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Hematite (0-Fe;03), due to its abundance and low-cost,
is an attractive compound for photoelectrochemical split-
ting of water to produce hydrogen. However one major
obstacle for hematite to fulfill the target efficiencies com-
prises its significantly smaller minority carrier transport
distance relative to its optical absorption depth in the visi-
ble part of optical spectrum. Here we combine host-guest
and Mie resonance concepts to achieve significant opti-
cal absorption in extremely thin layers of hematite. We
propose and theoretically evaluate transparent particles
coated with an extremely thin hematite layer as build-
ing blocks of hematite photoanodes. By full-field opti-
cal simulations we found out that maximal optical ab-
sorption is achieved when the particle supports two to
three Mie resonance modes above the hematite optical ab-
sorption edge. Optical absorption efficiencies integrated
over air mass 1.5 global (AM1.5G) irradiance spectrum,
< Mabs >am1.5, reach to more than 2 mA.cm > within 10 nm
thick hematite shell of a particle with optimal dimensions
and < M5 >am1.5 comes close to 5 mA.cm~2 in a 25 nm
thick hematite shell. Furthermore we evaluate the perfor-
mance when the particles are part of an array or stacked
atop each other. The concept introduced here can be useful
for improving optical absorption in semiconductors with
extremely short carrier transport distances.

1 Introduction

Achievement of more than 5% solar to hydrogen efficiency in
a solar hydrogen production device comprising bismuth vana-
date (BiVO,) photoelectrochemical (PEC) device biased with
a double junction thin film silicon solar cell > have illustrated
the bright future for PEC cells in hydrogen production. De-
spite such a progress with BiVO4 ' and also with compounds
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such as Ta3Ns 8 and oxynitrides,®!" o-Fe, O3 or hematite is

still the most attractive water oxidation semiconductor due to
its earth-abundance and the optical absorption edge of about
620 nm. %13

To achieve highly efficient hematite photoanodes a num-
ber of approaches have been pursued so far to bypass
the short minority carrier transport distance of 10 nm in
hematite 13. Network of hematite nanowires, !4-10 host-guest
approach, 171 mesoporous hematite layers,?%?! plasmonic
nanostructures,”>%3 and using a reflective back-contact?* are
among different approaches that have been pursued. In addi-
tion, several sophisticated light trapping approaches have been
recently proposed for hematite in which Mie resonance and/or
host-guest approach (es) are used. !7-2>-%°

Here we propose a photoanode design in which we combine
the host-guest approach with Mie resonant optical absorp-
tion. Host-guest approach is a method in which a thin layer
of hematite is conformaly coated onto a nanostructured con-
ductive framework or onto an appropriate semiconductor with
a large surface area. Mie resonances provide strong light trap-
ping due to resonance effect and they are identified by hav-
ing a large portion of their energy density close to the particle
center; something that is not ideal for hematite because only
optical absorption in hematite thickness of 10 nm away from
hematite/electrolyte (EL) interface contributes to the water
splitting process. For this reason, the Mie resonators we pro-
pose here comprise a transparent (for instance anatase TiO,)
core with a thin Fe,Oj3 shell. Transparency of the core is es-
sential in building stacks of these spherical particles because
the energy of light will not be dissipated within the core and
therefore it can reach the layers underneath. On resonance
the incident light is trapped inside the particle, the photon cir-
culates within the particle, and hence light interaction with
hematite shell is enhanced. We optimize the dimensions of
TiO, particles coated with extremely thin layers of hematite
(TiO, @hematite) to maximize the optical absorption within
hematite. Furthermore we evaluate the absorption efficiency
of TiO, @hematite particles integrated over air mass 1.5 global
(AM1.5G) irradiance spectrum. We explore and identify the
parameter space giving maximal sunlight absorption within
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the carrier collection volume of hematite, described by a shell
of 10 nm distance from Fe,O3/EL interface. In addition, we
evaluate optical absorption in stacks or in an array of these
particles to take into account the effect of multilayer forma-
tion and particles packing.

2 Results and discussion

Figure 1 (a) shows a schematic of TiO, @hematite particle
studied in this work in which the carrier collection volume is
distinguished from rest of hematite by dashed line. The entire
volume, illustrated by light-red color and defined by a vol-
ume of 10 nm distance from hematite/EL interface, designates
the volume from which the photogenerated electron-hole pairs
can be extracted with nearly 100% efficiency. The optical ab-
sorption edge of anatase TiO5 is about 3.2 eV therefore it
does not absorb the visible light and as for ultraviolet light, it
is absorbed in the hematite shell before reaching TiO,. There-
fore we design the particles dimensions such that they support
weakly localized or low quality factor (low-Q) Mie resonance
modes in the visible part of optical spectrum so that their elec-
tric field profile has a large overlap with hematite shell.

The basic scheme of a photoanodes that can be built from these
core-shell TiO, @hematite particles is schematically depicted
in Figure 1b. It comprises a standard transparent conductive
oxide (TCO) layer; i.e. F:SnO; also called fluorinated tin ox-
ide (FTO) coated on glass. Directly on top of FTO there is an
ultrathin (about 2 to 3 nm-thick) layer of Nb,Os 31 that can be
deposited by atomic layer deposition (ALD)>'3% or chemical
vapour deposition (CVD)3*34. A 10 nm-thick hematite layer
deposited by ALD on the Nb,Os layer has been reported to re-
sult in about 0.5 mA.cm 2 photocurrent density at 1.23 Vgyg
under 1 sun illumination.3' Vgyg defines the reversible hy-
drogen electrode potential. Such a photoanode can be coated
by a monolayer or several layers of TiO, @hematite particles
studied in this work as shown in Figure 1 to boost the optical
absorption while keeping the distance that minority carriers
need to travel short.

From a practical point of view, there are well-established pro-
cesses to produce TiO; spherical particles of controlled diam-
eters> that are useful for the concept introduced here. Then
hematite can be coated onto these particles by for instance
fluidized-bed ALD processes.®37 The particles can be fixed
onto the substrate by sintering processes that are common in
synthesis of hematite photoanodes. !

We begin by modeling the interaction of light with isolated
TiO, @hematite particles. From electromagnetic theory of
spheres 33, also known as Mie theory, we expect these spheres
to support resonance modes at sub-wavelength and wave-
length scale dimensions. These resonance modes lead to reso-
nant optical antenna effects that significantly enhance the op-
tical absorption.3**? These optical antenna effects also oc-

@) (b)

Carrier collection volume

Solar illumination

Fig. 1 (a) Schematic of the cross-section of a TiO, @hematite
particle in which the 10 nm carrier collection volume of hematite is
illustrated. (b) Configuration of a hematite photoanode proposed in
this work comprising a multilayer of resonant-size transparent (here
TiO,) particles coated with a thin shell of hematite. Such a
configuration is proposed based on a successful extremely thin
hematite device presented in the past.3!

cur in non-spherical dielectric and semiconductor structures in
which the modal properties are described in the framework of
the recently established leaky mode resonance theory. 3%:40:43
In spherical geometry the electromagnetic fields are expanded
as the sum of spherical eigenmodes generally described as

Wum = by (kr)pjcos(0) exp(Limd) €))

where b;(kr) is the spherical Bessel function and P;"(cos8) is
the associated Legendre function. Every spherical eigenmode
is described by a set of (n,l,m) numbers where n is the
number of field maxima inside the sphere in radial direction,
[ is the polar, and m is the azimuthal mode numbers. The
number of anti-nodes in radial direction is described as n
quantum number and it is obtained from the zeros of b;(kr).
In polar direction, along 6-axis, the number of anti-nodes is
obtained by (m —1+1).384

In our calculations we model the sunlight as a plane wave
described by Ejne = Eo exp(—ﬁé.‘r’), where & is the wave-vector
of the plane wave related to its frequency by |k| = 2nf,/eu
and k.7 = kx given the configuration of Figure 2a. The optical
constants; i.e. refractive index and permittivity data, of Fe,O3
are acquired from the Literature.* Complex refractive index
data of TiO, and Fe,Oj3 are reported in the Supplementary
Information.

Interaction of this plane wave with isolated TiO, @hematite
particles in water is modeled at each wavelength of 300 nm
to 620 nm range by numerically solving full-field Maxwell
equations using the finite element method (FEM). We solve
the equations for scattered fields using tetrahedral mesh and a
perfectly matched layer (PML) boundary condition. The di-
rect band gap of hematite is reported often between 1.9 to 2.2
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Fig. 2 a) Schematic of a TiO, @hematite spherical particle under plane wave excitation in which the coordinate is defined. b) Absorption
efficiency spectra for TiO, @hematite particles with hematite shell of 10 nm and TiO; particle sizes of 200 nm, 300 nm, and 400 nm. Profile
of (c) electric field amplitude and (d) dissipated power density in 200 nm TiO; particle with 10 nm hematite shell at four different wavelengths
corresponding to the peaks and valleys of the absorption efficiency spectrum shown in part (b). e) Profile of dissipated power density

(P; = E.J) in 300 nm TiO, particles with 10 nm hematite shell at four different wavelengths corresponding to the peaks in the absorption

efficiency spectrum shown in part (b).

eV !2 and here we consider 2 eV direct bandgap for hematite
in our calculations. Electromagnetic fields calculated by FEM
simulation are then used for calculating the absorption effi-
ciency M = Cyps/ Cgeom Where Cgp is absorption cross-section
and Cgepy is geometrical cross-section of TiO, @hematite
particle.*® C, is described by the ratio of absorbed power
P.ps in the particle, P = [ J| (7, X)E (7,A)d?r to intensity

1 .
of the incident light I;;,. = §8c|Ei,,c|2. J(7, ) describes the

Ohmic electric current induced by electromagnetic waves
in hematite shell and P; = J(7A).E(7,A) describes the
dissipated power density in (ﬁ)'

Figure 2b shows the absorption efficiency spectra for TiO;
particles of 200 nm, 300 nm, and 400 nm diameters coated
with a 10 nm-thick hematite shell. In optical absorption
efficiency spectrum of the 200 nm TiO; particle, two peaks
are appeared that are labeled as zeroth (m=0) and first (m=1)
order Mie resonance modes. At wavelengths shorter than 620
nm, i.e. the direct absorption edge of hematite, three and four
peaks are observed in the absorption spectra of 300 nm and
400 nm TiO, particles, respectively. Comparison of these
three spectra shows that i) the number of resonance peaks
increases as particle size becomes larger and ii) the coupling
of incident light to hematite shell is the largest for the 300

nm TiO, particles. The coupling extent is quantified by the
amplitude of the absorption efficiency.

Profiles of electric field amplitude at peaks and valleys of the
absorption efficiency spectrum of 200 nm TiO, particles are
depicted in Figure 2c. At peaks wavelengths, the overlap of
electric field with hematite shell is strong whereas at valleys
this overlap is weak. This reconfirms the weak absorption in
the valleys position because optical absorption is proportional
to the intensity of electric field, i.e. electric field amplitude
squared. This is more clearly illustrated in Figure 2d in which
dissipated power densities (Pd=E f) over the entire particle
cross section are depicted.

We label the resonance modes based on the number of nodes
in the profile of dissipated power density in hematite along
azimuthal direction. For instance the zeroth Mie mode has no
node within hematite shell whereas the first Mie mode has
two nodes. Higher order Mie modes, i.e. second and third
order modes, are excited in 300 nm TiO; particles with 10 nm
hematite shell. Figure 2e shows the P; profile in which the
second (m=2) order mode is identified by four nodes and the
third order (m=3) resonance modes by six nodes.

To evaluate the broadband optical absorption in
TiO, @hematite particles over the entire absorption band
of hematite (A < 620 nm) we calculate integrated weighted
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Fig. 3 Integrated AM1.5G weighted absorption efficiency (a) in the
outer 10 nm hematite shell, (b) in the entire hematite, and (c) the
difference of the two as size of TiO; particle varies from 100 nm to
500 nm at shell thicknesses of 10 nm, 15 nm, 20 nm, and 25 nm.

absorption efficiency described by 424749

f602(§)nab5( )-Oam1.5(A)dA
f3oo dar1 s(A)dh

where ¢4p71.5 describes the irradiance spectrum of standard
air mass AM1.5G illumination. < Mg >am1.5 basically de-
scribes the ratio of the number of photons absorbed in hematite
to the total number of above band gap photon flux passing
through geometrical cross-section of the particle.

Figure 3a-c show calculated < Mgps >am1.5 in 10 nm outer
hematite shell, in the entire hematite shell, and the difference
of these two. Three peaks appear in < Mgps >am1.5 profile as
TiO, particle size and hematite shell thickness vary from 100
nm to 500 nm and from 10 nm to 25 nm, respectively. The
first peak corresponds to the case in which two Mie resonance
exist in the 300 nm to 620 nm wavelength range. The second
and the third peaks correspond to the cases in which three and
four Mie resonance peaks exist in the wavelength range of in-
terest for hematite.

< MNabs >am1.s values in 10 nm outer hematite shell show
maxima slightly larger than 2 mA.cm~2 for all hematite shell
thicknesses as TiO, particle size varies. (Figure 3a) To deter-
mine the optimal thickness of hematite shell we need to min-
imize the portion of optical energy that is absorbed in part

< Mabs >AM1.5= (2)
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b=
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Fig. 4 (a) Schematic illustrating two stacked TiO, @hematite
particles illuminated by a plane-wave in which the particles exposed
to the light first and second are designated as P1 and P2. (b)
Absorption efficiency spectra of a stack of two 200 nm TiO,
particles with 10 nm hematite shell. In the graph, contribution of
optical absorption in each particle is specified. The bar in the inset
shows < Mgps >an1.5 of the stack and also the contribution of each
particle. (c) Absorption efficiency spectra of a stack of two 180 nm
TiO, particles with 20 nm hematite shell. In the graph, contribution
of optical absorption in each particle is specified; the solid line
designate optical absorption in the 10 nm outer shell whereas the
dashed line designate optical absorption within the 10 nm inner
shell. (d) The bar on the left (right) shows < Mgps >anr1.5 Within the
10 nm outer (inner) hematite shells.

of the hematite that is not within the current collection vol-
ume because this energy is dissipated and it does not con-
tribute to the water splitting process. Therefore we can con-
clude that given the 10 nm minority carrier transport distance
in hematite, the 10 nm hematite shell is ideal. The energy
loss becomes important when we make a multilayer of these
TiO, @hematite particles because in thicker hematite shells a
large portion of optical energy is dissipated within the first few
layers of these particles.(Figure 3c)

Figure 3b shows < Mgs >am1.5 in the entire hematite shell,
revealing that the particles delivering maximal optical absorp-
tion have overall dimensions of 200 nm to 320 nm. In these
dimensions two or three Mie resonance modes are excited in
the particle in the 300 nm to 620 nm wavelength range. To-
tal < Mups >am1.5 reaches nearly 5 mA.cm 2 in these condi-
tions highlighting the efficient optical absorption in properly
designed TiO, @hematite particles. We should mention that
such a high optical absorption becomes interesting if hole dif-
fusion length of hematite could be extended to 25 nm, for in-
stance using impurity doping.>°

Stacks of several of these particles needs to be used to achieve
larger photocurrent densities therefore to obtain an estimate of

4 | Faraday Discuss., [year], [voll~7
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how stacking influences the < Mgps >am1.5 values we study a
stack of two TiO, @hematite particles. We consider two opti-
mal 220 nm TiO, @hematite particles with 10 nm and 20 nm
hematite shell thicknesses. Figure 4b shows the absorption
efficiency of a stack of two 200 nm TiO; particles with 10
nm hematite shell along with absorption efficiencies of each
sphere. The profile of absorption efficiencies for individual
particles and also for the stack of two particles is somewhat
different from absorption efficiency profile of a single particle
shown in Figure 2b. This indicates that in two particles the
scattered light from each particle interact with the other par-
ticle and therefore Mie resonance is not the only mechanism
involved. The absorption efficiency of the first particle (P1) is
significantly larger than absorption efficiency of a single parti-
cle (Figure 2b) whereas in the second one (P2) the absorption
efficiency is smaller.
The < Naps >am1.5 data were calculated for each particle and
also for the stack of two particles and they are depicted as
the bar chart shown in inset of Figure 4b. < TMgps >ap1.5 in
P1, P2 and the stack of two particles are 3.6, 0.98, and 4.6
mA.cm~2 as shown in inset of Figure 4b. We should note that
4.6 mA.cm~ is produced in a hematite volume with nearly
100% carrier collection efficiency. Figure 4c shows absorp-
tion efficiencies of 10 nm inner/outer hematite shells for a
stack of two 180 nm TiO, particles with 20 nm hematite shell
along with the same data for each particle. It shows that a
total of 7 mA.cm~2 of AM1.5G light is absorbed in hematite
out of which only 3.6 mA.cm~? is generated within 10 nm
from hematite/EL interface. This is clearly smaller than 4.6
mA.cm~? that is generated in a stack two 200 nm TiO; par-
ticles with 10 nm hematite shell. In addition an equivalent of
3.4 mA.cm~? is dissipated in hematite, which cannot be re-
covered even if we use extra layers of the particles.
In an actual PEC device, an array or a stack of arrays of a large
number of TiO, @hematite particles is used. (Figure 1) There-
fore we need to evaluate how the presence of adjacent parti-
cles influences optical absorption mechanism. Previous stud-
ies, %47 poth theoretical and experimental, have shown that
the results of isolated particles cannot be directly translated to
large area devices composed of a large number of particles.
This is due to two reasons: i) coupling among adjacent parti-
cles*” and ii) presence of Fabry-Perot resonance modes in
an ordered array of dielectric particles. #1471

To take the effect of adjacent particles into account we
model interaction of a plane wave with 2 to 6 TiO,(200
nm)@hematite(10 nm) particles packed in a hexagonal config-
uration with 10 nm spacing among each two particles, shown
in inset of Figure 5a. Absorption efficiency was calculated
by normalizing the absorption cross-section to area of a unit
cell and it is depicted in Figure 5a. The unit cell is designated
with a green hexagon in the inset of Figure 5a. Profile of ab-
sorption efficiency of these clusters of particles is no longer

0.8
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©
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Fig. 5 (a) Optical absorption efficiency spectra of an array of one to
six TiO7 (200 nm) @hematite (10 nm) particles with 10 nm
separation. Incident light impinges on the array from out of the
plane. (b) The electric field profile at position of the peaks of
absorption efficiency. (c) Integrated optical absorption efficiency
normalized to the unit cell area for a hexagonal array of up to six of
these TiO, @hematite particles with 10 nm spacing.

the same as the one of a single particle. Several extra peaks
appear in absorption efficiency, rising from coupling among
adjacent particles. Electric field amplitude profile at the peaks
of absorption efficiency for the case of 2 particles cluster does
not show Mie resonance profile but it rises from the even and
odd coupled modes of the particles. The profile in which the
electric field is maximal between the two particles is similar
to even (symmetric) mode and the other in which the electric
field is rather stronger inside the particles comprise the odd
(asymmetric) modal characteristic.

We further evaluate the influence of these adjacent particles on
the overall AM1.5G integrated optical absorption by calculat-
ing < Nups >am1.5 for the clusters of 2 to 6 particles with 10
nm interspacing between every two particles. Optical absorp-
tion was normalized to the total cross section of the cluster.
Figure 5c shows the < Mgps >anm1.5 and illustrate that due to
presence of adjacent particles the overall absorption decays
from about 2 mA.cm~? for a single particle to 1.15 mA.cm™>
for a cluster of 6 particles. Extrapolating the data results in
slightly more than 1 mA.cm~2 for an infinite array of these
particles. Therefore we expect a minimum of 1 mA.cm™2 pho-
tocurrent for a monolayer of optimized 200 nm TiO, particles
with 10 nm hematite shell.

3 Conclusion

Through full-field optical calculations, we have shown that
transparent particles coated with an extremely thin layer of

This journal is © The Royal Society of Chemistry [year]
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hematite, if designed properly, efficiently absorb light within
the 10 nm carrier transport distance of hematite. We found
that the main critical design parameter is the overall size of
the particle, which should be large enough so that the particle
support two to three Mie resonance modes above the bandgap
of hematite; i.e. the 300 nm to 620 nm wavelength range. In
the stack of two particles, the performance scales linearly with
the number of particles implying that a multilayer of these par-
ticles can be used for achieving maximal optimal absorption
while keeping the distance that the minority carriers need to
travel fixed. Presence of other particles in the vicinity of the
particle deteriorates the optical absorption nearly to half. This
is the situation that takes place when we build an actual PEC
electrode from a large number of these particles. These par-
ticles can be synthesized using a combination of polyol and
liquid-/gas-phase deposition methods and once synthesized,
they can be applied to fabrication of large area devices using
low-cost printing processes. Therefore the concept of trans-
parent particles with a light-absorbing semiconductor shell
can be applied for enhancing optical absorption in solar en-
ergy materials with short carrier transport distances.
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