectrode. The rms of the surface roughness of our
InyGa;—xN films increased continuously with the indium content
(expected for x = 41.4%, where it stagnated), as depicted in Table I.
Thus, we hypothesize that the photocurrent decrease in 1M H,SO4
electrolyte is caused by dominant surface recombination resulting
from the increased surface roughness (see Fig. S12). The situation
is different when using a hole scavenger, since the surface recombi-
nation is decreased by the enhanced charge transfer kinetics (thus,

the surface roughness’ effect on surface recombination is reduced).
Nevertheless, a weak correlation between the surface roughness and
the photocurrent at 1.23 Vgyg in the case of operation with a hole
scavenger is still observed: rms at x = 23.5% is 7.2 nm and depicts
stronger surface features (see the supplementary material, Fig. S3)
than at x = 16.5% with an rms of 5.9 nm, accompanied by a pho-
tocurrent drop when increasing x from 16.5% to 23.5% [Fig. 5(b)];
when the In content is increased from 33.3% to 41.4%, the rms is
slightly reduced (from 12.2 nm to 11.1 nm), while the photocur-
rent is doubled [Fig. 5(b)]. More detailed investigations supporting
our hypothesis are presented in the next sections based on the dop-
ing concentration, the flatband potential, the diffusion length, the
diffusion optical number, and the ratio of currents.

23

j—————————————————— 10

21

Flatband potential (VRH E)
S
(3]
Doping concentration (cm'3)

20

0.4 L L L L L I 1 10
5 100 15 20 25 30 35 40 45

Indium content (%)

FIG. 6. Flatband potential (left y-axis) and doping concentration (right y-axis)
of InyGai_xN water-splitting photoelectrodes determined by the Mott—Schottky
analysis (Fig. S10 in the supplementary material). The equivalent circuit for the
electrochemical impedance spectrum fit is also indicated.
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TABLE II. Numerical values of the material parameters of InyGa;_ 4N water-splitting photoelectrodes used to determine the

parameters of Table 11.'09

Parameters x=95% x=165% x=235% x=333% x=414% Unit
Relative permittivity, & 9.1 9.2 9.3 9.4 9.6

Bandgap, Egap 2.9 2.6 23 1.9 1.7 eV
Flatband potential, Vg —0.33 —0.25 —0.1 —0.06 —0.15 VRHE
Donor concentration, Np* 1.9 x 102 1.4 x 102 98 x10° 81x10° 41x10* om’
Wavelength range 420-460 420-477 400-539 400-653 400-729

The rather strong (and nearly linear) increase in the photocur-
rent with an increase in the potential (potentials beyond 1.23 V vs
RHE) seems to indicate that—at least for the samples that have low
surface recombination (see the ratio of the current in Sec. I1I B 3 and
the IPCE simulations in Fig. S11)—the bulk recombination domi-
nates their performance. The reasons why for such cases the current
keeps increasing is not fully resolved.

Note that we utilize 1.23 V vs RHE for the comparison and later
for the IPCE measurements as it allows for large enough photocur-
rents that the measurements are more accurate while avoiding the
range in which the dark current exponentially increases.

2. Flatband and doping concentration
of InxGa;_xN photoanodes

The flatband potential and the doping concentration for vary-
ing indium contents are depicted in Fig. 6. More details on the Mott-
Schottky analysis can be found in the supplementary material (Sec.
S4). The largest flatband potential is —0.33 Vrug and is obtained at
x = 9.5%, while the smallest flatband potential is —0.06 Vrug for
x = 33.3%. The doping concentrations (or defect density) are
very high for all our samples and In contents and range between
8.1x10%° cm™ (x=33.3%) and 1.9 x 10?2 cm™> (x = 9.5%). The high
doping concentration (or defect density) of InyGa;_N is probably
the main cause for the low efficiency of these photoelectrodes. As
previously mentioned, a high doping concentration causes a reduc-
tion in the minority charge mobility* and an increase in the bulk"”
and surface recombinations.”’ Moreover, the SCR width being below
1 nm at a doping concentration >8.1 x 10*> cm™>, the charge car-
rier separation is driven by diffusion and not drift, which further
reduces the performance of the photoelectrodes. Thus, we estimate
that lowering the doping concentration (or defect density) could be a
fast approach for increasing the efficiency of In,Ga;_.N photoelec-
trodes. Lowering the doping concentration could also prolong the
charge carriers’ lifetime, as observed for GaN."’

3. Diffusion length, diffusion optical number,
ratio of currents, and nanostructuring
opportunity factor

Table II (the layer’s thickness is given in Table I) summarizes
the different material parameters required to determine the diffu-
sion length, the diffusion optical number, the ratio of currents, and
the nanostructuring opportunity factor [Sec. 11 B, Egs. (8)-(11)]."
The calculated performance parameters of In,Ga;_xN photoelec-
trodes are given in Table II1. The highest diffusion length, 262 nm, is

obtained for x = 23.5%, then for x = 33.3% with a diffusion length of
158 nm, 32 nm for x = 9.5%, 16 nm for x = 41.4%, and 11 nm for
x = 16.5%. The diffusion length correlates with the doping con-
centration (or defect density), as expected. For x = 23.5% and
x = 33.3%, the diffusion lengths are above 100 nm, while the doping
concentrations are below 10*' cm™, whereas for x = 9.5%, 16.5%,
and 41.4% the diffusion lengths are below 100 nm and the doping
concentrations are above 10" cm™. Thus, the higher the doping
concentration, the lower the diffusion length.

The diffusion optical number and the ratio of transfer to
total currents are key parameters to understand the performance
of InyGa;_xN photoelectrodes. The diffusion optical number is
maximized at x = 23.5%, in accordance with the diffusion length
(Table TIT) and the lower doping concentration (Fig. 6). How-
ever, the flatband potential is smaller (-0.1 Vrug for x = 23.5%
compared to —-0.25 Vgug for x = 16.5%), which reduces the
space charge region potential, and thus, increases surface recom-
bination. Moreover, the surface roughness is also increased (rms
= 5.9 nm for x = 23.5% to rms = 7.2 nm for x = 23.5%), which
can further increase the surface recombination. The combined neg-
ative effects of the lower flatband potential and the higher surface
roughness are reflected in the ratio of current that is significantly
decreased from Rs v, = 0.96 at x = 16.5% to Rsy,, = 0.07 at x
= 23.5%. In other words, the surface recombination loss is sig-
nificantly increased from x = 16.5% to x = 23.5% (see Fig. SI1).
The experimental and numerically predicted IPCE spectra of all
In,Ga;_xN photoelectrodes are featured in Fig. S11, together with
the numerically predicted internal, reflection, and surface recombi-
nation losses.

The increase in the surface recombination loss appears to be
uncompensated by the increase in the diffusion optical number.
Thus, the overall performance is reduced when the In content is

TABLE |Ill. Calculated diffusion length, L, diffusion optical number, asoL, nanos-
tructuring opportunity factor, frano, and ratio of currents, Rs, vype, Of InyGay_yN
photoelectrodes.

Parameters x=9.5% x=16.5% x=23.5% x=333% x=41.4%

APL Mater. 8, 071111 (2020); doi: 10.1063/5.0007034
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L (nm) 32 11 262 158 16
asool 0012  0.007 0.244 0.431 0.074
RsVipes 1 0.96 0.07 0.16 0.93
frano 3.2 34 1.9 1.6 2.4
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increased from x = 16.5% to x = 23.5%, as observed by the pho-
tocurrent drop depicted in Fig. 5(b), even if the photogeneration
current and the diffusion length are increased. It appears that the
hole scavenger (Na,SO4) is unable to fully suppress the surface
recombination. In our opinion, the combined effect of the surface
roughness and high doping concentration (or defect density) gives
rise to fast surface recombination kinetics that competes with the
hole scavenger oxidation reaction kinetics (see Fig. S12).

Aside of the special case of InxGa;_xN photoelectrodes with x
= 23.5% and x = 33.3% with higher diffusion optical number and
lower ratio of currents (Fig. 7), the photocurrent in 1M Na,SO4
increases with an increase in the In content [i.e., decreasing bandgap,
Fig. 5(b)]. Indeed, the photocurrent increases from Egp = 2.9 eV
(x = 9.5%) to Egap = 2.6 €V (x = 16.5%), and from Eg,p = 1.9 eV
(x=33.3%) to Egap = 1.7 €V (x = 41.4%).

Finally, the nanostructuring opportunity factors, fhano, of
InxGa;—xN photoelectrodes were predicted, indicating that only
InyGa;—xN photoelectrodes at x = 23.5% and x = 33.3% show some
performance improvement potential through nanostructuring. As
frano remains only slightly lower than 2 (1.6 for x = 33.3% and 1.9
for x = 23.5%), performance improvements are expected to be more
successful through reducing the doping concentration (or defect
density) rather than working on nanostructuring.

IV. CONCLUSION

Tunable bandgap photoelectrode materials can be a route to
highly efficient and inexpensive PEC water-splitting devices. We cal-
culated a theoretical maximum efficiency of 27% for In.Ga;_xN/Si
tandem photoelectrodes for an indium content between 50% and
60% (bandgap between 1.2 eV and 1.4 eV) and a film thickness
between 280 nm and 560 nm. A maximum efficiency of 31%

scitation.org/journal/apm

was obtained when neglecting surface reflection losses (i.e., by
neglecting the electrolyte and incorporating an anti-reflecting coat-
ing). Despite the high theoretical efficiency of In,Ga;_«N/Si tandem
photoelectrodes, our fabricated InyGa;—xN photoelectrodes (with
an indium content varying from 9.5% to 41.4%) led to a maxi-
mum photocurrent density of only 1.9 mA cm™? at 1.23 Vyye for
x = 41.4% and when using a hole scavenger (1M Na,SO4) elec-
trolyte. This photocurrent density represents only 8% of the maxi-
mum theoretical photocurrent density of 23.8 mA cm™ for a semi-
conductor with a bandgap of 1.7 eV (corresponding to In,Ga;_xN
with x = 41.4%). We observed that the surface roughness, the
flatband potential, and the doping concentration played key roles
in the performance of InyGa;—yN photoanodes. As the samples
were not intentionally doped, the doping concentration repre-
sents more precisely an impurity and defect density. The dif-
fusion length and the electron/hole generation are higher for x
= 23.5% (bandgap of 2.3 eV and diffusion length of 262 nm),
but the photocurrent density in 1M Na,;SO4 was smaller for
x = 23.5% than that for x = 16.5% (bandgap of 2.6 eV and diffu-
sion length of 11 nm). Indeed, the higher surface roughness and the
lower flatband potential for x = 23.5% are causing a higher surface
recombination loss and an overall lower photocurrent compared to
the x = 16.5% case. Aside of the In,Ga;_xN photoelectrodes with
x = 23.5% and x = 33.3% that showed not only higher surface
recombination loss but also higher diffusion length (thanks to their
relative lower doping concentration or defect density), the perfor-
mance of InyGa;_«N photoelectrodes in 1M Na,SO4 was mainly
driven by the bandgap, i.e., the lower the bandgap, the more light is
absorbed and converted to electron/hole pairs, leading to the higher
performance. In 1M H,SO4, the performance of In,Ga; N photo-
electrodes is limited by the surface recombination that is extremely
high and hinders comparison between the photoelectrodes of dif-
ferent indium contents. Our Mott-Schottky analysis showed that
the doping concentration or defect density for In,Ga;_xN photo-
electrodes was extremely high, i.e., a doping concentration higher
than 8.1 x 10 cm™ for all indium contents (Table 1I) were mea-
sured. Thus, we mostly attribute the low performance of In,Ga;—xN
photoanodes to their high doping concentration (or defect
density).

We estimated that nanostructuring could improve the per-
formance of these photoanodes, especially In,Ga;_xN photoanodes
with x = 23.5% and x = 33.3% (Table III). However, efforts on
reducing the doping and defect concentration should be priori-
tized to increase the efficiency of In,Ga;_,N photoanodes. Indeed,
the doping concentration of 4.1 x 10*' cm™ for x = 41.4% leads
to a diffusion length of only 16 nm and a diffusion optical num-
ber of 0.074. A reduction in doping concentration and defect den-
sity might be achieved by optimizing the molecular beam epitaxy
growth of In,Ga;_xN layers, or by using an alternative synthesis
method. Generally, we believe that research progress in the III-V
photovoltaics community in recent years might be translated also
to such photoelectrodes, especially with respect to reduction of sur-
face recombination and broadly the electrode-electrolyte interface
engineering.

We showed that the combined usage of an analytical IPCE
model"’ and common experimental methods, such as SEM images,
AFM surface topography, experimental IPCE, and the Mott-
Schottky analysis, appears to be a powerful way to investigate the
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performance of InyGa;_«N photoanodes and is general so that it can
be applied to any emerging photoelectrode materials.

SUPPLEMENTARY MATERIAL

See the supplementary material for details on the sample
growth and In-content quantification, SEM and surface rough-
ness measurements, photocorrosion measurements, photogenera-
tion calculations, the Mott-Schottky analysis, IPCE measurements
and calculations, and an overview plot of In-content on performance
and correlations between relevant parameters.
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