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Numerical device modeling for direct Z-scheme junctions using a solar
cell simulator

Nithin Thomas Jacob ®; Jeroen Lauwaert ®, Bart Vermang ©, Johan Lauwaert

e Usage of solar cell simulators to study semiconductor catalysts is demon-
strated.

e Insights on Direct Z-scheme junctions functioning is reported.
e An example using an established Direct Z-scheme junction is shown.

e The influence of various parameters on the junction performance is re-
ported.

e The importance of recombination of charge carriers at the Z-scheme junc-
tion interface is reported.


https://orcid.org/0000-0002-7544-3792
https://orcid.org/0000-0003-2781-3477
https://orcid.org/0000-0003-2669-2087
https://orcid.org/0000-0002-0757-2509
https://www.editorialmanager.com/sej/viewRCResults.aspx?pdf=1&docID=55862&rev=1&fileID=1159034&msid=ad990f44-6446-4450-84e1-f4046b823e79
https://www.editorialmanager.com/sej/viewRCResults.aspx?pdf=1&docID=55862&rev=1&fileID=1159034&msid=ad990f44-6446-4450-84e1-f4046b823e79

Numerical device modeling for direct Z-scheme
junctions using a solar cell simulator

Nithin Thomas Jacob ®, Jeroen Lauwaert ®, Bart Vermang @, Johan
Lauwaert

% Department of Electronics and Information Systems, Ghent University, Technologiepark
126, Zwijnaarde, 9052, Ghent, Belgium
bDepartment of Materials, Textiles and Chemical Engineering, Ghent University, Valentin
Vaerwyckweg 1, Ghent, 9000, Ghent, Belgium
¢Institute for Material Research (IMO), Hasselt University, Agoralaan gebouw
H, Diepenbeek, B-3590, Diepenbeek, Belgium
AIMEC Division IMOMEC — Partner in Solliance, Wetenschapspark
1, Diepenbeek, B-3590, Diepenbeek, Belgium
¢EnergyVille, Thor Park 8320, Genk, B-3600, Genk, Belgium
fDepartment of Electronics and Information Systems, Ghent University, Technologiepark
126, Zwijnaarde, 9052, Ghent, Belgium

Abstract

Carbon capture and utilization (CCU) is a promising solution for reducing re-
liance on fossil fuels and incentivizing the capture of CO,. A key requirement
for CCU is the development of effective photo/electrocatalysts with high CO,
reduction activity that can produce high-value products. Direct Z-scheme het-
erojunctions named after their charge transfer mechanism, use sunlight to con-
duct various photocatalytic reactions, similar to photosynthesis in plants. Solar
cell simulation techniques can be used to obtain material properties and insights
into the electronic characteristics of these materials. By solving semiconductor
differential equations that model the behavior of semiconductors under different
light intensities and applied biases, the solar cell simulator program (SCAPS)
can evaluate the energy band edges, carrier concentrations, and output charac-
teristics of the device. In this study, a method is proposed for modeling direct
Z-scheme junctions in SCAPS by simulating the Shockley Read Hall (SRH) re-
combination using defect densities at the interface of the recombination junction
(RJ). An example using a TiO,/CdIn,S, Z-scheme junction is presented and the
impact of defects on the performance of the junction is discussed. It is presented
that the high recombination rates at the interface via these defects improve the
device performance.
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1. Introduction

Due to the enormous emissions of greenhouse gases such as CO, which trap
heat on earth and insulate it from the cold of space, the threat of climate change
is imminent.

To reduce the CO, emissions, various Carbon Capture and Utilization (CCU)
technologies have been emerging. [1]. In CCU, the captured CO, is reduced
into products such as methanol that can be used in transportation fuels [2].
This promotes a carbon neutral economy by chemical reduction of captured
CO, from the atmosphere to value products using renewable energy sources
and decreasing reliance on fossil fuels for their production.

The reduction of CO4 is thermodynamically and kinetically challenging as
it consists of the breaking of two C=O0O bonds that have a bond dissociation
energy of 750 kJ/mol [3]. Catalysts can facilitate fhese reactions to synthesize
high-value products such as dimethyl ether (DME), olefins and higher alcohols
without relying on conventional energy sources [4].

Semiconductor catalysts are good candidates for this application. It has
been reported that homogeneous catalysts for electro-, photo- and photoelec-
trocatalytic CO4 reduction reactions offer higher activities and selectivities than
heterogeneous counterparts. However, the former is quite difficult to separate
from the reaction mixture, thereby making them unsuitable for re-use, which is
disadvantageous in terms of sustainability [3].

1.1. Semiconductor Catalysis

In 1972, Fujishima and Honda reported that the semiconductor TiO4 can be
used as a photocatalyst in water to produce Hydrogen [5]. This led to extensive
research and development in the area of semiconductor catalysts to improve
their photocatalytic efficiency and deployment in various applications especially
in the sustainability sector [6].

These catalysts are used in various applications. It is reported that the
material has usage in applications such as wastewater treatment [7, 8, 9], hy-
drogen production [10, 11, 12], CO, reduction [13, 14, 15, 16] and air purification
[17, 18, 19]. There are various ways in which an established photocatalyst can
be improved using dye anchoring, metal deposition, heterogeneous composites,
doping, surface adsorbates and hybrids with nano-materials [6].

Although TiO, can facilitate water splitting into Hy and O, its large bandgap
of 3.2 eV allows it to utilize the UV part of the spectrum, which results in a low
spectral utilization. Hence, novel semiconductor materials with lower band gap
and efficient charge separation need to be explored as candidates to improve
this spectral utilization [20].

O+e=R y (1)

redox

In Equation 1, we take the case of a redox reaction of reactant "O” and

product "R” at potential V.7, (in volts against the normal hydrogen electrode
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(NHE)). This can be measured in terms of energy levels F,cqo, (denoted in
electron volts against vacuum) using the relationship as:

E\rcdox = constant — eV, (2)

Where the constant value is between -4.48 eV and e is the unit charge [21].

The semiconductor catalyst must supply charge carriers that are (i) elec-
trons, at a higher energy level than their reduction level and (ii) holes are
supplied lower than the reaction oxidation energy level. Moreover, extra energy
is needed to overcome the reaction overpotentials. Hence, using these semi-
conductor catalysts we can conduct reactions in a non-spontaneous direction
by adding irradiant energy and/or electrical energy that can be converted to
chemical energy as fuel [21]. This is ideal for the current demand for emission
free production methods of chemical synthesis.

1.2. Direct Z-scheme semiconductors

Z-scheme junctions are composite semiconductors that use a two-photon
excitation method to achieve higher charge separation similar to photosynthesis
in plants. It addresses the issue with single component catalysts like TiO4
which requires a large bandgap for high charge separation but at the expense
of low spectral utilization. These features are mutually exclusive and Z-scheme
junctions can in principle overcome this. However, further studies must be
carried out to improve their stability, light harvesting, charge separation and
transportation to reach economic viability and physical/chemical understanding
[22].

Direct Z-scheme semiconductor materials or photosystem (PS-PS) systems
are composite semiconductors. This structure is intended to be similar to a
tandem solar cell which utilizes junctions of semiconductor materials of differ-
ent energy band gaps and electron affinities to enhance the solar cell’s spectral
utilization and produce high voltage outputs i.e. better charge separation. How-
ever, in this report, the working of a dual n-type Z-scheme junction is elaborated
and is quite different from that of a tandem solar cell.

This paper demonstrates the use of solar cell simulators to model the effec-
tiveness of charge carrier separation in a photocatalyst. The charge carriers are
used in the reduction and oxidation sites of the semiconductor catalyst while in
a traditional solar cell these carriers contribute directly to electric power gener-
ation. Consequently solving the semiconductor equations to describe the carrier
kinetics in both systems is equivalent. Moreover, the performance parameters
of the photocatalyst as a solar cell will reveal the expectations of the structure
under different bias and illumination conditions. This study proposes the use
of solar cell simulator SCAPS to simulate direct Z-scheme junctions. For such a
Z-scheme heterojunction direct recombination at the interface from both sides
needs to be included [23].

It is crucial to engineer photocatalysts that can prevent bulk charge re-
combination and as such improve the light-harvesting efficiency of the system.
Equivalent to thin-film photovoltaic technology, many options to improve water
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splitting and CO, reduction catalysts have been proposed: bandgap engineering,
crystal facet engineering and surface heterojunction optimization [24].

Although characterization of Z-scheme junctions using experimental meth-
ods such as photo reduction testing, radical species trapping, metal loading and
X-ray photoelectron spectroscopy (XPS) are present [25]. These techniques do
not establish a direct link between the experimental parameters and the final
device efficiency of converting irradiation to chemical energy. Simulations can
address these issues by using the experimental data from characterization and
estimating the impact on efficiency by evaluating the charge carrier migration
in the photo-catalyst [25].

In this paper, a method to solve the semiconductor equations for a Z-scheme
heterojunction is presented. This is done by including defect traps at the in-
terface to allow the photo-generated low energy carriers to recombine, thereby
achieving high open circuit voltage (Voc) or charge separation compared to the
oxidation or reduction potentials of the desired product.

1.8. Solar Cell Capacitance Simulator (SCAPS)

Solar cell capacitance simulator (SCAPS 1-D) was developed at Ghent Uni-
versity and is available for the research community [26]. It is used to simulate
the performance of thin film solar cells and can simulate conventional charac-
terization techniques. The program was developed initially for structures such
as CulnSe, and CdTe cells, but due to the generality of the semiconductor
equations that are solved other structures can be modeled.

The simulator has user-friendly and a graphical interface that gives output
data that is useful for the catalyst research and development community. A key
reason why SCAPS is used over other solar simulators is because of its ability to
include a recombination model based on defects with different properties that
are desired in the working of this model and is elaborated further in Section 2.2.

2. Methodology

The primary objective of this study is to evaluate the direct Z-scheme device
performance. This is indicated by the efficient conversion of sunlight to electric
power or charge carriers that can be used for redox reactions. The three main
solar cell parameters used to describe the desired characteristics are:

o the efficiency (7) to indicate the effective conversion of sunlight to gener-
ated power.

e current density at maximum power point (Jypp) to indicate the number
of carriers to oxidation and reduction sites in the Z-scheme catalyst.

e the voltage at maximum power point (Vypp) is induced potential that
indicates whether the reduction and oxidation potentials for the concern-
ing reaction can be exceeded. Higher charge separation is preferred to
overcome any overpotentials.
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The characteristics and requirements of the catalytic device are similar to
those of ‘a solar cell'device! This makes solar simulators a viable tool to study
the photo, electro or photo electro-catalytic semiconductors.

An established direct Z-scheme junction TiOy/CdIn,S, that is used to reduce
and oxidize methyl orange (MO) is used as reference material [27]. It is reported
that methyl orange redox potentials are -0.33/2.40 eV (vs. NHE) [27]. The
candidate Z-scheme junction should supply a Vypp greater than the difference
between the redox potential difference. An overpotential must be added into the
redox potential difference for example 0.5 V when using TiO, passivated GaP
photocatalysts [28]. However, for a prima facie analysis, this is not required and
hence omitted in this study.

The (conduction band quasi fermi level) Ef, at the reduction site must
be higher than the reduction potential of the reaction and the (valence band
quasi fermi level) Fr, at the oxidation site must be lower than the oxidation
reaction. This will help in evaluating the feasibility of charge carriers to move
from the semiconductor material and take part in the chemical reaction. This
is similar to the metalwork function of a contact in a solar cell and electron or
hole transport layer. It is reported that the TiO, and CdIn,S, have Ecp/Evp
levels at -0.29/2.91 eV and -0.82/1.38 eV (vs. NHE) which are the material
parameters implemented in SCAPS as input parameters [27]. Since the energy
levels meet the primary criteria, they can be considered good candidates for a
Z-scheme junction for methyl orange oxidation and reduction catalysis.

Bard et al. state that the properties of the electrolyte can also be modeled as
an intrinsic semiconductor with specific parameters [21]. Such an approximation
is not experimentally validated in combination with a Z-scheme, therefore this
is not included in our proposed model in this paper. This can be proposed as
future work. This paper will focus on modeling the Z-scheme junction.

2.1. Numerical modeling of semiconductor devices
Partial differential equations are used to model the behavior of charge car-
riers in semiconductor devices [29].
Poisson’s equation in the one-dimensional case is written as:
d? dE
=% = IN@) +p—n) Q
Where 9 stands for the potential, E stands for the electric field, = for the
position, N(z) is the net charge concentration of the impurities or dopants, g
is the electronic charge, € is the dielectric constant of the semiconductor layer,
p and n are the hole and electron densities, respectively. The charge carrier
concentration in the semiconductor is evaluated using the continuity equations
at steady state conditions across the cell thickness as:

1dJ,
q dx
1dJ,
q dx

=U-G

- —(U-G)
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Table 1: Semiconductor layer parameters used in this study.

PSI PSII
Material TiOy CdIngSy
Thickness [pm] 2 2
Bandgap [eV] 3.2 2.2
Electron affinity [eV] 581  4.78
Dielectric permittivity 10 10
OB effective density of states [10*® cm?/s] 1 1
VB effective density of states [101Y cm3/s] 1 1
Electron thermal velocity [107 cm/s] 1 1
Hole thermal velocity [107 cm/s] 1 1
Electron mobility [cm?/V s] 50 50
Hole mobility [cm?/V s] 50 50
Shallow uniform donor density (Np) [10!2 1/em?] 1 9000
Shallow uniform acceptor density (N4) [1/cm?] 10 10
Radiative recombination coefficient [107* cm3/s] 1 1

Table 2: Interface layer parameters used in this study are assumed. o is capture cross-section.

Parameter type Value
Defect type Neutral
oe [10719 ¢cm?] 1

op, [10719 cm? 1
Energetic distribution Single

Reference for defect energy level (E;)  Above middle of interface gap
Energy with respect to Reference [eV] 0
Total density [101° 1/cm? ] 1

Where J,, and J, represent the current densities by electrons and holes,
respectively. U and G are the recombination and generation rates, respectively
[30].

In Table 1, the semiconductor parameters are shown in this model to study
the Z-scheme device [27]. In Table 2, the interface properties were given.

The left and right contacts are simulated to have flat bands with electron
and hole surface recombination rates of 10° and 107 cm/s respectively.

2.2. Shockley Read Hall (SRH) recombination at the interface

It is assumed that the low-energy charge carrier recombination at the inter-
face between the layers of the Z-scheme semiconductor is due to the presence of
high defect densities. In SCAPS, the proposed recombination can be modeled
in the form of SRH recombination at a particular energy state. It is reported
that the recombination at these interface defects can be modeled using SRH
recombination. This type of recombination path was introduced in SCAPS to



model polycrystalline solar cells such as the interface between CdS/CdTe cells
[26].

Many solar cell simulators only treat SRH recombination within the same
layer and require a dummy layer in between to handle this. This SRH recom-
bination path from both sides of the interface will be utilized in the Z-scheme
model for which low energy carriers from both materials can directly recombine
via the interface states.

2.3. Energy band diagram of the Z-scheme heterojunction

Z-scheme junctions require a particular characteristic in their energy band
diagram.

X,

—  Interface trap Energy levels

&_W

.

0*4__0/h+

:

Photo System | Photo System Il

Figure 1: A schematic in the charge carrier propagation in a direct Z-scheme junction. The
red line indicates the motion of electrons (¢”) and the blue line indicates the motion of holes
(h").

Figure 1 illustrates that the valence band in Photosystem I (PS I) layer is
required to hold the high energy holes generated to be utilized in the oxidation
site, hence an energy barrier must be present. The high energy holes are moved
to the oxidation sites where the oxidation reactant O gives an electron to the
semiconductor catalyst, forming the oxidized product O*. The conduction band
in Photosystem II (PS II) layer is required to hold the high energy electrons
generated to be utilized in the reduction site, hence an energy barrier must be
present. The high energy electrons are moved to the reduction sites where the
reduction reactant R takes an electron from the semiconductor catalyst, forming
the oxidized product R*. The low energy charge carriers of PS I and PS II are
electrons and holes, respectively. They recombine due to the interface states
present. This is illustrated in the presence of the valence band and conduction
band energy dips.

In the case of the TiOy/CdInyS, Z-scheme junction which is modeled in
this study. The illumination of AM1.5 1 sun spectrum is falling on the TiO4
layer first. TiOy layer is PS I and the CdIn,S, layer is PS II in this study.



The recombination at the interface is modeled in SCAPS using defects at trap
energy levels between the PS I and PS II conduction and valence band edges.

A direct Z-scheme heterojunction model is developed to resemble the working
of a Z-scheme junction in a solar cell simulator such as SCAPS. The recombi-
nation of low energy charge carriers is simulated using SRH recombination of
these carriers in neutral defects in the interface between the two semiconductor
layers.

2.4. Model validation

Open circuit voltage or Vo of the semiconductor device is the direct mea-
surement of the charge separation capability. The reduction and oxidation ca-
pability of the catalyst is proportional to the Voc. The short circuit current
or Jgc of the semiconductor is an important characteristic to note as well, as
it quantifies the amount of high energy charge carriers that are available at the
reduction and oxidation sites. The efficiency translates to the utilization of solar
irradiation by the material.

To evaluate whether the modeled structure is a Z-scheme junction the current
that should be matched in both photosystems should cross the interface via
recombination. In such a situation, the ideal case is when low-energy charge
carriers recombine at the interface and the high-energy charge carriers exit the
device into the contacts, where they can be used for reduction and oxidation.

3. Results and Discussion

SCAPS models the Z-scheme junction at a given irradiation and gives the
corresponding current density-voltage (JV) curve. The solar cell parameters are
estimated using this JV curve. The energy bands can be simulated at a given
voltage. It is useful in establishing whether the junction modeled is indeed a
Z-scheme junction.

3.1. Energy band diagram

The energy band diagram of the modeled Z-scheme junction is given in
Figure 2. The charge carriers must be at the energy levels that are required for
the redox reactions to occur. It must be noted that a Z-scheme junction also
has a distinct energy band diagram with barriers at the interface to facilitate
the recombination of low-energy carriers and to hold the high-energy carriers to
be supplied to the respective reaction sites [13].

Figure 2 illustrates the energy band diagram of the TiO,/CdIn,S, with re-
spect to the fermi level (Ep) of neutral TiO,. On the left side of the device,
we have the TiO4 layer with its distinctive high energy gap and higher electron
affinity. On the right side, we have the CdIn,S, layer with a lower energy gap
and lower electron affinity.

It is noted that the band bending generated in the simulated materials is
that of the direct Z-scheme as the energy barriers in the PS II (CdIn,S, layer)
conduction band keeps the electrons at high energy and can be used in the
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Figure 2: Energy band diagram of the TiO5/CdIn,S,; Z-scheme junction in SCAPS with
respect to the fermi level Ep of neutral TiO, (0.4175 €V wrt. vacuum) at the illumination of
1000 W/m? and 0 V.

reduction sites. The same can be concluded for the valence band of PS I (TiO,
layer) for holes that can be supplied to the oxidation sites. This confirms that the
established TiOy/CdIn,S, Z-scheme junction shows the modeled energy band
diagram which is desired for a Z-scheme junction.

Figure 3 illustrates the calculated charge carrier concentration in the mod-
eled Z-scheme device. The specific band offset results in an increased concentra-
tion of electrons and holes close to the interface (x = 2 um). The high charge
concentrations facilitate a high recombination rate for electrons in PS I and
holes in PS II.

The recombination at the interface is signified by the high peaks and troughs
formed at the interface between the PS I and PS II layers of the Z-scheme
junction at the interface at 2 um (total thickness 4 pum). For equivalent capture
cross-sections of the interface defects, the capture rate is proportional to the
carrier concentration at the interface and thus capture of electrons from PS I
and holes from PS IT will be the most important terms in the SRH mechanism.
Defects are present at the trap energy level between the conduction band of
TiO, and the valence band of CdIn,S,. The low-energy charge carriers shall
meet up at these defect sites and undergo SRH recombination.

SCAPS then simulates the JV curve of the device and calculates the device



1019
1018 -
1017 o
1016 -
1015 -
1014 -
1013 -
1012 -
1011
1010
10°
108
107
108
103
104 v v v

0 1 2 3 4

e Electrons
e Holes

Charge concentration [1/cm3]

Position [um]

Figure 3: Hole and electron concentration across the modeled Z-scheme device thickness in
red and blue line, respectively from SCAPS model at 1000 VV/m2 and 0 V.

performance parameters as in Figure 4. In this case, the corresponding solar
cell parameters are shown in Table 3. It can be seen that the JV curve of this
modeled Z-scheme device is unlike an efficient solar cell Z-scheme curve where
the open circuit voltage is made to work very close to the maximum power
point. This can be attributed to the low fill factor (FF) of the heterojunction.
FF is defined as the ratio between the maximum power density of the device
which is the green area and the product of Voo and Jgc which is the grey area
in Figure 4.

The low fill factor compared to that observed in solar cells is because un-
like in solar cells where the objective is to collect maximum number of charge
carriers at contacts for electrical power generation. The objective of a direct
Z-scheme device used in catalysis would be maximum charge separation. This
would be possible with the low energy charge carriers recombining and thereby
utilizing high energy charge carriers for power generation or reduction/oxidation
catalysis.

3.2. Defect density effect

The defect densities at the interface play an important role in the model as
they provide the recombination levels for the recombination junction in between

10
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Figure 4: SCAPS current density vs. voltage characteristics (JV curve) in black and Power
density vs. voltage in red on applying AM1.5 solar spectrum on TiO5/CdInyS, Z-scheme
junction. With illumination on the right side (TiO, side). The grey area indicates Voo x Jgo
and the green area is Vypp x Jypp which is Pypp ie., maximum power density.

the photosystems for the device which is the interface. By increasing the density
of these trap defects, there are more sites for the low energy charge carriers to
occupy for recombination as illustrated in Figure 1. This will allow the high
energy charge carriers to be separated and utilized for reduction and oxidation
reactions. It is investigated if the type of defect (neutral, acceptor or donor) has
a role in the cell performance as well. Figure 5 illustrates that there is a direct
correlation between the total defect density at the interface and the performance
of the solar cell parameters. As the total defect density is increased, there is an
increase in all cell parameters as cell efficiency (1), Voc, Jgc and FF.

A key takeaway here is that the number of recombination sites increases at
the interface, the cell parameters of the Z-scheme junction improves with better
charge separation and better charge density at the oxidation and reduction sites.

The effect of the type of defect is shown above in Figure 6. The acceptor
or donor nature of the defect type was found to have no profound effect on the
model characteristics as the cell parameters showed little to no variation. There
is consistent overlapping of the Z-scheme JV curves for different defect types.
This indicates that the charge of the interface defects has a negligible impact
on the interface recombination rate and efficiency of the device as well.

11



Table 3: SCAPS device parameters of the simulated TiO,/CdInyS, Z-scheme junction from
the JV curve in Figure 4.

Parameters Unit Value
Open circuit voltage, Voc [mV] 480
Short circuit current, Jg¢ [mA/em?]  4.78
Fill factor, FF (%] 34.32
Effici .
Rev #1 1mency7 no . (%] 0.79
Comment 1.d Voltage at maximum power point, Vypp [V] 0.23
" Current at maximum power point, Jypp  [mA/cm?]  3.44
1.2 06 6 - 50
1.0 | 05 5 |4
) N
2,08 04—}t4E
> = 8 30 %
o < S
c 0.6 1 030OF3 c
Q2 o| & L
o = 20 L
04 - 0.2 2 O
L w
Y
0.2 4 01 |1 [ 10
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Total defect density [1/cm?3]

Figure 5: Solar cell parameters plotted as a function of the total defect density at the interface
from SCAPS. The cell efficiency (n) is indicated in black, the open circuit voltage (Vo) is

indicated in red, the short circuit current (Jg¢) is indicated in green and the fill factor (FF)
is indicated in blue.

3.83. Band offsets effect

In the previous section, it is shown that the recombination at the interface
has a direct correlation with the performance of the device! One can study Rev #1
the influence of the energy barriers and dips can have on the Z-scheme device Comment 1.e.
using solar simulators. It is noted that these barriers help in isolating the high-
energy charge carriers from the low-energy charge carriers. The dips in the
energy band diagram in Figure 2 will help the recombination of the low-energy
charge carriers. To study the influence of these band offsets, the PS I remained
constant the energy position of the band edges of PS II are varied. Two options Rev #1
are described below. Comment 3

12
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Figure 6: Effect of defect type being "neutral” i.e, a hypothetical center carrying no charge,
donor or acceptor on the JV curve of the simulated Z-scheme device from SCAPS.

3.3.1. Fized PS II conduction band

The conduction band of PS IT is fixed at 4.78 eV which is the electron affinity
of the CdIn,S, material. The PS II energy gap is varied from 1 eV to 3 eV which
changes the valence band position with respect to the conduction band in the
model. The solar cell performance parameters as a function of PS II energy gap
is shown in Figure 7.

Figure 7 illustrates the effect of the energy gap of PS II on the performance
of the Z-scheme junction with fixed PS II conduction band. Device efficiency
increases to a maximum of about 1.5% at about 1.1 eV and then decreases as
the energy gap is increased. An irregularity in the fill factor (FF) and Vg
curve close to 1.5 eV can also be noticed. For these band offsets, convergence
failure occurred in SCAPS induced by the high free carrier concentrations at
the interface.

The efficiency curve can be explained as it follows the Vg trend initially
till the rise to maxima and then the Jg¢ trend during its fall with an increase
in the energy gap (Eg) of the photosystem II (PS II) semiconductor layer.

When the bandgap energy (E,) of PS IIis 1 eV, the conduction band edge
of PS I with respect to vacuum is at 5.81 eV (electron affinity (X) of PS I) and
the valence band of PS Il is X + E, i.e. 5.78 eV. It means that the valence
band edge of PS II is above the conduction band edge of PS I by about 0.03 eV.
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Figure 7: The solar cell parameters as a function of the PS II Energy bang gap from SCAPS
model. The cell efficiency (n) is indicated in black, the open circuit voltage (V) is indicated
in red the short circuit current (Jg¢) is indicated in green and the fill factor (FF) is indicated
in blue. Results obtained from the SCAPS model.

This leads to a structure with no interface band gap with a high concentration
of low energy carriers and there will be no interface recombination occurring
due to the interface defects. As the E, of PS II is increased, the interface
gap increases. This leads to the defects being utilized for the low energy charge
carriers recombination. As the energy gap is increased further, the charge carrier
generation is dropped as a lower number of photons is absorbed in the PS II
layer due to its large bandgap. The model is able to predict an optimal structure
when the energy gap of PS Il is 1.1 eV.
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4. Conclusion

Z-scheme semiconductor materials have desirable optoelectrical properties
that make them viable chemical catalysts for reduction and oxidation reac-
tions. As there are various combinations of semiconductor layers possible for
this composite material, the development of a screening model was imperative
to evaluate the feasibility of the material and the desired application. It can be
used as a primary study tool to evaluate various semiconductor candidates that
can be used for charge carrier generation for chemical reduction and oxidation

It is concluded that solar cell simulators such as SCAPS are powerful tools
to assess Z-scheme junctions. Its user-friendly interface is beneficial in reducing
the learning curve for the catalyst research community. The cell parameters can
help in giving a prima-face analysis of the feasibility of using certain materials
as a catalyst.
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The modeling methodology of a direct Z-scheme junction using a solar cell
simulator (SCAPS) is presented in this study. The key performance indica-
tors are presented along with an example case using an established junction
(TiO4/CdInyS,). A direct correlation between the recombination of low-energy
carriers at the interface and device performance is presented.

Data availability

Data will be available from the corresponding author upon reasonable re-
quest.
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Abstract

Carbon capture and utilization (CCU) is a promising solution for reducing re-
liance on fossil fuels and incentivizing the capture of CO,. A key requirement
for CCU is the development of effective photo/electrocatalysts with high CO,
reduction activity that can produce high-value products. Direct Z-scheme het-
erojunctions named after their charge transfer mechanism, use sunlight to con-
duct various photocatalytic reactions, similar to photosynthesis in plants. Solar
cell simulation techniques can be used to obtain material properties and insights
into the electronic characteristics of these materials. By solving semiconductor
differential equations that model the behavior of semiconductors under different
light intensities and applied biases, the solar cell simulator program (SCAPS)
can evaluate the energy band edges, carrier concentrations, and output charac-
teristics of the device. In this study, a method is proposed for modeling direct
Z-scheme junctions in SCAPS by simulating the Shockley Read Hall (SRH) re-
combination using defect densities at the interface of the recombination junction
(RJ). An example using a TiO,/CdIn,S, Z-scheme junction is presented and the
impact of defects on the performance of the junction is discussed. It is presented
that the high recombination rates at the interface via these defects improve the
device performance.
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1. Introduction

Due to the enormous emissions of greenhouse gases such as CO, which trap
heat on earth and insulate it from the cold of space, the threat of climate change
is imminent.

To reduce the CO, emissions, various Carbon Capture and Utilization (CCU)
technologies have been emerging. [1]. In CCU, the captured CO, is reduced
into products such as methanol that can be used in transportation fuels [2].
This promotes a carbon neutral economy by chemical reduction of captured
CO, from the atmosphere to value products using renewable energy sources
and decreasing reliance on fossil fuels for their production.

The reduction of CO4 is thermodynamically and kinetically challenging as
it consists of the breaking of two C=O0O bonds that have a bond dissociation
energy of 750 kJ/mol [3]. Catalysts can facilitate these reactions to synthesize
high-value products such as dimethyl ether (DME), olefins and higher alcohols
without relying on conventional energy sources [4].

Semiconductor catalysts are good candidates for this application. It has
been reported that homogeneous catalysts for electro-, photo- and photoelec-
trocatalytic CO4 reduction reactions offer higher activities and selectivities than
heterogeneous counterparts. However, the former is quite difficult to separate
from the reaction mixture, thereby making them unsuitable for re-use, which is
disadvantageous in terms of sustainability [3].

1.1. Semiconductor Catalysis

In 1972, Fujishima and Honda reported that the semiconductor TiO4 can be
used as a photocatalyst in water to produce Hydrogen [5]. This led to extensive
research and development in the area of semiconductor catalysts to improve
their photocatalytic efficiency and deployment in various applications especially
in the sustainability sector [6].

These catalysts are used in various applications. It is reported that the
material has usage in applications such as wastewater treatment [7, 8, 9], hy-
drogen production [10, 11, 12], CO, reduction [13, 14, 15, 16] and air purification
[17, 18, 19]. There are various ways in which an established photocatalyst can
be improved using dye anchoring, metal deposition, heterogeneous composites,
doping, surface adsorbates and hybrids with nano-materials [6].

Although TiO, can facilitate water splitting into Hy and O, its large bandgap
of 3.2 eV allows it to utilize the UV part of the spectrum, which results in a low
spectral utilization. Hence, novel semiconductor materials with lower band gap
and efficient charge separation need to be explored as candidates to improve
this spectral utilization [20].

O+e=R y (1)

redox

In Equation 1, we take the case of a redox reaction of reactant "O” and

product "R” at potential V.7, (in volts against the normal hydrogen electrode



(NHE)). This can be measured in terms of energy levels F,cqo, (denoted in
electron volts against vacuum) using the relationship as:

E\rcdox = constant — eV, (2)

Where the constant value is between -4.48 eV and e is the unit charge [21].

The semiconductor catalyst must supply charge carriers that are (i) elec-
trons, at a higher energy level than their reduction level and (ii) holes are
supplied lower than the reaction oxidation energy level. Moreover, extra energy
is needed to overcome the reaction overpotentials. Hence, using these semi-
conductor catalysts we can conduct reactions in a non-spontaneous direction
by adding irradiant energy and/or electrical energy that can be converted to
chemical energy as fuel [21]. This is ideal for the current demand for emission
free production methods of chemical synthesis.

1.2. Direct Z-scheme semiconductors

Z-scheme junctions are composite semiconductors that use a two-photon
excitation method to achieve higher charge separation similar to photosynthesis
in plants. It addresses the issue with single component catalysts like TiO4
which requires a large bandgap for high charge separation but at the expense
of low spectral utilization. These features are mutually exclusive and Z-scheme
junctions can in principle overcome this. However, further studies must be
carried out to improve their stability, light harvesting, charge separation and
transportation to reach economic viability and physical/chemical understanding
[22].

Direct Z-scheme semiconductor materials or photosystem (PS-PS) systems
are composite semiconductors. This structure is intended to be similar to a
tandem solar cell which utilizes junctions of semiconductor materials of differ-
ent energy band gaps and electron affinities to enhance the solar cell’s spectral
utilization and produce high voltage outputs i.e. better charge separation. How-
ever, in this report, the working of a dual n-type Z-scheme junction is elaborated
and is quite different from that of a tandem solar cell.

This paper demonstrates the use of solar cell simulators to model the effec-
tiveness of charge carrier separation in a photocatalyst. The charge carriers are
used in the reduction and oxidation sites of the semiconductor catalyst while in
a traditional solar cell these carriers contribute directly to electric power gener-
ation. Consequently solving the semiconductor equations to describe the carrier
kinetics in both systems is equivalent. Moreover, the performance parameters
of the photocatalyst as a solar cell will reveal the expectations of the structure
under different bias and illumination conditions. This study proposes the use
of solar cell simulator SCAPS to simulate direct Z-scheme junctions. For such a
Z-scheme heterojunction direct recombination at the interface from both sides
needs to be included [23].

It is crucial to engineer photocatalysts that can prevent bulk charge re-
combination and as such improve the light-harvesting efficiency of the system.
Equivalent to thin-film photovoltaic technology, many options to improve water



splitting and CO, reduction catalysts have been proposed: bandgap engineering,
crystal facet engineering and surface heterojunction optimization [24].

Although characterization of Z-scheme junctions using experimental meth-
ods such as photo reduction testing, radical species trapping, metal loading and
X-ray photoelectron spectroscopy (XPS) are present [25]. These techniques do
not establish a direct link between the experimental parameters and the final
device efficiency of converting irradiation to chemical energy. Simulations can
address these issues by using the experimental data from characterization and
estimating the impact on efficiency by evaluating the charge carrier migration
in the photo-catalyst [25].

In this paper, a method to solve the semiconductor equations for a Z-scheme
heterojunction is presented. This is done by including defect traps at the in-
terface to allow the photo-generated low energy carriers to recombine, thereby
achieving high open circuit voltage (Voc) or charge separation compared to the
oxidation or reduction potentials of the desired product.

1.8. Solar Cell Capacitance Simulator (SCAPS)

Solar cell capacitance simulator (SCAPS 1-D) was developed at Ghent Uni-
versity and is available for the research community [26]. It is used to simulate
the performance of thin film solar cells and can simulate conventional charac-
terization techniques. The program was developed initially for structures such
as CulnSe, and CdTe cells, but due to the generality of the semiconductor
equations that are solved other structures can be modeled.

The simulator has user-friendly and a graphical interface that gives output
data that is useful for the catalyst research and development community. A key
reason why SCAPS is used over other solar simulators is because of its ability to
include a recombination model based on defects with different properties that
are desired in the working of this model and is elaborated further in Section 2.2.

2. Methodology

The primary objective of this study is to evaluate the direct Z-scheme device
performance. This is indicated by the efficient conversion of sunlight to electric
power or charge carriers that can be used for redox reactions. The three main
solar cell parameters used to describe the desired characteristics are:

o the efficiency (7) to indicate the effective conversion of sunlight to gener-
ated power.

e current density at maximum power point (Jypp) to indicate the number
of carriers to oxidation and reduction sites in the Z-scheme catalyst.

e the voltage at maximum power point (Vypp) is induced potential that
indicates whether the reduction and oxidation potentials for the concern-
ing reaction can be exceeded. Higher charge separation is preferred to
overcome any overpotentials.



The characteristics and requirements of the catalytic device are similar to
those of a solar cell device. This makes solar simulators a viable tool to study
the photo, electro or photo electro-catalytic semiconductors.

An established direct Z-scheme junction TiOy/CdIn,S, that is used to reduce
and oxidize methyl orange (MO) is used as reference material [27]. It is reported
that methyl orange redox potentials are -0.33/2.40 eV (vs. NHE) [27]. The
candidate Z-scheme junction should supply a Vypp greater than the difference
between the redox potential difference. An overpotential must be added into the
redox potential difference for example 0.5 V when using TiO, passivated GaP
photocatalysts [28]. However, for a prima facie analysis, this is not required and
hence omitted in this study.

The (conduction band quasi fermi level) Ef, at the reduction site must
be higher than the reduction potential of the reaction and the (valence band
quasi fermi level) Fr, at the oxidation site must be lower than the oxidation
reaction. This will help in evaluating the feasibility of charge carriers to move
from the semiconductor material and take part in the chemical reaction. This
is similar to the metalwork function of a contact in a solar cell and electron or
hole transport layer. It is reported that the TiO, and CdIn,S, have Ecp/Evp
levels at -0.29/2.91 eV and -0.82/1.38 eV (vs. NHE) which are the material
parameters implemented in SCAPS as input parameters [27]. Since the energy
levels meet the primary criteria, they can be considered good candidates for a
Z-scheme junction for methyl orange oxidation and reduction catalysis.

Bard et al. state that the properties of the electrolyte can also be modeled as
an intrinsic semiconductor with specific parameters [21]. Such an approximation
is not experimentally validated in combination with a Z-scheme, therefore this
is not included in our proposed model in this paper. This can be proposed as
future work. This paper will focus on modeling the Z-scheme junction.

2.1. Numerical modeling of semiconductor devices
Partial differential equations are used to model the behavior of charge car-
riers in semiconductor devices [29].
Poisson’s equation in the one-dimensional case is written as:
d? dE
=% = IN@) +p—n) Q
Where 9 stands for the potential, E stands for the electric field, = for the
position, N(z) is the net charge concentration of the impurities or dopants, g
is the electronic charge, € is the dielectric constant of the semiconductor layer,
p and n are the hole and electron densities, respectively. The charge carrier
concentration in the semiconductor is evaluated using the continuity equations
at steady state conditions across the cell thickness as:

1dJ,
q dx
1dJ,
q dx

=U-G

- —(U-G)



Table 1: Semiconductor layer parameters used in this study.

PSI PSII
Material TiOy CdIngSy
Thickness [pm] 2 2
Bandgap [eV] 3.2 2.2
Electron affinity [eV] 581  4.78
Dielectric permittivity 10 10
OB effective density of states [10*® cm?/s] 1 1
VB effective density of states [101Y cm3/s] 1 1
Electron thermal velocity [107 cm/s] 1 1
Hole thermal velocity [107 cm/s] 1 1
Electron mobility [cm?/V s] 50 50
Hole mobility [cm?/V s] 50 50
Shallow uniform donor density (Np) [10!2 1/em?] 1 9000
Shallow uniform acceptor density (N4) [1/cm?] 10 10
Radiative recombination coefficient [107* cm3/s] 1 1

Table 2: Interface layer parameters used in this study are assumed. o is capture cross-section.

Parameter type Value
Defect type Neutral
oe [10719 ¢cm?] 1

op, [10719 cm? 1
Energetic distribution Single

Reference for defect energy level (E;)  Above middle of interface gap
Energy with respect to Reference [eV] 0
Total density [101° 1/cm? ] 1

Where J,, and J, represent the current densities by electrons and holes,
respectively. U and G are the recombination and generation rates, respectively
[30].

In Table 1, the semiconductor parameters are shown in this model to study
the Z-scheme device [27]. In Table 2, the interface properties were given.

The left and right contacts are simulated to have flat bands with electron
and hole surface recombination rates of 10° and 107 cm/s respectively.

2.2. Shockley Read Hall (SRH) recombination at the interface

It is assumed that the low-energy charge carrier recombination at the inter-
face between the layers of the Z-scheme semiconductor is due to the presence of
high defect densities. In SCAPS, the proposed recombination can be modeled
in the form of SRH recombination at a particular energy state. It is reported
that the recombination at these interface defects can be modeled using SRH
recombination. This type of recombination path was introduced in SCAPS to



model polycrystalline solar cells such as the interface between CdS/CdTe cells
[26].

Many solar cell simulators only treat SRH recombination within the same
layer and require a dummy layer in between to handle this. This SRH recom-
bination path from both sides of the interface will be utilized in the Z-scheme
model for which low energy carriers from both materials can directly recombine
via the interface states.

2.3. Energy band diagram of the Z-scheme heterojunction

Z-scheme junctions require a particular characteristic in their energy band
diagram.

X,

—  Interface trap Energy levels

&_W

.

0*4__0/h+

:

Photo System | Photo System Il

Figure 1: A schematic in the charge carrier propagation in a direct Z-scheme junction. The
red line indicates the motion of electrons (¢”) and the blue line indicates the motion of holes
(h").

Figure 1 illustrates that the valence band in Photosystem I (PS I) layer is
required to hold the high energy holes generated to be utilized in the oxidation
site, hence an energy barrier must be present. The high energy holes are moved
to the oxidation sites where the oxidation reactant O gives an electron to the
semiconductor catalyst, forming the oxidized product O*. The conduction band
in Photosystem II (PS II) layer is required to hold the high energy electrons
generated to be utilized in the reduction site, hence an energy barrier must be
present. The high energy electrons are moved to the reduction sites where the
reduction reactant R takes an electron from the semiconductor catalyst, forming
the oxidized product R*. The low energy charge carriers of PS I and PS II are
electrons and holes, respectively. They recombine due to the interface states
present. This is illustrated in the presence of the valence band and conduction
band energy dips.

In the case of the TiOy/CdInyS, Z-scheme junction which is modeled in
this study. The illumination of AM1.5 1 sun spectrum is falling on the TiO4
layer first. TiOy layer is PS I and the CdIn,S, layer is PS II in this study.



The recombination at the interface is modeled in SCAPS using defects at trap
energy levels between the PS I and PS II conduction and valence band edges.

A direct Z-scheme heterojunction model is developed to resemble the working
of a Z-scheme junction in a solar cell simulator such as SCAPS. The recombi-
nation of low energy charge carriers is simulated using SRH recombination of
these carriers in neutral defects in the interface between the two semiconductor
layers.

2.4. Model validation

Open circuit voltage or Vo of the semiconductor device is the direct mea-
surement of the charge separation capability. The reduction and oxidation ca-
pability of the catalyst is proportional to the Voc. The short circuit current
or Jgc of the semiconductor is an important characteristic to note as well, as
it quantifies the amount of high energy charge carriers that are available at the
reduction and oxidation sites. The efficiency translates to the utilization of solar
irradiation by the material.

To evaluate whether the modeled structure is a Z-scheme junction the current
that should be matched in both photosystems should cross the interface via
recombination. In such a situation, the ideal case is when low-energy charge
carriers recombine at the interface and the high-energy charge carriers exit the
device into the contacts, where they can be used for reduction and oxidation.

3. Results and Discussion

SCAPS models the Z-scheme junction at a given irradiation and gives the
corresponding current density-voltage (JV) curve. The solar cell parameters are
estimated using this JV curve. The energy bands can be simulated at a given
voltage. It is useful in establishing whether the junction modeled is indeed a
Z-scheme junction.

3.1. Energy band diagram

The energy band diagram of the modeled Z-scheme junction is given in
Figure 2. The charge carriers must be at the energy levels that are required for
the redox reactions to occur. It must be noted that a Z-scheme junction also
has a distinct energy band diagram with barriers at the interface to facilitate
the recombination of low-energy carriers and to hold the high-energy carriers to
be supplied to the respective reaction sites [13].

Figure 2 illustrates the energy band diagram of the TiO,/CdIn,S, with re-
spect to the fermi level (Ep) of neutral TiO,. On the left side of the device,
we have the TiO4 layer with its distinctive high energy gap and higher electron
affinity. On the right side, we have the CdIn,S, layer with a lower energy gap
and lower electron affinity.

It is noted that the band bending generated in the simulated materials is
that of the direct Z-scheme as the energy barriers in the PS II (CdIn,S, layer)
conduction band keeps the electrons at high energy and can be used in the
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Figure 2: Energy band diagram of the TiO5/CdIn,S,; Z-scheme junction in SCAPS with
respect to the fermi level Ep of neutral TiO, (0.4175 €V wrt. vacuum) at the illumination of
1000 W/m? and 0 V.

reduction sites. The same can be concluded for the valence band of PS I (TiO,
layer) for holes that can be supplied to the oxidation sites. This confirms that the
established TiOy/CdIn,S, Z-scheme junction shows the modeled energy band
diagram which is desired for a Z-scheme junction.

Figure 3 illustrates the calculated charge carrier concentration in the mod-
eled Z-scheme device. The specific band offset results in an increased concentra-
tion of electrons and holes close to the interface (x = 2 um). The high charge
concentrations facilitate a high recombination rate for electrons in PS I and
holes in PS II.

The recombination at the interface is signified by the high peaks and troughs
formed at the interface between the PS I and PS II layers of the Z-scheme
junction at the interface at 2 um (total thickness 4 pum). For equivalent capture
cross-sections of the interface defects, the capture rate is proportional to the
carrier concentration at the interface and thus capture of electrons from PS I
and holes from PS IT will be the most important terms in the SRH mechanism.
Defects are present at the trap energy level between the conduction band of
TiO, and the valence band of CdIn,S,. The low-energy charge carriers shall
meet up at these defect sites and undergo SRH recombination.

SCAPS then simulates the JV curve of the device and calculates the device
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Figure 3: Hole and electron concentration across the modeled Z-scheme device thickness in
red and blue line, respectively from SCAPS model at 1000 VV/m2 and 0 V.

performance parameters as in Figure 4. In this case, the corresponding solar
cell parameters are shown in Table 3. It can be seen that the JV curve of this
modeled Z-scheme device is unlike an efficient solar cell Z-scheme curve where
the open circuit voltage is made to work very close to the maximum power
point. This can be attributed to the low fill factor (FF) of the heterojunction.
FF is defined as the ratio between the maximum power density of the device
which is the green area and the product of Voo and Jgc which is the grey area
in Figure 4.

The low fill factor compared to that observed in solar cells is because un-
like in solar cells where the objective is to collect maximum number of charge
carriers at contacts for electrical power generation. The objective of a direct
Z-scheme device used in catalysis would be maximum charge separation. This
would be possible with the low energy charge carriers recombining and thereby
utilizing high energy charge carriers for power generation or reduction/oxidation
catalysis.

3.2. Defect density effect

The defect densities at the interface play an important role in the model as
they provide the recombination levels for the recombination junction in between
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Figure 4: SCAPS current density vs. voltage characteristics (JV curve) in black and Power
density vs. voltage in red on applying AM1.5 solar spectrum on TiO5/CdInyS, Z-scheme
junction. With illumination on the right side (TiO, side). The grey area indicates Voo x Jgo
and the green area is Vypp x Jypp which is Pypp ie., maximum power density.

the photosystems for the device which is the interface. By increasing the density
of these trap defects, there are more sites for the low energy charge carriers to
occupy for recombination as illustrated in Figure 1. This will allow the high
energy charge carriers to be separated and utilized for reduction and oxidation
reactions. It is investigated if the type of defect (neutral, acceptor or donor) has
a role in the cell performance as well. Figure 5 illustrates that there is a direct
correlation between the total defect density at the interface and the performance
of the solar cell parameters. As the total defect density is increased, there is an
increase in all cell parameters as cell efficiency (1), Voc, Jgc and FF.

A key takeaway here is that the number of recombination sites increases at
the interface, the cell parameters of the Z-scheme junction improves with better
charge separation and better charge density at the oxidation and reduction sites.

The effect of the type of defect is shown above in Figure 6. The acceptor
or donor nature of the defect type was found to have no profound effect on the
model characteristics as the cell parameters showed little to no variation. There
is consistent overlapping of the Z-scheme JV curves for different defect types.
This indicates that the charge of the interface defects has a negligible impact
on the interface recombination rate and efficiency of the device as well.
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Table 3: SCAPS device parameters of the simulated TiO,/CdInyS, Z-scheme junction from
the JV curve in Figure 4.

Parameters Unit Value
Open circuit voltage, Voc [mV] 480
Short circuit current, Jg¢ [mA/em?]  4.78
Fill factor, FF (%] 34.32
Efficiency, n (%] 0.79
Voltage at maximum power point, Vypp [V] 0.23
Current at maximum power point, Jypp  [mA/cm?]  3.44
12 0.6 r 6 r 50
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Figure 5: Solar cell parameters plotted as a function of the total defect density at the interface
from SCAPS. The cell efficiency (n) is indicated in black, the open circuit voltage (Vo) is

indicated in red, the short circuit current (Jg¢) is indicated in green and the fill factor (FF)
is indicated in blue.

3.83. Band offsets effect

In the previous section, it is shown that the recombination at the interface
has a direct correlation with the performance of the device. One can study
the influence of the energy barriers and dips can have on the Z-scheme device
using solar simulators. It is noted that these barriers help in isolating the high-
energy charge carriers from the low-energy charge carriers. The dips in the
energy band diagram in Figure 2 will help the recombination of the low-energy
charge carriers. To study the influence of these band offsets, the PS I remained

constant the energy position of the band edges of PS II are varied. Two options
are described below.
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Figure 6: Effect of defect type being "neutral” i.e, a hypothetical center carrying no charge,
donor or acceptor on the JV curve of the simulated Z-scheme device from SCAPS.

3.3.1. Fized PS II conduction band

The conduction band of PS IT is fixed at 4.78 eV which is the electron affinity
of the CdIn,S, material. The PS II energy gap is varied from 1 eV to 3 eV which
changes the valence band position with respect to the conduction band in the
model. The solar cell performance parameters as a function of PS II energy gap
is shown in Figure 7.

Figure 7 illustrates the effect of the energy gap of PS II on the performance
of the Z-scheme junction with fixed PS II conduction band. Device efficiency
increases to a maximum of about 1.5% at about 1.1 eV and then decreases as
the energy gap is increased. An irregularity in the fill factor (FF) and Vg
curve close to 1.5 eV can also be noticed. For these band offsets, convergence
failure occurred in SCAPS induced by the high free carrier concentrations at
the interface.

The efficiency curve can be explained as it follows the Vg trend initially
till the rise to maxima and then the Jg¢ trend during its fall with an increase
in the energy gap (Eg) of the photosystem II (PS II) semiconductor layer.

When the bandgap energy (E,) of PS IIis 1 eV, the conduction band edge
of PS I with respect to vacuum is at 5.81 eV (electron affinity (X) of PS I) and
the valence band of PS Il is X + E, i.e. 5.78 eV. It means that the valence
band edge of PS II is above the conduction band edge of PS I by about 0.03 eV.

13
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Figure 7: The solar cell parameters as a function of the PS II Energy bang gap from SCAPS
model. The cell efficiency (n) is indicated in black, the open circuit voltage (Vo) is indicated
in red the short circuit current (Jg¢) is indicated in green and the fill factor (FF) is indicated
in blue. Results obtained from the SCAPS model.

This leads to a structure with no interface band gap with a high concentration
of low energy carriers and there will be no interface recombination occurring
due to the interface defects. As the E, of PS II is increased, the interface
gap increases. This leads to the defects being utilized for the low energy charge
carriers recombination. As the energy gap is increased further, the charge carrier
generation is dropped as a lower number of photons is absorbed in the PS II
layer due to its large bandgap. The model is able to predict an optimal structure
when the energy gap of PS I is 1.1 eV.

3.3.2. Fized PS II valence band

The valence band is fixed by making sure that the sum of electron affinity
and energy gap is constant. The energy position of the valence band corresponds
with the values in Table 1. Parameter sweeps are conducted for values of PS
IT E, and PS II E, where the sum stays 6.98 eV. The results of the parameter
sweep is shown in the Figure 8 as a function of the PS II energy gap.

As the PS II energy gap is increased from 1.0 to 1.69 eV. The device shows
little to no performance as the PS II conduction band is below the conduction
band of the PS I. Therefore, there is no barrier for electrons generated and the
recombination mechanism at the interface is not the preferential mechanism for
carrier collection. As the PS II energy gap is further increased which means the
electron affinity of PS II is decreasing. The PS II conduction band continues
to move away from the PS I conduction band making a positive band offset in
the conduction band from PS I to PS II. This barrier keeps the high energy
charge carriers from going to a low energy level and allows the recombination of
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Figure 8: The solar cell parameters as a function of the PS II energy gap from SCAPS model.
Where the PS II satisfies the condition that the sum of the energy gap and electron affinity
is 6.98 eV. The cell efficiency (n) is indicated in black, the open circuit voltage (Vgo¢) is
indicated in red the short circuit current (Jgc) is indicated in green and the fill factor (FF) is
indicated in blue. Results obtained from the SCAPS model.

low energy charge carriers. On the other hand, when the energy gap is further
increased. The generation of carriers in PS II will reduce. Hence, there is
a maximum in the device efficiency. The efficiency curve rises to a maxima
of 1.09% at PS II energy gap of 2.43 eV. The only performance parameter
that gradually rises is the Vo¢ due to the rise in the built-in potential in the
junction. The absence of data points beyond 2.6 eV is due to convergence failures
occurring in SCAPS when calculating the open circuit potential for these points.

4. Conclusion

Z-scheme semiconductor materials have desirable optoelectrical properties
that make them viable chemical catalysts for reduction and oxidation reac-
tions. As there are various combinations of semiconductor layers possible for
this composite material, the development of a screening model was imperative
to evaluate the feasibility of the material and the desired application. It can be
used as a primary study tool to evaluate various semiconductor candidates that
can be used for charge carrier generation for chemical reduction and oxidation

It is concluded that solar cell simulators such as SCAPS are powerful tools
to assess Z-scheme junctions. Its user-friendly interface is beneficial in reducing
the learning curve for the catalyst research community. The cell parameters can
help in giving a prima-face analysis of the feasibility of using certain materials
as a catalyst.
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The modeling methodology of a direct Z-scheme junction using a solar cell
simulator (SCAPS) is presented in this study. The key performance indica-
tors are presented along with an example case using an established junction
(TiO4/CdInyS,). A direct correlation between the recombination of low-energy
carriers at the interface and device performance is presented.

Data availability

Data will be available from the corresponding author upon reasonable re-
quest.
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