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ABSTRACT: The optimization of coated ferroelectric photo-
catalysts represents a promising pathway toward competitive
efficiencies. Here, we present a computational model that is used
to predict the internal quantum efficiency (IQE) of individual
coated ferroelectric domains. Criteria are identified that enable
increased efficiencies. The net current favored on a negatively
polarized domain of BaTiO; coated with a 20 nm TiO, (anatase)
film is shown to be oxidation, whereas reduction is favored on
positively polarized coated BaTiO; domains. The results indicate
that the IQE of the minority carrier reaction (oxidation) at
physical conditions reported in the literature is less than 1%. By
increasing the carrier lifetime to approximately 100 ns, increasing
the reduction reaction kinetics, and optimizing the potential,
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complementary electron and hole reactions of equal magnitude can occur separately on positive and negative domains with an
IQE of over 90% (45% if operated in a Z-scheme). This analysis can be applied to heterostructured photocatalysts with various
sources of charge-separating internal fields, including those that also absorb visible light, to ultimately maximize the solar to

hydrogen efficiency.

B INTRODUCTION

The development of a particulate photocatalyst that can harvest
solar energy to split water and efficiently produce hydrogen has
the potential to revolutionize the energy industry." However,
limitations in efficiency relative to competing technologies have
prevented commercialization.” Therefore, there has been a
great deal of research into understanding what factors limit
efficiencies’ and to identify materials that exhibit improved
efficiencies.”

One common issue is that the majority of water-splitting
photocatalysts operate primarily as either a photoanode or a
photocathode.” Efficiencies can be limited, therefore, by the
balancing electrochemical reaction, by back-reactions of
intermediates when the reactions are not separated, and by
the recombination of minority carriers prior to their reaction.’
Co-catalysts are commonly employed to mitigate these effects,
as they promote the balancing half-reaction and allow overall
water splitting to proceed.” However, cocatalysts are commonly
precious metals that significantly increase cost and do not
increase the performance to desired efficiencies. It is, therefore,
of interest to investigate other mechanisms that promote
balancing half-reactions and separate charge carriers within a
photocatalyst.

Numerous studies have demonstrated that internal electric
fields influence the reactivity of a material’s surface.® Some
materials have spatially varying near-surface internal fields that
can drive electrons to one area of the surface and holes to
another, thereby spatially separating the two water-splitting
half-reactions on the surface of a single material (without a
cocatalyst). One of the most common types of spatial selectivity
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arising from internal fields is the domain-selective reactivity
observed in many ferroelectrics.” The empirical evidence for
improved photocatalytic behavior in ferroelectrics is strong.
The suggested origin of this behavior is that, by separating the
location of surface reactions and separating the photogenerated
charge carriers throughout the absor}gtion depth, back-reactions
and recombination are minimized.'” Nevertheless, there have
not been quantitative studies that describe the relative
performance variation for different domains. In the current
work, we focus on developing a computational model that
captures the relevant charge carrier transport mechanisms in
ferroelectric photocatalysts. We use this model to identify
criteria that can be optimized to increase efficiencies to over
90%, indicating that there is significant room for improving
catalysts by engineering the spatial variation of near-surface
electric fields.

BaTiO; is one of the best-known ferroelectrics and is a well-
studied photocatalyst.'' The photoelectrochemical response of
BaTiO; electrodes has been studied,'” but not in a manner that
can isolate the behavior of individual domains and reveal the
precise effect of the polarization. Domain-selective reactivity on
the surface of an illuminated ferroelectric (n-type) BaTiO,
polycrystal submersed in aqueous AgNO; was demonstrated by
Giocondi and Rohrer.'”"? Solid Ag reduction reaction products
were observed (using atomic force microscopy) in a pattern
that coincided with the ferroelectric domain structure. The
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Table 1. Summary of Material Parameters, Constants, and Variables Used in the Computations

Material Parameters

description symbol film value substrate value unit source
relative permittivity & 31 1200 26, 27
donor density Np 1x 10" 1x 10" cm™® 28, 29
acceptor density Ny 1 X 10% 1 x 10% cm™
surface polarization magnitude P 0 0, 26 uC em™ 30
electron mobility s 0.1 0.5 cm? Vst 29, 31
hole mobility Hy 2% 1073 0.25 em? Vist 32, 33
electron affinity X 4.2 4.2 eV 34, 35
band gap E, 32 32 eV 31, 36, 37
surface effective Richardson constant A%, 1% 107 Am™K? 38
conduction band effective density of states N. 7.9 X 10% 5.5 X 10" cm™3 40, 41°
valence band effective density of states N, 1.8 x 10" 1.2 x 10%® cm™ 40, 41¢
absorption coeflicient a 2 x 10° 1x 10° cm™! 42—44
representative photon energy Egn 3.82 3.82 eV
carrier recombination lifetime T Tp 1x107° 1x107° s 45, 46
Constants
description symbol value unit
elementary charge q 1.602 x 107" C
vacuum permittivity & 8.854 x 107" Fm™
temperature T 298 K
Boltzmann constant k 1381 x 1072 JK!
incident irradiance I, 1 x 10* W m™
metal work function [ 4.76 eV
Variables
description symbol unit description symbol unit
Schottky barrier height bz \% carrier current densities T Jp Am™
depth x m carrier generation rate Gnp m> st
electric field E Vm™! carrier recombination rate Usp m3 s~}
electrostatic potential 17 A% conduction band energy E. eV
carrier densities n,p m™ valence band energy E, eV

“Calculated from effective masses.

complementary domains were shown to support oxidation
reactions that formed solid Pb products when submersed in an
aqueous lead acetate solution.'” It was shown through these
marker reactions that domains of positive polarizations
promoted reduction and domains of negative polarizations
promoted oxidation.

Despite the promising demonstration of domain-specific
reactivity on the surface of BaTiO;, Ba leaching has been shown
to dissolve the material over time in aqueous solution.'*”'®
When BaTiO; is coated with a 10 nm thin film of chemically
stable TiO,, the film exhibits spatially selective reactivity that
correlates with the domain structure of the BaTiO; substrate in
a fashion identical to that of the bare substrate reactivity.'” ="’
Given the low absorption coefficient of the film, it was
proposed that carriers photogenerated in the substrate
(BaTiO;) were driven by internal fields associated with the
domain polarization to the substrate/film interface and then
traversed the film (TiO,) to react at the surface. As the film
thickness was increased to 30 nm, the influence of the
underlying substrate polarization on the spatial reactivity also
decreased, and domain-specific reactivity was no longer
apparent when the film was beyond 50 nm thick.'® Also, the
reactivity of both the TiO,/BaTiOj; heterostructures and the
bare BaTiOj; substrate were not shown to vary significantly with
the crystal orientation or phase of TiO,, indicating that the
direction of the polarization was most important, not the
magnitude of the polarization resolved into the direction of the

surface normal. Li et al.”” showed that hierarchically structured
photocatalysts could be designed that incorporated high surface
area nanocrystalline TiO, shells on microcrystalline BaTiO,
cores. These catalysts had improved performance relative to
their components, illustrating further the potential of using
heterostructured ferroelectric photocatalysts.

It should be noted that recent work has demonstrated similar
spatially selective behavior for visible light absorbing ferro-
electric substrates”’ and their heterostructures.”” Spatially
selective reactivity has also been observed due to different
sources of internal electric fields, including polar surface
terminations, phase boundaries, and polymorph junctions.®
These versatile mechanisms for producing spatially selective
reactivity represent a promising approach to achieving highly
efficient photocatalysts. However, the methods used to
characterize their performance have been primarily qualitative.

Quantitatively evaluating the efficiency and understanding
how to optimize the performance is essential for future
photocatalyst design. However, it is often difficult to control
independently all of the variables in the laboratory. Reported
computational efforts have focused primarily on modeling the
solution/photocatalyst interface.”> However, modeling the
transport of carriers throughout the depth of the photocatalyst
is essential to understanding the influence of buried charges.

In this work, we have developed a quantitative computational
model of the heterostructured ferroelectric photocatalysts,
using a general model that represents any potential buried
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charge separation mechanism. Simulations are then used to
assess the impact of specific parameters in the underlying
physical model on reactivity and to develop directions to
improve catalyst performance. TiO, (anatase)/BaTiO; hetero-
structures were simulated to make direct comparisons with the
thorough photochemical results available in the literature.
Simulations of films of varying thicknesses over a range of
applied voltages on domains of different types were carried out,
and the results expand upon insights gained from the physical
experiments in the literature. The results provide a framework
for predicting and optimizing the physical performance of these
heterostructures. Specifically to these heterostructures, we show
that, by increasing the carrier lifetime to approximately 100 ns,
increasing the reduction reaction (majority carrier) kinetics,
and optimizing the potential (externally or through pH),
complementary electron and hole reactions of equal magnitude
can occur separately on positive and negative domains with an
internal quantum efficiency (IQE) of over 90% (45% if
operated in a Z-scheme). The model is extensively described in
the next section (Theoretical Methods). Collections of different
simulations are subdivided in the Results, focusing separately
on the nature of band bending and light absorption, film
thickness effects, current—voltage behaviors, the effects of
different model parameters, and the optimal efficiency.

B THEORETICAL METHODS

Simulations were designed and conducted using the commer-
cial finite element software package COMSOL Multiphysics.”*
The semiconductor physics incorporated into the model are
similar to those recently reported by Garcia-Esparza and
Takanabe.”” Using the built-in semiconductor module, a fully
coupled damped Newton method was employed to simulta-
neously solve Poisson’s equation (see Table 1 for variable
definitions)

VE=-V=-L(p—n+Ny—N, + P)
Eo&r (1)

the electron and hole current continuity equations
on

1
SV + G, -,

ad q (2a)
and

% B _év.]p oG (2b)
and the electron and hole drift and diffusion equations

J, = q(unE + pkTVn) (3a)
and

J, = q(unE + ukTVn) (3b)

The key parameters and variables used in the model are
summarized in Table 1. Equations 1, 2a, 2b, 3a, and 3b were
used to calculate the electrostatic potential (¢) and carrier
(electron and hole) concentrations (n and p) throughout the
heterostructure. Dopant concentrations, recombination losses,
photogeneration rates, and various material parameters were all
factored into the computations. Whenever values were selected,
they were taken from the literature with an aim to describe
previously reported marker reaction results.

A one-dimensional (1D) geometry was used, as shown in
Figure 1. The geometry was discretized into thousands of mesh

Film Surface _ Solid Interf Back Contact
(Schottky Contact) (Ohmic Contact)

lllumination -—> @ - PS

L 4
Source Film Substrate
(TiOy) (BaTiO,)

Figure 1. Heterostructure model geometry and corresponding physics.

elements that are most narrowly defined near the film surface,
throughout the thin film, and at the solid interface between the
film and substrate. Uniform n-type doping (Np) was applied
throughout the film and substrate, with a relatively smaller
concentration of p-type counterdopants also included (N,).
The ferroelectric polarization (P) was modeled in the form of a
sheet charge density at the node representing the film/substrate
interface and was locally incorporated into Poisson’s equation
(eq 1). An Ohmic contact fixed the substrate Fermi level at the
back contact node.

The arrival of charge carriers to the film surface (where
reaction can occur) is dependent on the electrostatic potential
(band bending) and the relative photogeneration and
recombination rates. The conduction (E;) and valence (Ey)
band energies were defined (relative to the reference level)
throughout the heterostructure by determining the spatially
varying electrostatic potential (¢), and combining it with the
fixed electron affinity (y) and band gap (Eg) of the material, as

follows:

Ec = _‘J(q) + X) (4a)
and
E,=—q(®+X+ Eg) (4b)

Mumination was modeled as being incident at the film
surface and penetrating through the film and into the substrate.
The photogeneration rate (G, ), which was applied equally to
electrons and holes, was derived from the Beer—Lambert law:

G,, = Io—ae_“x

Epn (3)

The irradiance (I,) of photons with sufficient energy to be
absorbed by TiO, and BaTiO; was estimated from marker
reaction setups described in the literature.'”~"? Considering the
spectrum of the illumination source used in the literature, a
representative photon energy (E,;) was selected to approximate
the total irradiance as originating from a monochromatic
source.

Photogenerated carriers drift and diffuse throughout the
heterostructure until either being collected at the film surface or
recombining internally. The method of recombination used in
the model was trap-assisted Shockley—Read—Hall (SRH)
recombination. The SRH recombination rate (Un,p)l defined as

_ np — NN,e "/

U =
n,p Tp(ﬂ + /Nche—Eg/sz) + Tn(P + /Nche—Eg/ZkT)
(6)

depends strongly on the local carrier concentrations (n and p)
and the carrier lifetimes (z,,).

The surface of the thin film coating in contact with solution
was modeled as a Schottky contact, with thermionic emission
governing the electron and hole currents at the surface:
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Table 2. Summary of Key Variable Inputs for the Film (f) and Substrate (s)“

Figure film thickness (nm) A*F(Am?K?) A*Pf (Am™2K?) P (uC cm™2) V, (V vs SCE) Tnypf’s (s)

2 20 1% 107 1% 107 0, +£26 -0.3 1% 1077

3 variable 1% 107 1% 107 0, +26 -0.3 1x107°

4 variable 1 x 10! 1 x 10! 0, +26 -0.3 1x 107

Sab 20 variable variable +26 variable 1x 107
6a 20 1 % 10 1 % 10 +26 variable variable
6b variable 1% 10! 1% 10! +26 -0.3 variable

7a 20 1% 107 1% 10 +26 variable 1x 1077

7b variable 1% 107 1 x 10! +26 variable 1% 1077

“The voltage, V,, is applied at the back contact (see Figure 1).

A* T?
]n —_“n (ﬂ _ I\’Ce—(DB/kT)
N, (72)
and
A*PTZ @) /K
—(E,- T
], = (p = N,e /AT
N, (7b)

The work function of the metal (¢,,) in the Schottky contact
was defined as the approximate electrochemical potential of the
solution being modeled, calculated here to be 4.76 eV. The
Schottky barrier height (¢5) was determined self-consistently
in the model, and is a function of the electrochemical potential
of electrons in the metal (“solution”) and semiconductor, the
polarization at the film/substrate interface, and the (applied)
potential at the back Ohmic contact.

Ultimately, we are most interested in the currents through
the Schottky contact, as this represents the injection of carriers
into the reactive solution (modeled as a metal Schottky
contact). The currents reported herein, accordingly, were
measured at the surface of the semiconducting film. The value
of the leading coefficient in eqs 7a and 7b, known as the
effective Richardson constant, A*, can greatly affect the
measured surface currents. The constant is commonly
calculated as follows:"”

4mgm k*
=l—
h (8)

wherein the leading coeflicient, 4, is a material-specific
parameter (dependent on the charge carrier effective mass)
that is typically determined empirically. The transport of
carriers across the film/substrate interface was similarly
modeled with thermionic emission, with the potential barriers
defined by the interfacial band bending after equilibration of the
film and substrate Fermi levels. The Richardson constants for
each material were calculated using eq 8 with A equated to the
charge carrier effective mass (computed from the effective
density of states) of TiO, and BaTiO;.

In the application of this model to photocatalysis at a
solution interface, A* acts as a kinetic parameter influencing the
rate at which arriving carriers react with species in solution
(producing faradic current in the model). Therefore, it can be
treated as a variable parameter used as a general measure of
reaction kinetics and was adjusted to explore different operating
regimes and to model surfaces of different relative reactivities
(given the same number of available carriers). For instance, a
sufficiently high A* value models the regime where the rate of
delivery of charge carriers to the surface limits the reaction
rates, whereas a sufficiently low A* value models the regime
where slow reaction rates limit the surface current. We consider

the upper limit of A* as the value for the material when in
contact with a metal, which can be calculated using eq 8 to be 1
X 107 A m™ K2°*% Replacing the metal with an electrolyte
generally decreases A*, as the value becomes directly
proportional to the reaction rate constant and the concen-
tration of redox species in solution.”® The reported height of
marker reaction deposits in a set period of time can be used to
estimate the currents required to produce them.'”"" This
current magnitude was compared to simulated current outputs
and the A* value adjusted until the simulation output matched
the estimated physical currents. The A* value that produces
current magnitudes on the order of those estimated from the
literature is 1 X 10" A m™ K7 significantly lower than the
theoretical maximum value. These two values for A¥*,
corresponding to the theoretical upper limit and the estimation
from physical results in the literature, are referred to in the
Results as high and low A*, respectively.

The focus of the model is to determine the percentage of
photogenerated carriers created throughout the heterostructure
that are able to navigate through the spatially varying
electrostatic potential and ultimately generate surface current
before recombining. The ratio of photogenerated carriers to the
reacted carriers (the number passing through the Schottky
contact or film surface) can be quantified and used to
determine the internal quantum efficiency (IQE). The
maximum photogenerated current (representing an IQE of
100%), wherein all photogenerated carriers are transferred to
the film surface, is 262 mA cm™> (using the irradiance
approximating reported marker reactions). The setup of the
model is directly comparable to that of a photoelectrochemical
potentiostat-controlled testing environment (commonly em-
ployed in the literature), wherein faradic current is a function of
the applied voltage. Voltages were applied to the hetero-
structure by shifting the potential of the Ohmic back contact
(v,) without adjusting the Schottky contact at the film surface.

Unlike in photoelectrochemical testing, there is no back
contact in typical marker reaction characterization. Therefore,
the results, while providing novel insight into the photo-
electrochemical behavior of these heterostructures, must only
subjectively be compared to reported marker reaction results.
The slower of the two (oxidation and reduction) half-reactions
limits the overall reaction rate (and the rate of the other half-
reaction) in a marker reaction setup. Additionally, the voltage is
not externally controlled, and the reactions occur at the open-
circuit voltage under illumination (Voc*). An estimation of
Voc™ (again approximating the photochemical tests reported in
the literature) is input into the model as an applied potential to
simulate the marker reaction conditions. The V- without
illumination is taken as the metal (“solution”) work function of
4.76 eV, which is 0.016 V vs a saturated calomel electrode
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(SCE). Given the material parameters in Table 1, the flat-band
potential (Eg,) can be computed to be approximately —0.34 V
vs SCE for bulk TiO,. With increasing illumination, the
potential increases from the dark (no illumination) Vi and
approaches Eg. Given the very high level of illumination, we
have approximated Vc* as being near but slightly positive of
Ey at a value of —0.3 V vs SCE.

B RESULTS

A series of computational experiments were performed with the
goals of revealing the effects of substrate polarizations on the
current output of the TiO,/BaTiO; heterostructure and
understanding how various material parameters influence
these results. Table 2 summarizes the values of key parameters
that were varied to produce the main figures. For clarity, we
have subdivided the Results as follows. The first section
presents a description of the band bending and light absorption
in the heterostructure. The second section considers the effect
of the film thickness on the current through the hetero-
structure. The third section describes the potential dependence
of the current and identifies the applied potential for the
maximum internal quantum efliciency. The fourth section
considers the influence of the carrier lifetime, the magnitude of
the polarization, and the Richardson constant. The final section
describes the characteristics of a heterostructure optimized for
efficiency.

Band Bending and Light Absorption. The effects of
neutral (P,), positive (P,), and negative (P_) polarizations at
the film/substrate interface on simulated energy level diagrams
are shown in Figure 2 for a 20 nm film. The voltage at the back

Transmitted Fraction of Incident lllumination(I,)

$i,  dooosl, 0.5001, /e 0.2461,
15
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Figure 2. Simulated energy level diagrams of heterostructured anatase
TiO, (20 nm) films on BaTiO; substrates for neutral, negative, and
positive substrate polarizations implemented at the solid interface. The
directions of electron (e”) and hole (h*) drift currents are shown. A
simulated light source is incident on the surface of the film, with the
majority of photogeneration occurring in the substrate and ~75% of
incident light absorbed within the depth shown.

contact was set to —0.3 V vs SCE, the estimated illuminated
Voc (Voc*). For a neutral polarization (no charge at the
interface), there is slight upward band bending at the surface of
the film that arises from the Schottky barrier. The film cannot
completely screen this charge, and the band bending penetrates
into the substrate. A positive polarization (P, = +26 uC cm™2)

at the film/substrate interface lowers the conduction and
valence bands at the solid interface, resulting in downward band
bending in the substrate and increased upward band bending in
the film approaching the surface. As such, holes photogenerated
in the substrate are driven away from the solid interface, while
electrons are driven toward it. Conversely, a negative
polarization (P_ = —26 uC cm™2) raises the bands at the
solid interface, resulting in significant upward band bending in
the substrate and generating a deep space charge layer and
strong downward band bending throughout the 20 nm anatase
film. The nature of the substrate band bending for negative
polarizations favors hole transport in the substrate toward the
solid interface and electron transport to the bulk (away from
the interface). These simulated results are similar to the
qualitative schematics used to interpret the prior observa-
tions."”

The simulated irradiance is incident on the film surface, on
the left edge of Figure 2. Due to the low absorption coefficient
of anatase, 99.6% of incident photons are transmitted to the
substrate, where the vast majority of photogeneration occurs. It
is therefore crucial that carriers photogenerated in this substrate
region are separated to avoid recombination. Roughly 75% of
the illumination is absorbed within the first 140 nm of the
substrate, with a fraction of e of the incident illumination
transmitted beyond 100 nm into the substrate (representing
the absorption depth). For the negative polarization, the
potential value dropped by band bending from the solid
interface to the bulk substrate value reaches a fraction of ¢™" at a
depth of 89 nm (representing the space charge depth). Roughly
50% of the incident illumination has been absorbed within the
space charge depth (though the bands remain bent further into
the solid where more absorption occurs). The total simulated
thickness of the substrate is 1 pm, to allow sufficient depth for
all incident illumination to be absorbed. Only the first 140 nm
of the substrate is displayed in Figure 2, with the back Ohmic
contact being applied at a depth of 1020 nm into the
heterostructure (for a 20 nm film).

For a neutral polarization, the slight upward band bending
favors hole transport to the surface. However, the driving
electric field is only minimally present at the absorption depth.
On the other hand, the field is much stronger at the absorption
depth for negative polarizations, leading to an increased
percentage of holes being photogenerated in a region where a
field drives them toward the surface. Similarly, electrons are
expected to accumulate at the solid interface for positive
polarizations more so than for neutral polarizations as a result
of the substrate band bending. When holes accumulate at the
solid interface for negative polarizations and electrons
accumulate for positive polarizations, the band bending in the
film provides a barrier (in both cases) to charge transfer to the
surface (no tunneling was included in the model). To
investigate the net effect of the electric fields introduced by
positive and negative polarizations, the surface currents must be
examined.

Effect of Film thickness on Current Density. Figure 3
shows the electron and hole currents at the film surface for
different polarizations and varying film thicknesses. The open
circles represent (positive) hole current densities, and the
closed circles mark (negative) electron current densities. The
value of the kinetic parameter, A*, was set to its maximum
value, which is sufficiently high to not meaningfully limit the
surface currents. The potential was set to the estimated
illuminated open-circuit condition (—0.3 V vs SCE). The hole
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Figure 3. Simulated TiO, (anatase)/BaTiO; film thickness depend-
ence of surface electron and hole currents (high A* value) for neutral,
negative, and positive substrate polarizations.

currents, or minority carrier currents, are entirely photo-
generated and behave as expected from the above discussion. At
the 20 nm film thickness used to generate the energy level
diagrams shown in Figure 2, the negative polarization has the
highest hole current magnitude, at 17.7 mA cm ™2 The neutral
and positive polarizations have much smaller hole currents
(respectively 3.59 and 0421 mA cm™?). The deeper and
stronger electric field shuttling holes to the solid interface for
negative polarizations results in a significantly higher hole
current compared to that for neutral (and positive) polar-
izations. This is true despite the unfavorable downward band
bending introduced in the 20 nm film.

The behavior of the electron currents is slightly different.
The electron current, which is the majority carrier current, is
largely not photogenerated but driven by the applied voltage in
the simulation. In other words, similar values are observed with
or without illumination. The neutral domain has a slightly
higher magnitude (—7.31 X 10* mA cm™) than the positive
domain (—5.55 X 10* mA cm™), owing to the upward band
bending throughout the 20 nm film (both are much larger than
the maximum photogenerated current of 262 mA cm™2).
However, the electron current density for negative polarizations
is minimal, being only —5.69 mA cm?, resulting from the large
barrier at the solid interface. Quantitatively, the negative
polarization at the film/substrate interface decreases the
majority carrier current by 3—4 orders (which remains true
for all film thicknesses). Thus, for a negative domain (at this
applied voltage), the minority and majority carrier current
densities are of similar magnitudes.

Examining the thickness dependence of the currents in
Figure 3 reveals that hole currents are highest for thinner films
(results for films below S nm are not included because of the
diminished applicability of the underlying physics and the
probable increased significance of tunneling effects for such thin
films). Below film thicknesses of 30 nm, the hole current for
negative polarization domains increases as the film thickness
decreases. For thicknesses greater than 30 nm, the hole current
is independent of the thickness and is fixed to a small value.
Because nearly all of the photogeneration occurred in the
substrate (for all of these thicknesses), these results indicate
that fewer and fewer holes traverse the film barrier without
recombining as the thickness increases.

The high A* value used in Figure 3 represents the regime in
which reaction rates at the film surface do not significantly limit
the current (high A*). As discussed in the Theoretical
Methods, we estimated that an A* value of 1 X 10' A m™>
K2 produced currents similar to the marker reaction rates. The
thickness dependence of the electron and hole currents for
different polarizations with the low A* value is displayed in
Figure 4. Again, the potential was set to —0.3 V vs SCE. Similar
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Figure 4. Simulated TiO, (anatase)/BaTiO; film thickness depend-
ence of electron and hole current densities (low A* value) for neutral,
negative, and positive substrate polarizations.

to Figure 3, the current contribution of photogenerated holes
originating in the substrate disappears beyond roughly 30 nm
film thickness. In contrast to Figure 3, however, the highest
value of the hole current is observed for the S nm film with a
neutral polarization. Nevertheless, for films thicker than 5 nm,
the hole current is highest for the negative polarization (similar
to Figure 3). The electron current magnitude is again highest
for the neutral polarization and lowest for the negative
polarization. Overall, the current densities in Figure 4 (low
A*) are much smaller than those in Figure 3 (high A*). The
hole currents are 1—2 orders of magnitude lower, while the
electron currents are 3—4 orders of magnitude lower. In fact,
the highest electron current magnitudes in Figure 4 are now
comparable to those for holes. The electron current is penalized
more so than the hole current in the low A* case because of the
applied bias (it is slightly anodic of the flat-band condition for a
neutral polarization).

As the film thickness increases beyond the 40 nm displayed
in Figures 3 and 4, the current densities retain approximately
the same values as they become reflective of photogeneration in
the film. It should be noted that the current densities do not
approach the same values regardless of polarization as a
consequence of the boundary conditions of the model. The
voltage of the modeled Schottky contact is fixed; therefore,
when a large polarization is introduced at the solid interface, the
degree of band bending at the surface of even the thickest films
varies with the sign and magnitude of the buried polarization
charge. These effects are not as noticeable for films less than
approximately 40 nm thick (the displayed domain of Figures 3
and 4) when the energy bands in the film are bent throughout
the entire thickness.

Variation of the Current with the Applied Potential
and Potential for Maximum Efficiency. Several current—
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voltage curves are depicted in Figure Sa for a 20 nm thick film.
Only the electron currents (solid symbols) for positive
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Figure S. Simulated voltage dependence of electron (J,,) and hole (]P)
current densities at the surface of a 20 nm TiO, film on BaTiO;,
displayed in (a) linear and (b) semilog representations. Conducted
separately for both high (theoretical maximum) and low (correspond-
ing to reported physical results) A* values. The voltage, assumed to be
the open-circuit potential under illumination (Voc*), is noted along
with the potentials that maximize the IQE for each A* value (with the
low A* region of interest expanded in the inset of (a)).

polarizations and hole current (open symbols) for negative
polarizations are shown, since these are the most relevant when
considering domain-specific reactivity. The current—voltage
output for both the high A* (lighter symbols) and low A*
(darker symbols) cases are included in Figure S. The maximum
photogenerated current for this illumination is marked as a
horizontal line (at 262 mA cm™). The band structure for this
film at Voc* (marked with a vertical line in Figure S) is shown
in Figure 2 (and the current values at this voltage are given in
Figures 3 and 4). From Figure 2, it is clear that the -V
behavior of the Schottky contact will be a strong function of the
domain orientation, as the band diagrams are significantly
different. Specifically, the buried charge for the polar domains
perturbs the band bending at the Schottky contact, which
should lead to significantly different turn-on voltages (V,,) in
the J—V curves. As will be demonstrated below, these shifts in

V., for the different domains open a window of operation to
achieve large efficiencies in ferroelectric photocatalysts.

The minority carrier photogenerated hole currents shown in
Figure Sa are described as follows. The photogenerated hole
currents onset at V_ ', increase smoothly with more anodic
(positive) voltages, and saturate at a current near 190 mA cm™2,
which represents an IQE of over 70%. At cathodic voltages,
more negative than V,,* for the negative domains, the hole
currents are approximately zero for both A* values. The
difference between the two curves for the different A* values is
small, with the higher A* material having higher current values
at lower anodic voltages above V,.,* (i, the curve is shifted
slightly to the left).

The majority carrier electron currents (which are not
generally photogenerated in the model) are described as
follows. For large anodic voltages, more positive than the turn-
on voltage (V,,”) for positive domains, the electron currents
are approximately zero. In the high A* case, the electron
current rapidly increases in magnitude for voltages more
cathodic than V_,~. Note that there is no saturation in the
majority carrier current, and it quickly becomes larger than the
maximum photogenerated current in the model. On the linear
scale for the low A* case, the general shape of the electron
current is the same as that for the high A* case, but it appears
that the onset potential (V,,”) is shifted to a significantly more
cathodic voltage compared to the high A* electron current. If
the J—V behavior is plotted on a semilog plot as in Figure Sb,
the low and high A* electron currents onset at virtually the
same potential, but the rate of increasing current magnitude is
greatly reduced for low A*, and the electron current appears to
onset at a more cathodic potential on a linear plot. Note that
the downward band bending in the substrate at Voc* (for P, in
Figure 2) favors emission of electrons from the substrate into
the film, while the film band bending presents a barrier to their
emission into the solution: ie., the electron population at the
film/substrate interface is high. A large A* value permits a
significant fraction of the majority carriers emitted from the
substrate to pass through as faradic current, while a low A*
value prevents most of these carriers from registering as faradic
current through the film surface (though there is a smaller
leakage component). By moving to more cathodic voltages, the
band bending in the film ultimately favors emission into the
solution and the current rapidly increases, despite the low A*
value.

At any given voltage, the performance of the photocatalyst
will be limited by the slower of the two reactions (i.e. the
domain with the lower of the two current values). If we assume
that positive and negative domains producing electron and hole
faradic currents (respectively) operate at the same potential,
then the voltage at which the performance of the hetero-
structure is maximized will be at the potential for which the
equal magnitudes of the electron and hole currents are
maximized. These potentials of maximum efficiency for the
low and high A* values are labeled in Figure 5. The
corresponding maximum balanced electron and hole current
magnitudes are found where the dashed lines intersect the
current—voltage curves, and can be used to compute the
IQE,,... In either case, hole currents limit the overall current for
voltages left of the dashed maximum efficiency line, while
electrons limit the current for voltages to the right.

For the 1D simulations presented here, the maximum
efficiency represents the balanced performance for electrons in
positively polarized domains and holes in negatively polarized
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Table 3. Summary of Conditions That Optimize Performance for Different Multiples of the BaTiO; Substrate Polarization
Magnitude (Pgro = 26 pC cm™?) Buried beneath a 20 nm TiO, Film*”

0 0.25Pg 1o 0.5Pgro Pyro 2Pgro
A*, low, A*, low, 7 = 10~ s (shown in Figure 5 for Pyro) V (V vs SCE) —0.161 —0.206 —0.230 —0.269 —-0.339
J (mA cm™2) 0.0582 0277 0.479 0.807 153
IQE, ., (%) 0.022 0.11 0.18 031 0.58
A*, high, A*, high, 7 = 10~ s (shown in Figure § for Pyro) V (V vs SCE) 0.026 —0.080 —0.096 —0.126 —0.184
J (mA cm™2) 0478 745 962 113 131
IQE,,, (%) 0.18 28 37 43 50
A%, high, A%, low, 7 = 107 s (shown in Figure 7 for Pyyo) V (V vs SCE) —0.071 —0.111 —0.121 —0.147 —0201
J (mA cm™) 60.6 236 240 242 245
IQE, .. (%) 23 90 92 2 94

“Optimal performance is represented by the voltage at which the electron current density for positive polarizations is equal in magnitude to the hole
current density for negative polarizations. The maximum efficiencies (without considering any lost efficiency from the applied voltage) and the
voltage at which they are achieved are displayed for the low A* value, the high A* value, and an increased carrier lifetime (with high A*_ and low

A*; see Figure 7).

domains. However, it is unknown what charge transfer may
occur at the boundaries between neighboring, oppositely
polarized domains in a 2D (or 3D) geometry. If the charge
carriers not dominant in the surface reactions recombine at the
domain boundaries, then the efficiency limit (IQE;,,,,) would
be half of the IQE,,,,, as the Z-scheme photocatalyst loses half
of all photogenerated carriers. However, if the nondominant
carriers drift across the domain boundaries to oppositely
polarized domains and are driven to the surface to react, then
the IQE,,,, value represents the highest theoretical efficiency.
Therefore, the theoretically achievable efficiency predicted by
this 1D model is somewhere between IQE, ., and 0.5(IQE,.,.)
(=IQE;na), depending on the extent of charge transfer at
domain boundaries.

Influence of the Richardson Constant, Polarization,
and Carrier Lifetime on Efficiency. When A* is not
significantly limiting (high A*), the IQE,, for balancing
oxidation and reduction reactions separated to oppositely
polarized domains is 43%, which occurs at V, = —0.13 V (SCE).
This voltage that maximizes performance is shifted away from
Voc™ = —0.3 V (SCE) by +0.17 V, the equivalent of 2—3 pH
units in solution and only 14% of the 1.23 V water-splitting
voltage. Considering the fractional voltage input (relative to the
water-splitting voltage) to represent a fractional energy loss, the
voltage efficiency would still be 37% (or 19% for the Z-
scheme). By operating at this optimal voltage, the IQE for high
A* is increased nearly 40-fold relative to the IQE = 1.1% at
Voc*. The IQE, ., when A* is at the value estimated from
reported marker reaction data (low A*) is only 0.31%,
occurring at V, = —0.27 V (SCE), or +0.03 V from Vgc*.
This value is roughly S times higher than that at Voc* (IQE =
0.063%) for the low A* case. Note that the steep drop in
optimal performance from the high to low A* values indicates
that slow kinetics of the majority carrier reaction limits the
optimal performance of the real photocatalyst to only a fraction
of the possible value. Examination of Figure S reveals that the
reduced kinetics for the majority carriers suppresses the current
in the voltage region just below V,,~ (= 0 V in Figure Sb),
causing the electron current to further limit the reactivity to the
cathodic side of V_,”. The low A* electron current is only
slightly greater than the hole current at Vo *. On the other
hand, faster majority carrier kinetics at the surface (high A*)
results in large electron currents in the voltage region just

below V,,,~, which opens up a wide voltage region to the anodic

side of V" in which the hole current limits the reaction but
increases with increasing positive voltages.

The optimal operating potentials and corresponding currents
(and IQE) are shown in Table 3 for various polarization
magnitudes to assess the degree to which ferroelectrics enhance
photocatalytic performance. For neutral domains (zero polar-
ization), the optimal performance is reduced by 2 orders of
magnitude for a high A* and 1 order of magnitude for low A*
from that for domains with the BaTiOj polarization (Pgro).
For domains with only one-fourth of Pyrq, there is still a
significant increase in optimal efficiency compared to that for
zero polarization, and only a relatively small drop from the
performance of Pyro. The relatively small differences between
the IQE,,,, for —0.25Pyro (28% for high A*) and 2Pyro (50%
for high A*) is consistent with findings in the literature that
similar reactivity effects are observed for differently oriented
grains, for different materials (that have different spontaneous
polarization magnitudes), and for different sources of internal
fields (or surface charges).”

Because the primary mechanism for lost efficiency in the
minority carrier current is carrier recombination, the carrier
lifetime (7) value should be addressed relative to performance.
In the prior simulations, a 7 of 107" s was used, as this is a value
often reported in the literature. Figure 6a shows the current—
voltage behavior for a 20 nm film using the low A* value (poor
surface kinetics) and values of 7 = 107, 1077, and 107> s. For
the minority carrier current, increasing the lifetime from 107" s
shifts the apparent onset (V") to significantly more cathodic
values, increases the saturation current values significantly to
more than 90% of the maximum value, and shifts the voltage at
which saturation is achieved to more cathodic values. All of
these changes open the window further for improved
efficiencies. For the majority carrier current, the changing
lifetime does not meaningfully affect the electron current, which
exhibits a relatively cathodic onset in the linear plot due to the
low A* value (see Figure Sb). As a result, the kinetically limited
electron currents in Figure 6a limit the achievable efficiencies
for almost all carrier lifetimes. For such photocatalysts,
performance improvement will be achievable by modifying
the surface kinetics (A*), as described previously.

The thickness dependencies of the hole current density for
negative (P_UP)) and positive (P+(]p)) polarizations are shown
in Figure 6b for three carrier lifetimes. Increasing the lifetime
increases both the negative and positive polarization hole
currents. However, the negative polarization domains still
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Figure 6. (a) Simulated voltage dependence of electron (J,) and hole
(]p) current densities (low A* value) at the surface of a 20 nm TiO,
(anatase) film on BaTiO; for various values of the carrier
recombination lifetime (7). (b) Simulated TiO, (anatase)/BaTiO,
film thickness dependence of hole current densities (low A* value)
produced by negative and positive substrate polarizations for various
values of the carrier recombination lifetime (7).

exhibit significantly higher hole currents relative to the positive
polarization domains. Increasing the hole carrier lifetime also
extends the film thickness range over which the minority
carriers photogenerated in the substrate contribute significantly
to the surface current.

Optimized Heterostructures. Figure S indicates that the
maximum efficiency is limited in the high A* case because the
hole current onset is too anodic. Figure 6a indicates that the
maximum efliciency is limited in the greater carrier lifetime case
because the electron current onset is too cathodic. Combined,
these figures indicate that a near-optimal device can be obtained
in a ferroelectric (which minimizes the internal recombination
in the substrate) with a high lifetime for the minority carriers
and fast surface kinetics for the majority carriers. This is borne
out by simulations, as shown in Figure 7a, which displays the
simulated current—voltage output using a lifetime on the order
of 1077 s and a high A* value for electrons (but a low A%,
value for holes) for a 20 nm film. The IQE at the estimated
illuminated V¢ is 65%, and the maximum efficiency jumps to
92% (at V, = —0.146 V (SCE)). Considering the small shift
from open circuit (0.154 V), the voltage efficiency is still 81%
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the electron currents indicate the voltage at which the IQE is
maximized). The inset in (a) shows the semilog J—V characteristic of
the minority carrier current for a 20 nm film compared to those from
Figure S.

for this heterostructure. The inset of Figure 7a reveals that
increasing the lifetime fundamentally shifts the minority carrier
current onset to more cathodic potentials. Increasing the
lifetime further (to 107 s), increasing A*,, or decreasing the
film thickness would result in reducing the losses even further.
The efficiency can be increased slightly by increasing the
substrate polarization magnitude (see Table 3), but the IQE,,,
is still 90% even when only one-fourth of the BaTiO;
polarization is applied.

The thickness dependence of the current—voltage curve and
the corresponding maximum efficiencies are displayed in Figure
7b. The arrows labeling the electron current density curves
mark the voltage at which the electron and hole currents
become equal (and IQE,,, is achieved). There is only a small
increase in performance when the film thickness is decreased to
S nm (IQE,., = 95%), with the increase primarily resulting
from a small anodic shift in the majority carrier current. The
minimal thickness dependence of the hole current between 5
and 20 nm is evident from Figure 6b for the 107 s lifetime.
Beyond a 30 nm film thickness in Figure 7b, the achievable IQE
quickly drops off before reaching only 5.3% for a 50 nm film.
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Even for the 50 nm film, the hole current eventually saturates
near the maximum theoretical value, but does so at a voltage
well anodic of the electron current onset.

B DISCUSSION

The predominant result from the marker reactions in the
literature was that, for TiO, (anatase)/BaTiO; heterostructures
(and other similar materials), reduction reactions were more
active on coated positive domains and oxidation reactions were
more active on negative domains. It is evident from Figure 2
that negative and positive polarizations generate band bending
in the substrate that favors increased hole and electron
transport to the solid interface, respectively, compared to a
neutral polarization. However, it is also evident that the band
bending in the film impedes the transfer of these carriers that
accumulate at the interface from reaching the surface and
contributing to the current. The net effects of the favorable
band bending in the substrate and the unfavorable band
bending created in the film are evident in the currents in Figure
3 as a function of the thickness. Below a thickness of
approximately 30 nm, the band bending effects in the film
are overwhelmed by those in the substrate, similar to that
observed in the literature.'®

The simulations demonstrate that negative polarizations
produce the highest magnitude hole current and the lowest
magnitude electron current, which supports the qualitative
explanation for domain-specific reactivity."® They also suggest
that physical observations can be explained using only the basic
assumptions about carrier excitation and transport incorporated
into the computational model. In other words, tunneling
through energy barriers or polarization-dependent surface
potentials need not be implemented to produce the physical
observations. This outcome does not change when the kinetics
are more limiting, as in Figure 4. The simulations also imply
that the net effect of a polarized substrate with multiple
domains may increase the efficiency of the overall reaction
(compared to an unpolarized substrate).

Another important insight from Figures 3 and 4 is that, for a
minimally absorbing anatase film, thinner films result in
increased hole current, with hole transfer from the substrate
being largely absent for films thicker than 30 nm. Published
marker reaction results revealed that domain-specific reactivity
was clearly visible in atomic force microscopy (AFM) for a 10
nm film, less so for a 30 nm film, and not clearly discernible for
a 50 nm film."® This finding is generally consistent with the
computational result that the current contribution of holes
photogenerated in the substrate is minimal beyond 30 nm.
Therefore, in designing a TiO, (anatase)/BaTiO; photo-
catalyst, the film should be as thin as possible to also maintain
chemical stability.

A primary goal of building a computational model of coated
ferroelectric photocatalytic materials was to quantitatively
estimate the performance and understand how the performance
could be optimized. Figure S reveals that controlling the
potential is crucial to achieving the optimal overall reaction rate.
It is evident from Table 3 that, when the optimal potential is
used, the performance is at least 1 order of magnitude higher
for a polarized substrate than for an unpolarized one. To
calibrate the model so that it mimicked the physical situation,
values of the reactivity parameter (A*) were assumed to
reproduce the reported results. Using this relatively low A*
value, the IQE at Voc* is only 0.063%, which increases to an
IQE,,.x of 0.31% when the potential is adjusted.
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To achieve the much more desirable IQE,,,, of 43% for the
high A* value, the kinetics must be fast enough to approach the
behavior of a Schottky metal contact to TiO,. In particular, it is
the effect of A*, on the majority carrier current onset that
enables such a high increase in IQE,,,,, because the majority
carrier onset voltage on positive domains becomes increasingly
anodic with increased surface kinetics (A*). However, it is clear
that A* is a surface parameter, and therefore has a much more
significant effect on the majority carrier than it does on the
minority carrier (which is not necessarily present in high
concentrations near the surface). To increase the efficiency
beyond 43%, the minority carrier recombination lifetime should
be increased. In the simulations, this was achieved by increasing
7 by 2 orders of magnitude from the 1 ns obtained from the
literature.* There is a wide range of carrier lifetimes reported
in the literature for TiO, and BaTiO; depending on the growth
conditions and processing. A lifetime increased by 2 orders of
magnitude by reducing the density of recombination sites
results in a sharper and more cathodic hole current onset, as
shown in Figure 6a. When combined with faster electron
kinetics in Figure 7, the IQE,,,, is increased to 92% for a 20 nm
film and 95% for a S nm film. These numbers were found at
voltages slightly shifted from the open-circuit condition, but
even accounting for the lost energy owing to the applied
voltage (and for the Z-scheme nature of the two domain
reactions), the efficiencies are still in the range of 80% (or 40%
for Z-scheme).

This same modeling approach can be extended to a 2D
geometry to incorporate the influence of charge transfer
between neighboring domains. It can also ultimately be applied
to optimizing the performance of visible light absorbing
substrates with internal fields with the goal of developing a
photocatalyst with an economically competitive solar to
hydrogen efficiency.

Bl CONCLUSIONS

A 1D computational model was designed in COMSOL to
predict the photocatalytic performance (IQE) of TiO, films on
ferroelectric BaTiO;, and criteria were identified that enable
increased efficiencies. Assumptions of classical semiconductor
device behavior and a Schottky contact at the surface were
sufficient to produce domain-specific electron and hole current
densities that generally support reported physical results. The
predicted domain specificity was not significantly altered when
the polarization magnitude was varied. The estimated internal
quantum efficiencies of the heterostructures (previously
characterized only qualitatively) are below 1%. By increasing
the carrier lifetime, increasing the reduction reaction kinetics,
and optimizing the potential all within physically reasonable
ranges, complementary electron and hole reactions of equal
magnitude can occur separately on positive and negative
domains with an IQE of over 90% (45% if operated in a Z-
scheme).
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