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ABSTRACT: We demonstrate using first-principles full-field
electromagnetic simulations that nearly total above-band-gap
solar absorption can be achieved in ultra-thin-film iron oxide
photoanodes for water splitting applications. In our designed
structure, all regions of iron oxide are away from the interface
between iron oxide and water by a distance of less than the
hole diffusion length, which is assumed to be 20 nm in our
simulation. The absorption in our structure corresponds to a
photocurrent density of 12.5 mA/cm? if one assumes an air
mass 1.5 solar spectrum and a unity absorbed photon-to-
current efficiency. Our photon management strategy elimi-
nates the trade-off between optical absorption and carrier
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collection as commonly found in conventional designs and is generally applicable to photoelectrochemical cells.
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Hematite (a-iron oxide) is a promising material for the
photoelectrochemical conversion of sunlight to fuel.'® It
is inexpensive, abundant, nontoxic, and stable. Its band gap of
around 2.1 eV is near optimal for water splitting by a single
semiconductor from a voltage perspective.”''" If every above-
band-gap photon absorbed can contribute to water splitting, a
hematite photoanode could generate a theoretical maximum
current of 12.5 mA/cm® under the air mass 1.5 solar
spectrum.lz’13

However, in practice, hematite photoanodes produce photo-
currents far lower than the theoretical maximum of 12.5 mA/
cm®. This is due in large part to the extremely short diffusion
length of charge carriers.”'*"> As a result, it is mostly the
sunlight absorbed within a very thin, nanoscale layer of
hematite near the hematite—water interface that can contribute
to water splitting, which severely limits the efficiency of such
photoelectrochemical cells. A number of approaches have been
carried out to maximize absorption in hematite, such as stacking
multiple layers in tandem,'¢™*? porous thin films,>>~%°
nanostructured arrays,>>~** and plasmonics.**~>°
these approaches has yet to reach complete absorption in a
hematite photoanode.

In this work, we seek to overcome this difficulty by
considering an appropriate optical design for a hematite
photoanode as shown in Figure 1, which consists of a nanoscale
hematite layer coated on a nanocone array made of a
transparent conducting oxide. At the front face of the hematite
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layer is the water interface. Hematite has a hole diffusion length
in the range of 2 to 20 nm."** In our calculation, we assume a
hole diffusion length of 20 nm, which is within reasonable
experimental range. Under the assumption and with the choice
of d = 20 nm for our film thickness, no regions of hematite are
more than 20 nm from the water—hematite interface, satisfying
electronic considerations in terms of carrier diffusion. Using
optical simulations, we show that such a structure enables near-
complete absorption of above-band-gap light, which corre-
sponds to a nearly ideal photocurrent of 12.5 mA/cm? if one
assumes that within the minority carrier diffusion length every
generated carrier is collected. In general, the values of current
density quoted in this paper are obtained by assuming such a
unity absorbed photon-to-current efficiency (APCE)," as the
film thickness is kept to be less than the hole diffusion length.
These values should only be interpreted as a convenient
measure of the optical absorption efficiency of the structure.
Quoting these values is useful when one needs to compare
optical properties of different structures. Actual photocurrent
achievable in any structure results from both optical absorption
and carrier separation and collection, and the latter can be
significantly more complex than the simplified assumption here.

Our design here is motivated by the powerful concept of
orthogonalizing the directions of photon propagation and
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Figure 1. Core—shell nanocone array. (a) Three-dimensional view of
the right circular cones forming a square lattice on the substrate. (b)
Vertical cross section through the apex showing the ITO core and the
hematite shell. The bottom part of the hematite shell is rounded to
ensure that any location of hematite is within 20 nm from the
hematite—water interface.

charge carrier transport, as discussed in refs 51—5S. There has
been at least one experimental exploration of the core—shell
geometry similar to our design.56 With conventional design,
there is a trade-off between absorption and carrier collection
efficiency. A thinner structure has better collection efliciency
but suffers from weaker absorption. The main contribution of
our paper is to show that this trade-off can in fact be eliminated
with optical design and that complete optical absorption can be
accomplished in an ultrathin structure. OQur work therefore
removes one of the roadblocks for reaching the theoretical
upper limit for photocurrent in water splitting.

We start by briefly reviewing the two separate electronic
considerations in hematite photoanodes that lead to the design
of Figure 1. In the structure of Figure 1, incoming sunlight
generates electron—hole pairs. The holes then diffuse to the
water—hematite interface in order to enable water splitting,
while the electrons diffuse toward the transparent conducting
oxide support. The electrons are the malority carrier and are
much more mobile than the holes,"*">*”® and the electron
diffusion length should be significantly greater than all the
length scales considered in this paper. It follows that any region
of hematite should not be farther away from the hematite—
water interface by more than the hole diffusion length. The
need for efficient carrier extraction therefore favors thin
hematite films. On the other hand, a built-in electric field is
required to facilitate carrier transport. Therefore the thickness
of the hematite film should not be less than the thickness of the
space charge region and certainly cannot be arbitrarily small.>”
Considering both electronic considerations, our optical design
seeks to maximize optical absorption in a hematite thin film
structure where any region of the hematite is within 20 nm of
the nearest hematite—water interface. Although charge trans-
port is very complex in hematite,""® we assume that all
photogenerated carriers in such a design for hematite can
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contribute to the photocurrent, a simplification that allows us to
focus on the optical aspects of our structure. We note that,
depending on the preparation conditions, hematite can have
vastly different electronic properties, and the choice of the 20
nm value is within the range of hole diffusion lengths found in
the literature."*"> The concept of our optical design, however,
is independent of this particular numerical value. One can
similarly obtain near-unity absorption characteristics with
thinner structures.

We now discuss our photonic design considerations. The
first consideration in our design is to achieve light trapping by
orthogonalizing the photon propagation and carrier transport
and by packing as much hematite as possible in a given volume
or area of the device, while satisfying the aforementioned
electronic considerations. Certainly, the amount of absorption
scales with the volume of hematite, but electronic consid-
erations require hematite thin films with thicknesses less than
the hole diffusion length. Thus, to design an effective absorber,
one would like to closely pack the nanostructures in the array
while increasing the aspect ratio of individual nanostructures.
This necessitates the type of core—shell structure that is shown
in Figure 1.

The second photonic consideration is to achieve antire-
flection, which is necessary since the refractive index of
hematite is much higher than that of water. Traditional
antireflection coatings require an additional layer between the
hematite and water, which would impede the water splitting
process, and fortunately, tapering of nanostructures, which
provides a graded index for optical impedance matching, has
proven to be an effective antireflection strategy.°*®” In Figure 1,
as the radius of the nanocone cross section increases from zero
to the maximum at the base, the effective (spatially averaged)
refractive index undergoes a continuous transition from the
refractive index of water to that of the hematite. There are two
geometric requirements for effective antireflection which we
incorporate into our design. First, the nanocone lattice
periodicity needs to be much smaller than the wavelength of
incoming light to appear as an effectively averaged refractive
index. Second, the height of the nanocone needs to be large
enough for a smooth transition. Satisfying these two require-
ments should result in strong suppression of reflection over
broad ranges of both wavelengths and incident angles, a
desirable characteristic to enable strong solar absorption at any
time of day. Fortunately, both photonic considerations can be
satisfied by the tapered core—shell structure. We expect better
performance from taller nanocones, which is confirmed by our
results. Later, we show that the strategies are so effective that
the aspect ratio need not be extreme to achieve nearly complete
sunlight absorption.

To satisfy the electronic and photonic considerations
discussed above, we employ the class of structures shown in
Figure 1, which consists of a square lattice of core—shell
nanocones. These structures sit atop an aluminum mirror,
where an indium tin oxide (ITO) layer serves as a substrate for
electron collection, and the hematite is conformally deposited
onto the ITO substrate. The electrolyte is assumed to have the
same optical constants as water. We smooth the bottom of the
ITO cone, and as a result, any location within hematite is
always within 20 nm of the nearest hematite—water interface.

Given the geometric arrangement in Figure 1 and
maintaining the hematite thickness at d = 20 nm, we now
optimize its optical absorption. The structure is uniquely
determined by four parameters: the periodicity of the square
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lattice p, the base radius of the hematite nanocone r, the height
of the ITO nanocone h, and the thickness of the planar ITO
layer w. Once the structure is defined, we run full-field
electromagnetic simulations to calculate the normal incidence
absorption spectrum corresponding to the usable solar
. 68,69 .

spectrum ranging from 280 to 591 nm, and we integrate
over this range to calculate the photocurrent density

e 591nm

] AM1.5(4) absorption(1) A dA

27hc J 280nm
generated from the absorption in hematite, excluding the
absorption in any other materials. In the frequency domain
simulations, we use experimental values of complex dielectric
constants for the four materials in the device: water, hematite,
ITO, and aluminum.”®”*

We adjust the four parameters p, r, h, and w (labeled in
Figure 1 and defined in Table 1) to search for a global

Table 1. Nomenclature: These Geometric Parameters Are
Labeled in Figure 1

parameter definition, formula, and/or value
d thickness of the hematite film; d = 20 nm for all structures shown
in this paper
r radius of the hematite cone
P periodicity of the square lattice
h height of the ITO cone
w thickness of the planar layer of the ITO substrate; w = 100 nm for

all structures shown in this paper
[ half of the apex angle of the cones; 8 = sin"'{[r(#* + h* — 2hd)"/
= d(h = d)]/[(h = d)* + 7]}
total height of the hematite layer from the tip of the hematite cone
to the bottom of the planar hematite film; H = h + d/sin 6

maximum of photocurrent. We find that the periodicity p
should be small in order to closely pack as many nanocones as
possible, with p = 60 nm leading to high photocurrents, as the
hematite nanocone should fully utilize the space within the unit
cell with a base radius of r = 30 nm. The ITO substrate does
not play an important role in the overall performance, and we
assign a moderate value of w = 100 nm, which is sufficient for
electrical conductance.”””* The photocurrent converges to the
maximum value of 12.5 mA/cm? as the height h increases, and
we plot in Figure 2a the relationship between the absorption
spectra and the total heights H = h + t/sin 0, where 6 is half of
the apex angle of the cone. At a total height of H = 3 um, or
approximately & = 1 um, the absorption coefficient remains
near unity across the spectrum above the hematite band gap.
The near-perfect photocurrent indicates very effective
antireflection in the core—shell nanostructure. With sufficiently
tall nanocones, the high aspect ratio ensures a smooth
transition of refractive indices and provides excellent optical
impedance matching between the tip and the bottom of the
nanocones, in other words, between water and hematite layers.
In Figure 3a, we plot the absorption density, which is the
product of the imaginary part of the dielectric constant and the
electric field intensity, for a normally incident wavelength of
300 nm and a nanostructure with the said p, r, and w values and
with h = 200 nm and therefore H = 600 nm. The absorption is
nearly complete, and we observe in Figure 3a that all photons
are absorbed in hematite due to the effective antireflection. The
corresponding absorption spectrum for this particular structure
is plotted in Figure 2a. For the same structure at a longer
wavelength of 500 nm, we again plot the absorption density in
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Figure 2. Results from full-field simulations. (a) Absorption spectra for
the structure with different heights, with all other parameters being
equal. Note that this absorption includes only the absorption within
the hematite layer; that is, any absorption loss in ITO or back mirror
has been excluded but not neglected. (b) Photocurrent generated by
the structure with a range of heights, compared to the single-pass
photocurrent. Since only the photons generated within the first 20 nm
layer of the planar hematite film can contribute to the photocurrent,
the single-pass photocurrent remains flat regardless of the actual
structure thickness.

Figure 3b. Although the antireflection is almost equally
effective, due to the relatively weak absorptivity of hematite
at this wavelength, more light penetrates into the bottom part
of the hematite nanocone and excites slot waveguide modes
between the nanocones.

In Figure 2b, we compare the performance of our structure at
different total heights H to the photocurrent J generated from
single-pass absorption through hematite at thicknesses equal to
H. In the planar structure with single-pass absorption, we
assume perfect antireflection at the water—hematite interface;
however, due to the extremely short hole diffusion length of 20
nm, only the photons absorbed in the first 20 nm region in the
hematite can effectively contribute to the photocurrent. On the
other hand, in the nanocone structure, all absorption in
hematite occurs within 20 nm from the water—hematite
interface, and hence all photons can, in principle, contribute,
resulting in a much higher photocurrent.

We can estimate the relative contributions of the two
photonic considerations. Orthogonalization raises the absorp-
tion from single-pass absorption of a flat film with a thickness
equal to the hole diffusion length of 20 nm, with a photocurrent
of 4 mA/cm?, to near unity shown in Figure 2b, and the relative
improvement is 68%. Antireflection reduces the reflection at
the water—hematite interface, which is approximately 15% of
the incident sunlight.
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Figure 3. Absorption profiles for a sample structure. (a) Vertical slice
at a free space wavelength of 4 = 300 nm. (b) The same vertical slice at
a free space wavelength of 4 = 500 nm. The white dashed lines indicate
the position of material interfaces, separating water, hematite, and ITO
from top to bottom. The normally incident light is polarized in-plane.
The blue color represents low absorption intensity, and the red color
represents high absorption intensity, as indicated by the color bar
between the subfigures. The periodicity p is 60 nm, and the total
height H is 522 nm. The tip of the cone is kept sharp, but the bottom
is rounded to make sure that holes can transport to the water—
hematite interface.

Although we focus on circular cones to demonstrate our
strategy, the same principles apply to other tapering structures,
for example, pyramids or inverted pyramids. In Figure 4, we
calculate the absorption spectra for these three different
geometries. All three structures have the same material
composition and geometric parameters; in particular, the total
height of the structures, H = 264 nm, as well as the height of
the ITO core and the thickness of the hematite shell, are kept
the same. The square lattices are identical with a spacing of p =
60 nm. The thickness of the hematite layer is always kept at d =
20 nm in the same manner as Figure 1b to ensure hole
transport. It is important to note that, for any of the structures
in Figure 4, nearly complete absorption across the entire
spectrum above the hematite band gap can be achieved at
sufficiently high aspect ratios, similar to the trend in Figure 2.
Even when the heights are not sufficient for complete
absorption, the results in Figure 4 reinforce the effectiveness
of our approach. On one hand, at shorter wavelengths, the cone
and pyramid structures provide better antireflection than the
inverted pyramid structure because the tips bring better
impedance matching than the ridges. On the other hand, at
longer wavelengths, the pyramid structure absorbs better than
the cone, and the inverted pyramid structure performs even
better, because we are able to pack more hematite given the
geometric constraints. More specifically, due to the larger base
area of the pyramid than the cone, the hematite shell in the
pyramid structure occupies a larger volume than in the cone
structure; because more surface area is exposed in an inverted
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Figure 4. Absorption spectra for the three different structures with the
same total height H = 264 nm and identical square lattice with
periodicity p = 60 nm. Each of the structures contains the same
materials, including hematite and ITO, as sketched in Figure 1. In each
case, the bottom part of the hematite shell is rounded, and as a result,
the thickness of the hematite layer is always kept at d = 20 nm for hole
transport. To avoid confusion, we emphasize that the tip of the
hematite cone does not need to be rounded because of the large
diffusion length of electrons; in practice, the sharp tip is not required
because the design strategy is broadband and tolerates slight variations
of the structures. The red, green, and blue curves correspond to the
absorption spectra of the nanoscale cone, pyramid, and inverted
pyramid structures, respectively.

structure, an inverted pyramid structure accommodates more
hematite than the corresponding pyramid structure.

The nanostructure designed in this study could be fabricated
using a variety of technigues, such as atomic layer
deposition,*””*”* etching,’°""® and atmospheric pressure
chemical vapor deposition.”>*%%*%! 'We note that mass
transport issues have not been a problem in previous studies.**
Additionally, we expect that the large surface area is likely
sufficient to assist catalysis without causing major problems
with surface recombination.*> Given the broadband nature of
our strategies, the performance of the nanostructures in Figure
4 should be robust against slight variations in fabrication; for
example, the sharp tip of the conic structures is not required to
achieve near-perfect antireflection. While it is important to
experimentally explore other practical issues, the light manage-
ment strategies are general for photoelectrochemical cells.
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